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Deutsc he Zusammenfassung

Zertrales Thema dieserArbeit ist die theoretisde Untersudung von Spintransport durch
Nanostrukturen, in denenes zu starker Elektron-Elektron-Wedselwirkung kommt. Als
Modellsystembetrachten wir einenQuantenpunkt mit einemeinzelnenEnergieniveau, der
eber Tunnelkontakte sdwad anferromagnetisbe Zuleitungengeloppelt wird. Eine soldhe
Struktur nennenwir Quantenpunkt-Spinvertil.

Diese Arbeit liegt im Ubershineidungskereidy der ThemenkreiseSpinelektronik und
Transport durch Nanostrukturen. Ein Quantenpunkt-Spinvertil zeigtsonvohl die Ladungsef-
fekte wie Coulomb-Blockade eines gewshnlichen Quantenpunktes, aber auch die spin-
abhangigenPhanomeneSpinakkumulation und Tunnelmagnetaviderstand, welcthe von mag-
netisdhen nichtwedselwirkenden Strukturen bekannt sind. Zusatzlich zu den bereits be-
kannten E ekten kann man in einem Quantenpunkt-Spinvertil ein weiteres Phanomen
beobatten, dasausdem Wedselspielvon spinabrangigenTunneln und starker Ladungs-
wedselwirkungertsteht: eineintrinsische KoppelungdesSpinsauf dem Quantenpunkt an
die Kontaktmagnetisierungen,die zu einer PrazessiordesQuantenpunktspins fuhren kann.
Die starke Wedselwirkung der Leitungselektroneninnerhalb des Quantenpunktes beein-
ut daherden Spintransport nicht nur indirekt mberihren Ein uss auf den Ladungstrans-
port, sondernauch direkt durch diesenVielteilchene ekt. Das ist die Kernaussageadieser
Dissertation.

Ein Quantenpunkt verstarkt die elektromagnetisbe WedselwirkungzwisdienLeitungs-
elektronendurch seinegeringeKapazitat. Mit abnehmenderKondensatorge e verringert
sich auch desserKapazitat und die Ladungsenergigro Elektron E¢c = €?=2C steigt. Dieser
Zusammenhangwird im Quantenpunkt ausgemitzt. Wenn die Langenshkla des Quanten-
punktes nur noch die Gre enordnung von Nanometern(nm) betragt, besitzt er eine Ka-
pazitat der Gro e C = 10 °Farad. Beieinersold geringenKapazitat ubersteigtdie netige
Energie,um auch nur eine einzelneElektronenladungvone 1:602 10 *° Coulonmb auf
den Quantenpunkt aufzubringen,die Energieslala der Temperatur. In diesemFalle fehrt
die klassistie LadungsenergielesQuantenpunktes zu stark korreliertem Transport. Durch
das Anlegen einer passenderGatterspanrung kann ein Quantenpunkt in die so genanrte
Coulonmb-Blockade getrieben werden. Dann blockiert die Ladungsenergieveiteren Trans-
port durch den Punkt, und die Leitfahigkeit desBauteils wird stark reduziert. Deshalb
fallen Quantenpunkte aud in die Klasseder Einzel-Elektronen-Transistoren.
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Durch die ferromagnetisbe Ordnung in den Zuleitungen zu dem Quantenpunkt ist
deren Zustandsdidite an der Fermienergiespinabhanging. Daher sind auch die Tunnel-
raten zwisden dem Quantenpunkt und den magnetistien Kontakten selbstspinabhangig,
und damit der Tunnelstrom spinpolarisiert. In einem gewshnlichen Spinvertil be nden
sich zwei Ferromagnetein direktem Kontakt eber nur eine einzelneTunnelbarriere. Die
Leitfahigkeit dieserKontaktstelle wird durch die relative Ausrichtung der beidenKontakt-
magnetisierungenbeein usst. Fur parallele Magnetisierungenist der elektrische Wider-
stand normalerweisegeringer als fur anti-parallele Magnetisierungen. DiesesPhanomen,
weldestechnologist z.B. in modernen Festplattenlesekpfen eingesetztwird, bezeitinet
man als Tunnelmagnetaviderstand.

In einemQuantenpunkt-Spinvertil sind die beidenferromagnetisbenZuleitungendurch
einen einzelnen Quantenpunkt getrenrt. Um in diesem Bauteil Tunnelmagnetovider-
stand zu beobaditen muss die Spininformation von einem ferromagnetisben Kontakt
durch den Quantenpunkt zum anderenKontakt ebertragenwerden. Dies gestieht durch
Nichtgleichgewidtts-Spinakkurrulation. Beim Anlegeneiner Durchlassspanang fuhren die
spinablangigen Tunnelraten zur Akkumulation von Spin auf dem ansonstennichtmag-
netisthen Quantenpunkt. In diesemFall gleitht ein einzelnesQuantenpunkt-Spinvertil
zwei gewshhnlichen Spinvertilen, die in Seriegestaltet wurden. An jeder der beidenTun-
nelbarrieren,zwisthen dem Ferromageren auf der einenSeiteund demakkumulierten Spin
auf der anderen,tritt ein Tunnelmagnetaviderstand auf. Daher ist der Strom durch das
Quantenpunkt-Spinvertil durch den SpinzustanddeseinzelnenNiveausim Quantenpunkt
bestimnt. Da die Richtung desakkumulierten Spins nicht statisch ist, sondernsich den
au eren Gegelenheitenanpasst,kann der Spin als Messinstrumen verwendet werden,um
den Ein uss der Ladungswediselwirkung auf den Spintransport zu beobadten.

Durch die Tunnelkopplung eineseinzelnenEnergieniveausin einem Quantenpunkt an
einenmetallischen Kontakt kommt eszu einer RenormierungdiesesEnergieniveaus. Wenn
der Kontakt ferromagnetist ist, wird diese Renormierung spinabhangig, was zu einer
Zeemanahnlichen Aufspaltung desNiveausfuhrt. Deshalbkann man dieseRenormierung
als eine Art magnetisties Austausdfeld betrachten. Im Kontext von Spintransport wird
dieseRenormierungdurch eine neue Spinstromkomponerte bestirieben. Die Ausrichtung
diesesSpinstroms ist transversal zur Kontaktmagnetisierung wie auch transversal zum
Quantenpunktspin. Dieser Austauscimedanismus ist abhangig von der Gatter- wie von
der Durchlassspanaong. Deshalb kann man uber diesen Vielteilchene ekt den Spinfrei-
heitsgrad desQuantenpunktes direkt mit der angelegtenSpanrung ansteuern.

Um den Quantenpunktspin zu beein ussen kann naterlich audh direkt ein externes
magnetistiesFeld verwendetwerden. In diesemMagnetfeld prazediertder Quantenpunkt-
spin, was die Entstehung von Tunnelmagneteviderstand unterdruckt. Mittels Messung
der Leitfahigkeit desQuantenpunkt-Spinvertils als Funktion desangelegtenmagnetistien
Feldeskann man die Spinkoharenzzeitdes Quantenpunktes bestimmen. Eine soldhes Ex-
perimert stellt eineelektrisdhe Realisierungeineroptischen Hanle-Messun@gn einemeinzel-
nen Quantenpunkt dar.



Die Arbeit gliedert sich wie folgt. Im Kapitel 1 werden die dem Quantenpunkt-
Spinventil zugrundeliegendenphysikalischen Phanomenewie Coulomb Blockade, Spinakku-
mulation und Tunnelmagnetoviderstand eingetihrt. Die Struktur des Quantenpunkt-
Spinventils selber wird in Kapitel 2 besprahen. DiesesKapitel geht auch auf die gro e
Auswahl von Realisierungsmoglichkeiten einessolden Systemsein. Im Kapitel 3 wird
bestirieben, wie sich Spin und Ladung auf dem Quantenpunkt an die au eren Rahmerbe-
dingungen anpassen. Zuerst wird der Spin- und der Ladungsstrom durch eine Tunnel-
barriere streng mathematist abgeleitet. Danat beretinen wir den statischen Spin und
die Ladung auf dem Quantenpunkt durch deren jeweilige Kontinuitatsgleidung. Der
sozusagenrerzeugte Quantenpunktspin kann dann eber seinen Ein uss auf die Gleich-
stromleitfahigkeit ausgelesenwverden, was im Kapitel 4 diskutiert wird. Wsahrend die
Gleichstromleitfahigkeit den zeitgemittelten Quantenpunktspin mit, kann eine Messung
des Stromraustiens auch die zeitabhangige Prazessioneinzelner Elektronenspins detek-
tieren (sieheKapitel 5).

Unserephysikalisthe Vorhersagersind nicht nur auf ein Spinsystemanwendbar, sondern
auf jedestunnelkontaktierte Zweiniveausystem.Zur Verdeutlichung diesesPunktes unter-
suden wir im Kapitel 6 den Transport durch zwei Quantenpunkte, die in Seriegesbaltet
sind. In diesemSystemsind die relevanten Zustande nicht \spin-up” und \spin-down",
sondern\Elektron links" und \Elektron redts".

Im Kapitel 7 widmen wir uns sdlie lic h der Moglichkeit, den Quantenpunktspin nicht
nur mittels Transportmessungendurch ferromagnetisbe Zuleitungen zu detektieren, son-
dernaud optisch mittels Faraday-rotations- uktuations-Sp ektrosopie. Hierzu prasertieren
wir eine theoretisdhe Besdireibung von kerzlich vere entlichen Experimerten. Daruber
hinaus sthlagenwir eineModi k ation dieserExperimerte vor, die esgestattet die inhomo-
geneVerbreiterung zu reduzieren,welde ansonstendie Messungder SpinkoharenzzeitT,
verfalsdt.

Am Ende der Arbeit fassenwir unsereHauptergebnissam Kapitel 8 zusammen.
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In tro duction

The scope of this work will be the study of spin transport through nanostructures,which
exhibit strong charge interaction. Therefore, we theoretically discussthe simplest non-
trivial model system which is a single-leel quartum dot weakly tunnel coupledto two
ferromagneticleads. We call this structure a quantum-dotspin valve

The work presented here residesat the intersection of the two highly-interesting and
extensiwely-pursuedreseart elds of spintronics on the one hand and transport through
strongly-interacting nanostructureson the other hand. A quantum-dot spin valve shavs
charge-related physical phenomena,like Coulomb blockade, which are known for non-
magnetically cortacted quartum dots. Furthermore it also shavs spin-related e ects like
spin accurulation and tunnel magnetoresistancejust like non-interacting magnetic struc-
tures would do. In addition to thesealready known e ects, the strong charge interaction
leadsto a new phenomena,to an intrinsic coupling of the dot spin to the lead magneti-
zations, which can be an intrinsic sourceof spin precessioron the quartum dot. In other
words, the chargeinteraction doesnot only a ects spin transport indirectly, via modifying
the chargetransport, but directly via a many-body e ect. This is the key obsenation in
this thesis.

The quartum dot ampli es the chargeinteraction betweenconduction electronsby its
small capacity. The devicemakesuseof the fact, that with shrinking systemsize,alsothe
capacity C decreasesand the charging energyEc = €=2C per excesslectronincreases.
For an island with a length scaleof the order of nanometer(nm), typical capacitiesare of
the order of C = 10 ®Farad. Then, the charging energyeven for a single excesselectron
chargee 1:602 10 '°®Coulonb can exceedthe energy scaleset by temperature. In
this regime,the interaction strongly correlateselectronictransport through the device. By
applying an appropriate gate voltage, the devicecanalsobetuned to the socalled Coulomb
blackaderegime, where this charging energy blocks transport. Due to this functionality,
to changethe conductanceby a gate voltage, quantum dots are alsoreferredto assingle-
electrontransistors.

The ferromagneticleadsbear a spin-degendernt density of states at the Fermi energy
Sincethe tunnel rates through a barrier depend on thesedensity of states, alsothe tunnel
rates get spin dependen. In this way, the lead magnetizationscausea spin polarization
of the current, which crossesa tunnel barrier. In an ordinary spin valve two ferromagnets

11



12 INTRODUCTION

aredirectly in cortact via a singletunnel barrier. Therehy the conductanceof the junction

dependson the alignmert of the magnetizations. For a parallel alignmert, the conductance
is usually higher than for an antiparallel alignmert. This phenomenais called tunnel

magnetoresistanceand it already has technological applications for examplein magnetic
read headsin modern hard drives.

In the quarntum-dot spin valve, the two ferromagnetsare separatedby a non-magnetic
guantum dot. To obserne magnetoresistancdan this device, the information about the
magnetization direction of one ferromagnetic lead must somehav be transmitted to the
other lead through the quantum dot. This can happen via a non-equilibrium spin on the
guartum dot. In the presenceof a bias voltage applied at the ferromagneticleads,the spin
dependenceof the tunnel rates causesnon-equilibrium spin accurulation on the single-
level quartum dot. In this case,one quantum-dot spin valve resentles two ordinary spin
valves connectin series. At ead interface, betweena magnetizedlead and the polarized
dot state, tunnel magnetoresistanceoccurs. In this way electronic transport through the
guartum-dot spin valve is governed by the behavior of the single electron spin inside the
dot. Sincethe direction of dot-spin accunulation is not static, but adaptsaccordingto the
circumstancesthe dot spin can be utilized for the detection of the in uence of the strong
chargeinteraction on spin transport.

By tunnel coupling a single electronic level with strong charge interaction to a lead,
the level experiencesa renormalization of its energy In the caseof a ferromagneticlead,
this renormalization dependson the spin degreeof freedom,resulting in a Zeeman-lile spin
splitting of the singlelevel. This splitting can be interpreted as a magnetic-like exdhange
eld. Having the transfer of angular momertum in mind, this level renormalization can
be seenas a componert of the spin current, which is perpendicular to both, the lead
magnetization and the dot spin. This exdangeinteraction sensitively dependson system
parameterssud as gate and bias voltage. Therefore the voltages,via the exdange eld
dependencesalso provide suitable handlesto manipulatethe quantum-dot spin.

Howeer, alsoan externally applied magnetic eld candirectly manipulatethe dot spin.
In sud an applied magnetic eld, the dot spin precesseswhich reducesthe magnetore-
sistanceof the device. By recording the increaseof the conductanceas responseto the
external magnetic eld, which turns out to be an all electrical realization of an optical
Hanle experimert, one can determinethe spin-coherencdime in a quartum dot.

The outline of this dissertationis asfollows. Chapter 1 cortains a generalintroduction
to transport though quartum dots, spin accunulation, and tunnel magnetoresistanceThe
guantum-dot spin-valve structure is introducedin Chapter 2. This Chapter alsodiscusses
the di erent possiblephysical realizations of sud a device. In Chapter 3 the dynamics of
the dot spin and chargeis addressed.Starting from arigid calculation of the spinand charge
current through ead tunnel junction, the master/Bloch equation for the charge/angular
momenum degreeof freedomis constructed from the charge/spin cortinuity equation.
From the Bloch equation we discusshow to prepare and manipulate the dot spin via
bias voltage, gate voltage, and an externally applied magnetic eld. The dot spin can be
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detected by its imprint on the dc conductanceof the spin valve as shaovn in Chapter 4.
While the dc conductanceis an adequateexperimertal tool to accesghe time averaged
dot spin, the spin precessiorof the individual electrons,tunneling through the device,can
be examinedvia the frequencydependen current noiseas discussedn Chapter 5.

The spin of the quantum dot represets a generictwo level system. Therefore, the
physical predictions for the quantum-dot spin valve can also be translated to di erent
conexts, for exampleto transport through double quartum dots. To demonstrate this
point, we examinethe serial double quartum-dot systemin Chapter 6.

In Chapter 7 we discussthe possibility, to detect the spin dynamicsnot only by trans-
port but alsoin an optical way, namely by Faraday-rotation uctuation spectroscoy. We
theoretically descrite recert experimerts and furthermore proposea modi cation of this
experimertal technique, which allows oneto measurethe spin relaxation time T, in semi-
conductorswith reducedinhomogeneousroadening.

Finally, in Chapter 8 we summarizethe main results presetnied in this work.



14

INTRODUCTION



Chapter 1

Intro duction to Coulom b Blo ckade,
Tunnel Magnetoresistance and Spin
Accum ulation

In this Chapter we give an elememary introduction to the di erent physical e ects, ap-
pearing simultaneously in a quantum-dot spin-valve device.

1.1 Coulom b Blo ckade

The most elemenary deviceto examinethe quartization of chargein a transport experi-
mert is the single-electrontransistor (SET). The deviceconsistsof an island, either metallic
or semiconductor,which is contacted by tunnel barriers to two leads,seeFig. 1.1.

left _ right
Vi lead l M lead —(Vr
| Ve

Figure 1.1: A single-electrontransistor.

A currernt can be driven through the island by applying a bias voltageV = V| Vg.
With a gate voltage Vg the electrochemical potential of the island canbe cortrolled. If the

15
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sizeof the island, and thereforeits capacily is su cien tly small, the energyto chargethe
island with a singleelectroncanexceedhe energyscalesetby temperature. In this regime,
the classicalcharging energy causesa strong interaction betweenthe excesselectronson
the dot, which seerely modi es the transport behavior of the SET device.

In the simplestcase,a small applied bias voltage transferselectronsone by onethrough
the structure, seeFig. 1.2. If the islandis empty, an electronfrom the source(left) electrode
can tunnel in. Due to the electrostatic repulsion, no other electron can tunnel onto the
island, aslong asthis oneexcesslectronis occupying the certral region. The electronmust

rst leave the island to the drain (right) lead, beforethe next transport cycle can start.
This transport medanism is named sequential tunneling of electrons,and is descriked by
the so called orthodox theory [1{3].

Figure 1.2: By sequetial tunneling, an electronis transferedthrough the single-electron
transistor. Thereby, charge interaction prohibits the island to be occupiedby two excess
electronsat any time.

The charging energyof the island is given by its total capacity, which is the sum of the
capacitiesof the tunnel barriers C_ and Cgr, aswell asthe capacity to the gate electrade
Cs. By applying a gate and bias voltage, the energetically most favorable excesscharge
on the island equalsen, = C V| + CgrVr + CsgVs. The charging energy of the island is
then a function of the externally imposedcharge n, and the natural number N of excess
electronson the island
3
—(N  ny)?; 1.1
2c( X) 1 ( )
together with additional (but unimportant) terms, which are independert of N. When
at a xed ny the island is occupiedby N electrons,an incoming electron from the source

Ecn(N;ny) =
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(left) lead must bear at leastthe energyE¢ (N + 1;ny) Ecn(N;ny) to erter the island,
seeFig. 1.3, otherwisethe tunnel ewert into the island is energeticallyforbidden.

S
@
(I
—_— E(N+2)-E(N+1)
Vi
— E(N+1)-E(N)
Vet
—_— E(N)-E(N-1)

L R

Figure 1.3: Energy pro le of the quartum-dot structure.

At this point, the sizeof the island becomegelevant. If the sizeof the island is large
comparedto the Fermi wave length, the density of statesof the island is cortinuous, i.e.,
the island has metallic character. In this regime, the electronsneedan energy equal or
larger than E¢o(N + 1;ny) Ec(N;ny) to be able to tunnel onto the island. In this
work, we considerthe opposite regime, where the size of the island is comparableto the
Fermi wave length. Due to the strong spatial con nemen, quantum medanical momen-
tum quartization yields a discrete energyspectrum of the island. Thereforethe incoming
electronsmust bear exactly the energyEcn(N + 1;ny) Ec(N;ny) to erter the island.
Sud a structure with a discrete density of statesis usually referred as quartum dot. In
the following work, we will exclusiwely discussquantum dots.

The notion of sud a deviceasa "transistor' is motivated by the fact, that the current
through the devicecan be a ected by gate voltage Vi via an e ect called Coulonmb block-
ade'. When transport is possiblethrough the quarntum dot dependson the condition, that
an electroniclevel of the dot lieswithin the energywindow de ned by the sourceand drain
chemical potential, seeFig. 1.4. If a dot state lies within this window, an electron from
the sourceelectrade can tunnel onto the dot, and subsequetly tunnel out to the drain
lead. If no electronic state lies within this energywindow, all dot levels below the leads'
Fermi energiesare occupiedby electrons,while all levels above are empty. The number of
electronson the island is xed, and transport is suppressedy Coulombblackade

For small bias voltage, the di erential conductanceG = @=@ jy-o Of a quantum dot
exhibit Coulomboscillations as a function of the applied gate voltage Vg, seeFig. 1.5. At
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= —>

R

* ¢ ||

.
-
-
-

Figure 1.4: If a dot state lieswithin the bias voltage window of the leads,currernt cancross
the quartum dot. If no level is available in this window, the charge of ead dot level is
xed to be either zeroor one,and electrostatic charging energyprohibits chargetransport.

This is called Coulonb blockade.

xed bias voltage, the electronicstructure of the dot can be shifted in energyproportional
to V. Eadh time, a dot level coincideswith the leads' Fermi surface,a conductancepeak
arises. Thereforethe di erential conductancemapsthe electronicstructure of the quantum

AW
\ /M\M .

Figure 1.5: The conductanceas function of the gate voltage shavs Coulomb oscillations.
Eadh time, an electronic level coincideswith the leads' Fermi energy electronscan pass
through the device.

Conductance

There are seeral di erent realizationsof suc a single-electrontransistor possible. The
most commonrealization, which was alsoone of the systemswhere Coulomb blockade was
rst obsened by Fulton and Dolan in 1987[4], is a lithographically patterned metallic is-
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land. The currently bestconrolled way to form quartum dotsis, to take a two-dimensional
electrongasin a semiconductorheterostructure,and pattern the dot by top gateelectrades.
This method was rst demonstratedby Scott-Thomaset al. [5]. Howewer there exist a va-
riety of di erent methods to form SETSs like molecularislands sud as carbon nanotubes.
For selectedreviews,seeRef. [6].

1.2 Tunnel magnetoresistance

Spintronics, or spin electronics, refers to the idea of employing not only the charge of
electronsbut alsotheir spin for certain device operations. This idea covers quite a broad
eld of resear, seefor examplesthe reviewsby Prinz [7], Wolf et al. [8], or Zutic et al.
[9]. Here we focus on one of the most important conceptsof spintronics, to generate
electricalresistancechanges socalledmagnetoresistance ects, by the useof spin polarized
conduction electrons.

The simplestway to generatemagnetoresistances ects is to useferromagnetic mate-
rials. Due to the ferromagneticorder in this materials, an internal eld of the order of
Teslaarises,which signi cantly in uences the band structure. Thereforerelevant material
parameterslike density of states, Fermi wave length or mobility depend on the spin degree
of the electrons. The Fig. 1.6 shows typical density of statesof a 3d ferromagneticmetal,
since esyecially the ferromagneticelemens Fe, Co, and Ni have technological relevance:
they are stable at room temperature, cheap, and can be processedeliably.

There exist di erent typesof magnetoresistancee ects. The mostimportant onesare
the giant magnetoresistancéGMR) [10,11] and the tunnel magnetoresistanc€ TMR) [12].
If two ferromagneticlayers are separatedby a thin conducting non-magneticlayer in the
caseof GMR, and by a tunnel barrier in the caseof TMR, the resistanceof the junction
dependson the relative alignmernt of the magnetization directions. The deviceresistance
is small for parallel magnetizations,and increasedor antiparallel aligned magnetizations.

The magnetoresistance ects have already technological applications. By pinning one
layer, and letting the other ferromagneticlayer align freely with an external magnetic eld,
the device acts as magnetic eld sensor. If the free layer has two preferred alignmerts,
leading to a stable high or low resistancestate, the device can be used as non-wlatile
memory cell, creating a magnetic random accessmemory (MRAM) [13,14]. While the
sensoringdeviceis already in usein modern hard drives, and as rev meter in anti-lo ck
breaking systems,MRAMSs are expectedto becomeready for market in the next years.

The rst measuremen of tunnel-magnetoresistancén a single F=I=F junction wasre-
ported by Julliere[12],and reproducible obsened by Maekawa and Gafvert [15]. The study
of tunnel magnetoresistancéoecametechnological relevant when Miyazaki et al. [16] and
Mooderaet al. [17] deweloped devices,which shoved reasonabletunnel magnetoresistance
at room temperature.
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Figure 1.6: Typical density of statesof a3d ferromagneticmetal. The internal eld shifts
the band structure of spin up and spin down electronsagainst eat other. This causesa
di erent density of statesof the two spin componerts at the Fermi energy .

In order to interpret his measuremety Julliere proposed,that for eat spin channel
the tunnel probability is proportional to the density of states(DOS) [ (Eg) in the source
(r = L) lead,andin the drain (r = R) lead. For parallel alignedferromagnets,the currert
is therefore proportional to the product of the DOS in the two leads

I/ L(BF) “r(EF)+ w(EF) #(Er); (1.2)
and similar for an arntiparallel alignmert
I/ «L(BF) wr(EF)+ w(Er) -r(EF): (1.3)

From the spin dependenceof the DOS in ferromagnets - (Er) > « (Eg) directly follows
the occurrenceof tunnel magnetoresistancesincel > | .

In the parallel case the main cortribution of the currert is carried by electronstunneling
from a majority state in the sourcelead to a majority state in the drain lead. In the
antiparallel case,transport must occur either through the minority statesin the source
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Figure 1.7: Tunnel magnetoresistances causedby the spin dependenceof the density of
statesat the Fermi energy

lead or the minority statesin the drain lead. Quartitativ ely, the tunnel magnetoresistance
is descriked by the TMR-ratio

TMR = I I — 2prR . (1_4)

| 1 ppr’

wherep, = ( -+ #)=( -+ + #) descrikesthe degreeof spin polarization of the respective
lead at the Fermi edge. A non-magneticlead would bear a polarization of p, = 0, and
p. = 1 correspndsto a half metallic lead, carrying majority spinsonly. Julliere's model
was extendedby Sloncewski18],to descrike spin valveswith arbitrary anglesbetweenthe
magnetization directions of the two layers. If the two magnetizationsenclosean arbitrary
angle , the probability of a majority-sourceelectronto tunnel in a majorit y-drain state
is proportional to cog( = 2), and its probability to tunnel in a minority-drain state equals
sin?( = 2). Thesecoe cients just re ect the projection of the spin state of the electronin
the sourcelead on the drain lead magnetization direction. The tunnel magnetoresistance
then becomes

() 1 2ope o

| 1 pupr 2’

(1.5)
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This cosine-like angular dependenceof the tunnel magnetoresistancevas experimen-
tally obsened by Mooderaet al. [19] and Jar eset al. [20]. It is worth to mertion, that
Sloncewski'smodel of tunnel magnetoresistancas a very crude one, which neglectsfor
exampleany sort of interface e ects. Thereforethe model is more suitable to understand
the generaltendencyrather than to make quartitativ e prediction. For latter, more sophis-
ticated theoriesare required like a spin mixing conductanceapproad [21].

1.3 Spin accumulation

Another important conceptof spintronics will appear in a quantum-dot spin valve: spin
accunulation. Considera large (non-interacting) metallic region, which hastwo ferromag-
netic cortacts, and the magnetizationsof the cortacts are alignedantiparallel, seeFig. 1.8.
In this structure, we can assume that electronswith an up spin are completely indepen-
dert from electronswith down spin [22,23]. If a bias voltage is applied at the cortacts,
the chemical potertial of the middle region will adjust in sud a way, that the incoming
particle ow from the left lead will be equalto the outgoing ow to the right lead.

v A normal metal| 'y |—C0

N

DOS *

A
)/

eV DOS

Figure 1.8: Due to the spin depender interface resistancesglectronswith up and down
spins have di erent Fermi energieson the island.

The current through ead interface is given by the respective voltage di erence and
interface resistance. Due to magnetoresistancethese interface resistancesdi er for the
two spin channels. For one spin componert the left interfaceis more transparert than the
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right, for the other spin, the right is moretransparert than the left. Thereforethe chemical
potential on the island is di erent for the two spin componerts, i.e., one spin componert
accunulates on the island. This e ect was rst obsened by Johnsonet al. [24] in an Al
bar cortacted by Fe leads,and nowadays spin accurulation is extensiwely studied, seefor
example Ref. [25]. It is worth to mertion, that spin accunulation is a non-equilibrium
e ect, i.e., it vanisheswithout bias voltage.
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Chapter 2

The Quantum-Dot Spin Valve

A guartum-dot spin valve consistsof a single-leel quartum dot, which is tunnel cortacted
to ferromagneticleads,seeFig. 2.1. The direction of magnetizationof the leadr (r = L=R)
is given by the vector A,. Further, gate and bias voltage can be applied. The latter can
causethe accunulation of a non-equilibrium spin S on the dot. Sincethe tunnel barrier
capacitiesscaleonly linearly with cortact area and thickness,they are often fabricated
in a cortrolled fashion. Therefore, for simplicity, we assume that the capacitanceof the
left and right tunnel contact is equal. The bias voltage drop over the two barriers is then
symmetric and equals V=2.

A

N
\/P/—G%
R

-
.

PR N @Q@
v

Figure 2.1: Sketch of a quartum-dot spin valve.

In the literature the problem of cortacting an interacting nanostructure to ferromag-
netic leadsis discussedn a variety of di erent limits. Mostly it is assumedthat the mag-
netizations of the leadscortacting the quartum dot [26{29], or the metallic island [30{34]
are alignedcollinear. The assumptionof collinearity considerablysimpli es the theoretical
analysis, and the mostly used approad to guessthe transition rates between lead and
dot is successful. Howeer, in these collinear structures, the majority and minority spin
states, which are injected from the leadsinto the dot are energy eigenstatesof the dot
system. Therefore,in cortrast to the non-collinearsetup, there is no coheren ewlution of

25
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the spin state, i.e., spin precessionobsenable. If onewants to examinethe in uence of
a coherem spin ewlution on transport, one hasto break the rotational symmetry of the
systemaround the lead magnetizationsby either non-collinearlead magnetizationsor by a
transversal applied magnetic eld. Howewer, aswe will seein the following Chapters, the
breaking of the rotational symmetry leadto a much more complicatedsituation, which can
no longerbe handledcorrectly with the approad to guesshe rates, but arigid calculation
will be necessary

Another already discussedimit is to allow arbitrary anglesbetweenthe lead magneti-
zations, but to treat the chargeinteraction on the certral island perturbatively [35]. Since
in quantum dots the chargeinteraction is the dominart energyscale,we are interestedin
treating the chargeinteraction exact. The price to pay is in this case,that tunneling must
be treated as perturbation.

2.1 Mo del Hamiltonian

The structure of a Hamiltonian describing tunneling is H = Hqo + Hy. The part Hg
descritesthe decoupledsystemsand H+ the tunneling betweenthese. In the caseof the
guantum-dot spin valve [36], the decoupledsystemsinclude the two ferromagneticleads,
H, and Hg, and the quantum dot H 4, that

H = Hd0t+ H|_+ HR+ HT: (21)

Sincewe considera quartum dot with a level spacingexceedingthermal broadening,
intrinsic linewidth, applied bias voltage and charging energy only a single electroniclevel
cortributes to transport. In this limit, the quantum dot can be treated as an Anderson
impurity [37]:

X
Hoot = ",dd, + Udd.dd,: (2.2)

n="#

The Fermion creation and annihilation operatorsof the dot electronswith spinn ="; # are
labeledd? and d,. This Hamiltonian describesan atomic like energylevel at an energy”,
measuredrelative to the equilibrium Fermi energyof the leads. Double occupation of the
level coststhe additional charging energyU. If an external magnetic eld B¢y is applied,
the spin quartization axis of the quartum dot is chosento be parallel to this eld. Then,
the e ect of the magnetic eld is the spin-dependen splitting of the energylevel by the
Zeemanenergy = g gjBex)-

The two ferromagneticleadsare treated as large resenwirs of itinerant electrons

X
He = "k Ok Gk (r=L=R): (2.3)
rk



2.1. MODEL HAMIL TONIAN 27

The Fermion operatorsof the leadr are labeledby CE{) , Wherek labelsthe momertum and
= the spin. The spinquantization axisfor the electronsin resenoir r is chosenalongits
magnetizationdirection fi;. In the spirit of the Stonermodel of ferromagnetism,we assume
a strong spin asymmetryin the density of states ;. (! ) for majority (+) and minority ( )
spins. Without loss of generality we de ne the spin type as 'majority’ which has the
larger DOS at the Fermi energy Furthermore we assumethe direction of magnetization
to be parallel to the direction of majority spins. In the following, the densitiesof states
are appraximated to be energyindependen . (! ) = . . Real ferromagnetshave a
structured density of states. This will modify details of our results but not changethe
generalphysical picture. The asymmetry in the density of statesis characterizedby the
degreeof spin polarizationp; = (r+  )=(+ +  )with O p, 1. The polarization
p. = 0 correspnds to a non-magneticlead, and p, = 1 descrites a half-metallic lead,
carrying majority spins only. The magnetization directions of the leads can dier from
eath other, enclosingan angle = " (A_;Nr). Furthermore, the leadsshall be so large,
that the electronscan always be descriked as in equilibrium by the Fermi distribution
function f.(! ). An applied bias voltage is taken into accourt by a symmetric shift of the
chemical potertial in the left and right leadby eV=2. In Fig. 2.2, the energeticstructure

of the quantum dot is sketched.

Ener
e+U A gy

eV/2

0

eV/2

L R

Figure 2.2: Energy sthemeof the quartum dot. The certral region, cortaining the atomic-
like energy level is separatedfrom the leads by tunnel barriers. The di erence of the
electrochemical potertials of the left and right lead describesa symmetrically applied bias
voltage.
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The tunnel Hamiltonian in Eqg. (2.1) connectseadt lead to the quantum dot by
X

Hr = Vikn € d, + hic: (2.4)
rkn

As we have chosendi erent spin-quartization axesfor the lead subsystemgparallel to the
respective magnetizations) and for the dot subsystem(parallel to an external magnetic
eld), the tunnel matrix elemens V,x, are not diagonal in spin space. Howewer, we
require that tunneling is spin conserving. The tunnel amplitudes can then be separated
in Vikn =tk U}, i.e,, aspinindependen tunnel amplitude t;, and a SU(2) rotation
matrix U}, . The explicit shape of the matrix is determinedby the geometriccon guration
of the lead magnetizationdirections and the magnetic eld direction.

2.2 Denition of the tunnel coupling strength

The strength of the tunnel couplingis quartitativ ely descrikedby , (! ) = 2 P Gtd?
"k ) thCh resenbles Fermi's goldenrule. For simplicity, we assumethe density of states
r = (I " )andthetunneling amplitudest, to beindependert of energy which im-
plies constart tunnel couplings . If the tunnel barriers themselfare not spin depender,

the couplingsarealsorelatedto the leads'spinpolarizationby pr = ( ++ + )=( r++ | ).

Often, it is lesscorveniern, to usethe spin dependen tunnel couplings ; , but insteadto
paramgerizethese by the polarization p, and the averagetunnel coupling to the lead
P= _ . =2. The total lead{dot coupling is then described by the parameter

= L+ R

We will restrict ourselfto the limit of weak dot{lead coupling, sothat tunneling everts
arerather rare. Then betweensuccessigtunnel everts all quartum medanical correlations
in the leads, which were generatedby the tunneling of an electron, are already decged.
In this limit ead tunnel evert canthen be treated as separate. While the averagetime
betweentunneling is given by the inversetunnel rate, the equilibration time of the leads
is given by the inversetemperature. Therefore,one parameterregime constrairt is
ks T. Further we have to exclude secondorder transport (cotunneling) which becomes
important in the Coulonb blockade regions[38] or the Kondo regime, seee.g. Ref. [39].
Tednically, we presen a theory, which takesinto accourn the chargeinteraction and the
spin dynamics on the dot exactly, but treats the tunnel rates and all other subsequetly
derived quartities like conductanceand noiseonly upto rst orderin the parameter =kgT

This approad of calculating all ratesup to rst orderin is often called sequetial
tunneling. Sincein this regime, the tunnel evernts are often intuitiv ely accessablese\eral
publicationstry simply to guessall possibletunnel everts. While this ad hac approad gives
the correct result for the simplestquantum-dot systemsiit fails if the quantum-dot system
bears another degreeof freedombesidescharge. In suc more complicated systems,the
lowest order transport is alreadyin uenced by tunnel inducedenergylevel renormalization
e ects [40], which can not be guessectasily
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The energylevel renormalizationis of the order of the tunnel coupling strength. There-
fore transport is usually only a ected by this renormalizationin the secondor higher order
cortributions in . Howeer, the energyrenormalization builds up a relative quarntum me-
chanical phaseof the electronsproportional to the renormalization energy (proportional
) times the time, the electronstays inside the dot, which is givenby 1=. The renormal-
ization generatedphase,which the electronsaccurnulate during their stay on the quarntum
dot, is thereforeindependent of . If the additional degreeof freedomof the quantum-dot
systemre ects this accunulated phase,then, alreadythe rst order tunnel current canbe
a ected by the renormalization.

In the herediscussedquartum-dot spin valve system,the additional degreeof freedom
of the dot is its non-equilibrium spin. The spin dependen level renormalization generates
a relative phasebetween spin up and down, yielding a rotation of the spin. The spin
precessesn the dot aslong asit stays on the dot. Thereforethe angleof precessions now
the product of time and precessionangular velocity, i.e., independert of . Sincein the
guartum-dot spin valve this relative anglebetweendot spin and the cortact magnetization
direction generatemagnetoresistancethe energylevel renormalization a ects the lowest
order transport.

2.3 Reduced density matrix of the quantum dot

Sincethe leadsare modeledby non-interacting fermions,which are assumedo stay always
in equilibrium, their degreesof freedomcan be integrated out. To descrike the quartum-
dot spin valve one doesonly needto considerthe reduceddensity matrix 4o (t) of the
guantum dot. This density matrix cortains the information about both, the chargeand the
spin state of the dot. Sincethe quantum dot consistsof a singleelectroniclevel, the basisof
the Hilb ert spaceis given by the states = 0 (empty dot), " (dot occupiedwith onespin-
up electron), # (dot occupiedwith a spin-davn electron), and d (double occupancyof the
dot). The reduceddensity matrix 4ot iSa4 4 matrix with the elemets P ;  ( got) o

In matrix notation, we get
1

% b 0 0
0o P P, O §
= : 2.
o %o P Py 0 (@5)
0 0 0 Py

The diagonal, real entries P P arethe probabilities to nd the dot in the state empty
( = 0), occupiedwith onespinup ( =") oronedown ( =#%#) electron,or doubleoccupied
(d) with a spin singlet. The zerosin Eqg. (2.5) in the 0 diagonalsare a consequencef the
total particle number conseration. The inner 2 2 matrix is the SU(2) represetation of
the dot spin.

The reduceddot density matrix cortains v e independernt parameters,sincethe trace
of the density matrix is normalized: Po + P- + Py + Py = 1. It is often more intuitiv e
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and convenient, to descrike the quartum-dot state by the probabilities for the three charge
statesPy, P, = P. + Py, and P4 and the averagespin vector S = (P, + PX;iP, iP;P.
P4)=2. The magnitude of the averagespin S lies betweenzero, for an unpolarized dot, and
~=2, if the quartum-dot electronis in a pure spin state.

2.4 Experimen tal realizations of a quantum-dot spin
valve

The experimertal realization of a quartum-dot spin valve is quite challenging, since one
must combine ferromagnetic, i.e., typically metallic leadswith quartum dots, which are
usually semiconductorstructures. One way to overcomethis material mismatad is to use
spin injection from a ferromagneticsemiconductorinto quantum dots asobsened by Chye
et al. [41].

Recen experimertal approadesto measureransport through sud a quantum-dot spin
valve involve purely metallic systems,which are patterned by state of the art photolitho-
graphical techniques, as done by Ono et al. [42], or by Za alon et al. [43], seeFig. 2.3.
The advantage of this approad is, that the structures can be reproducible generatedwith
well de ned dimensionsand properties, like tunnel couplings. While in this structures spin
accunulation was extensiwely studied, the sizeof the structures aretoo large to show size
quartization e ects. Therefore the islands can not be descrited by the Anderson model
we use.

By enbeddingmetallic grainsin atunnel junction betweentwo ferromagneticlayers,the
structure dimensionbecomesnuch smallerthan what canbe achieved by photolithography.
To form theseislands,Zhanget al. [44]usedAl grains,while Sthelp et al. [45]and Yakushiji
et al. [46,47] usedCo clustersembeddedin an insulating Aluminum oxide tunnel barrier.
The main disadwantage of thesegranular structures is that usually transport through an
ensenble of dots is measured,which can causean average-outof certain features.

Deshnukh et al. [48] succeededn cortacting a single grain. They created a nano-
pinholein anisolating SisN,4 layer, deposited an Al-lead on oneside,and Al grains,isolated
by an oxide layer, together with a ferromagneticlead on the other side. Thereby only one
Al grain wascortacted by both leadsthrough the pinhole. This deviceshaved clear charge
as well as size quartization e ects. The only di erence to the here discussedquartum-
dot spin valve is, that only onelead was ferromagnetic. In that speci c experimert, the
other leadwas chosento becomesuperconducting,howewer, a devicewith both leadsbeing
ferromagneticis in work.

A dierent approad to form quartum dots is to cortact individual molecules. A
molecular deviceis the smallestpossiblestructure. Due to their superior smallness sud
devicescan shav charge and size quartization even at room temperature. A very stable
realization of a molecular quarntum-dot spin valve can be realized by carbon nanotubes
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Figure 2.3: Di erent possiblerealizationsof a singleelectrontransistor with ferromagnetic
leads.

[49,50]. Due to their length, one can cover ead end of a tube by a separateferromagnetic
lead like Fe [51] or Co [52,53], and measuretransport through the molecule. Howe\er, the
barriers are usually rather thin, that the transport through the devicecan not always be
descriked by lowest order transport, which will be the focusof this work. Recertlly Sahm
et al. [54] obsened tunnel magnetoresistancén transport through a nanotube. They used
a PdNi alloy for the contacts. This material has proven to form very good tunnel barriers
to the nanotubes. Moreover, they obsene an oscillation of the tunnel magnetoresistancas
function of the gatevoltage. This e ect may be a result of the further discussednany-body
exchangee ect, or dueto a single particle mixing conductancemedanism as proposedby
Cottet et al. [55].

Another molecular spin-valve devicewas manufactured by Pasupatty et al. [56]. They
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formeda nano-trend in a Ni layer by electromigration, and then trapped a Cgg moleculein
between. Thereby they obsened the Kondo e ect, wherethe Kondo peak was split. This
splitting as predicted by Martinek et al. [39] due to the many-body excdangecoupling to
the ferromagneticleads. The following work will discussthe samee ect but not in the
strong coupling/ Kondo regime,but in the weak coupling regime, which can be descrited
by sequemtial tunneling.

The rapid technological advantages of spin polarized scanningtunneling microscogy
(STM) [57] o ers another possiblerealization of a quartum-dot spin valve. One could
cortact a surfaceimpurity on a ferromagnetic substrate by the ferromagnetic STM tip.
Then the surfaceimpurity would sene as quartum dot, and tip and substrate as leads.
The cortacting of a surfaceimpurity (by paramagneticleads)was already demonstrated
by Manassenet al. [58] and Durkan et al. [59], which triggered a seriesof theoretical
works [60{64], related to this dissertation.



Chapter 3

Dynamics of the Quantum-Dot
Charge and Spin

Sincethe quartum dot consistsonly of a singleatomic level, its charge state is completely
characterizedby the probability to measurenone,oneor two electronson the structure. In
equilibrium (in the weak coupling regime)theseprobabilities would be given by Boltzmann
factors. By applying a nite source{drain voltage to the quantum-dot system,the charge
occupation probabilities will not longer follow the equilibrium distribution, i.e, they are "a
priori' unknown. Howewer, the static dot charge state can be determinedvia the conser-
vation law of charge. The electrical currents through the interfaceschangethe chargeon
the dot. Therefore, the static dot state is characterized by the condition, that the sum
of all incoming time-averagedelectrical currerts vanish. On the other side, the currert
through ead interface can be calculated as function of the (unknown) charge occupation
probabilities. Therefore,one can construct a systemof linear equations,which determine
the time-averagedchargestate of the dot, out of the continuity equations. The socalledor-
thodox theory to construct a master equationfrom the tunnel ratesthrough the interfaces
is conceptionallyequivalert [1,2].

Sincewe assumethe quantum dot to be non-magnetic,the averagespin on the quantum
dot doesvanishin equilibrium. Howewer, if the cortact leadsare ferromagnetic,asin the
caseof a quarntum-dot spin valve, the dot can not only bear a non-equilibrium charge, but
alsoa non-equilibrium spin state. The tunnel coupling betweenthe quantum dot level and
spin-polarized leadsyields a transfer of angular momerium acrossead tunnel junction.
The stationary value of the dot spin can again be determined by balancing all incoming
currents of angular momertum. In corrast to the caseof charge, there are also other
sourcesof angular momertum possiblebesidethe (spin) currents through the interface: an
externally applied magnetic eld canact asadditional sourceand intrinsic spin relaxation
on the dot asadditional sink of angular momerium.

Instead of constructing the systemof master equationsout of the cortinuity equations,
asdonein this Chapter, onecanalsodirectly calculatethe quantum medanical transition

33
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Figure 3.1: a) The dot charge changesdue to the electrical current through the tunnel
barriers. b) The dot-spin cortinuity equation cortains also other sourcesand sinks of
angular momertum: an external magnetic eld By and intrinsic spin-ip relaxation on
the dot on the time scale .

rates betweenthe individual quantum dot chargeand spin states[1,2]. In our rst publica-
tion [Phys. Rev. B, 195345(2004)], we followed this rate equation approad. Thereby we
rigidly calculatedthe required transition rates with a diagrammatic technique [65], which
was especially designedto descrike transport through quartum dots. In Chapter 5, we
will usethis diagrammatic technique to discussthe current noisethrough the quantum-dot
spin valve.

3.1 Balancing charge curren ts

The currert through ead tunnel barrier r = L; R equalsthe changeof the charge eN, =
e , &, a, intherespectiveleadr. From the Heiserergtime ewlution of the density
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operator, we get
( @ﬁr E[
r @ i~
e

- iz Vikn G O Vikn &Gy (3.1)
k n

N\r; HT]
X

With the de nition of the Keldysh Green'sfunctions G, (t) = ihc’, (0)dn(t)i, the time-
averagedcurrent through tunnel contact r equals
e X Z < ? <
Ir = H d! Vrkn Gn;rk (! ) Vr'kn Grk;n (! ) : (3-2)

kn

In Ref. [66] Meir and Wingreen useda Dyson equation, to relate the Green'sfunctions,
cortaining one dot and one lead operator ead, to the full lead electron Green's func-
tion and the full dot Green'sfunction. Sincethe leads are assumedto stay always in
equilibrium, we can usetheir equilibrium Green'sfunctions: g5, =2 if /(') (! " ),
G = 21, (1) (¢ "w ) gf =1 i +i07), and g = (gt)’ [67]. Thereby
f,” labelsthe Fermi distribution function of the leadr andf, =1 f/.

Only the dot Green'sfunctions must be derived. One possibility to determine the dot
Green'sfunctions is explainedin Appendix A. It is worth to mertion, that to calculate
the current in the sequetial tunneling limit, only the Green's functions, which are of
zeroth order in tunneling, are needed.Therely, the zeroth order Green'sfunctions are not
the equilibrium Green'sfunctions, but are itself functions of the unknown density matrix
elemens P of the quantum dot. The expressiorfor the current through a tunnel interface
in rst orderin follows as

; - r2(~e) fr+(")P()+ fr ( + U2) fr ( )P]_ fr (u + U)Pd
#
po f () +E("+U) S A (3.3)
with the de nition of the tunnel couplingas , ( + 4)=2.

The time-averageddot spin S in uences the conductancevia the scalarproduct (S fi;).
Thereforethe tunnel magnetoresistancgeneratedby eat tunnel junction dependscosine
like on the relative angleencloseddy lead magnetizationand spin polarization. This tunnel
magnetoresistanceesenblesthe behavior of a tunnel junction betweentwo ferromagnetic
contacts [12,18{20]. Howewer, in corrast to the single tunnel junction, consideredby
Julliere and Slonczewskiwherethe directions of magnetizationsare external parameters,
in the quantum-dot spin valve the direction of the dot spin polarization is a dynamic
variable, cortrollable by gate and bias voltage as well as by an external magnetic eld.
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P
The cortinuity equation connectsthe static averagedot chargeehNli = e , NP, to
the currents through the interfaces:

0= ed:?' = I+ Ik (3.4)
Moreover, the stationary condition does not only require, that the total charge is con-
stant, but that ead of the occupation probabilities P; do not vary in time. In lowest
order transport, which we considerhere,we can split the charge cortinuity Eq. (3.4) into
two independen equationsassaiated with transport processesn which either a double
occupied or an empty dot is involved. The aliation to either cortribution is indicated
by the argumerts of the Fermi functions, wherethe presenceof the interaction energyU
indicates processesvith double occupation and the absencesignalsprocessesnvolving an

empty dot. The stationary conditions for the two charge states separatelyare then
!

dPO X + /n " "
0= 2= (P f,(OP2 pf (IS N (3.5)
r !
dPy X
0 = 5 = c frC+HUP=2 fL "+ UPy pf ("+U)S A ;(3.6)

r

anddP,=dt= dPy=dt dP4=dt, which follows directly from the probability normalization
condition Po+ P;+ P4 = 1. In this way, the chargecortinuity equationde nes three master
equationsfor the three charge degreesof freedom. Howeer, these equationsstill depend
on the time-averagedspin of the quantum dot.

3.2 Balancing spin curren ts

The static spin on the quartum dot is given by the condition, that the sum of all sources
of angular momentum vanish. For a careful treatment of the total transfer of angular
momertum through the tunnel barriers, rst a rigid calculation of thesespin currens in
terms of non-equilibrium Keldysh Green'sfunctions is preserted. The outcomeof the rigid
calculation will show, that the spin current has two conceptional di erent componerts,
assaiated with either particle transfer or exdhangeinteraction. Afterwards, we specify our
result to the weak coupling regime of a quantum-dot spin valve and derive in this limit
Bloch-like rate equationsfor the quantum-dot spin.

3.2.1 Spin current through one tunnel barrier

The calculation of the spin currert in this Sectionwill be in closeanalogyto the derivation
of the charge current by Meir and Wingreen [66]. Let us rst considerthe spin current
through one, say the left, tunnel barrier. For a clearernotation, the lead index is mostly
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dropped in this Section. The spin currert J, = M i from the left Ieaqginto the dot is
de ned by minus the time derivative of the total lead spin §, = (~=2) . C C .
where denotesthe vector of Pauli matrices. From the Heiserberg equation follows

h [
d 1

3= 8= = 8;H : 3.7
L di =t i~ oL (3.7)
With the useof Fermion comnutation relations, the spin current operator is found to be

1 X ? ? y
3, = > Vin 2 ddy VW, dg (3.8)

k n

By introducing the Keldysh Green'sfunctions G, (t) = ihc, (0) dn(t)i, the expectation
value of the spin current can be written as

Z
1 X d| 2 < ?2 < .
Ju = é 2_ Vkn Gn;k (') Vk'n k ;n(!) . (39)
k n
Since the Green's functions obey the Dyson equations
GE n = m Vk m [gﬁ G<m;n glf Gﬁn;n ] and G:;k = m Vk?;m [glf G;;m gtk G:;m ]1 the

Green'sfunctions in Eq. (3.9) can be replacedwith the dot Green'sfunctions Gg, (t) =
ihd, d.(t)i and the free Green'sfunctions of the lead, seeSection3.1, or Ref. [67].

Without lossof generalily, we can choosethe dot spin quartization axis parallel to the
lead magnetization direction A_. The tunnel matrix elemens can then be substituted by
Vikn = tk n. After alengthy but straightforward calculation, the spin current can be
written as

iX Z dl + > <
‘JL = Z 2_ mn( m T n) fL(!)Gn;m-i_fL(!)Gn;m
m;n
Z
17° G, (E
Y G S (D L(Ci s ) R S LR P
P

with the tunnel rates (! )=2 = jt i (! "k ) n . This isthe mostgeneralexpres-

sionfor the spin current o wing through a tunnel barrier. Sincethe Green'sfunctions Gy,
were not speci ed during the calculation, Eq. (3.10) holds for any electronical system,not
only for single-leel quantum dots.

If the dot state is rotationally symmetric about the lead magnetization direction A,
all dot Green's functions G , non-diagonalin spin spacevanish. Only in this special
case,the spin currert is proportional to the di erence betweenthe charge current IL =
i(fe=h d! [f (1)G. +f (!)G: ]carried by spin-up electronsand the chargecurrert
| carried by spin-dawn electrons,

- (3.11)

Jo=ie, = o 1]
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If the dot systembreaksthis rotational symmetry, for exampledueto spin accurnulation
alongan axis di erent from f_, the simpleresult of Eq. (3.11) is no longercorrect. In suth
a situation, the secondline in Eq. (3.10) yields an additional spin current componen,
oriented transversalto both, the magnetization of the lead and the polarization of the dot.
This spin-currert componen descrikesthe exchange coupling betweenlead and dot spin,
causingboth to precessaround ead other. Sincethe lead magnetizationis usually pinned,
only the dot spin precessess placedin a magnetic eld.

Brataas et al. [68,69] shaved, that at normal metal{ferromagnet interfaces,incoming
electrons,with a spin orientation non-collinearto the leadamagnetization direction, may
experiencea rotation of the spin direction during badkscattering. This spin-rotation med-
anism can be descriked by the so called spin-mixing conductance. Howewer, the origin
of this spin precessiorhas a di erent physical origin asthe interaction driven many-body
e ect discussedn this dissertation.

3.2.2 Spin current between lead and quantum dot

The generalexpressiongor the spin current will now be speci ed to the caseof a quarntum-

dot spin valve with weak tunnel coupling. By use of the zeroth order Keldysh Green's
functions of the dot system, as calculated in Appendix A, Eq. (3.10) can be speci ed to

the system of a ferromagnet{single-leel quarntum-dot interface. The gained expression
relatesthe spin currernt through the interfaceto the dot density matrix elemens

~ S 2(h, S)A
Jy = 2_e|rprhr pr( : ) L+

S B;; (3.12)
cr

wherel, is the electrical current crossingthe tunnel junction asde ned in Eqg. (3.3). The
di erent terms of the spin currert can be assaiated with di erent physical processes.

The rst term in Eq. (3.12) descrikesspin injection from the ferromagneticlead into
the quartum dot by a spin polarizedchargecurrent. The injected spinis proportional
to the leadpolarization p, and the electricalcurrernt I, crossingthe junction. Sincefor
vanishing bias voltage the charge currert vanish, alsothis spin current cortribution
vanishes.

The secondterm describes relaxation of the dot spin due to coupling to the leads.
Since neither an empty nor a doubly occupied dot can bear a net spin, the spin
relaxation time _'= =1 f.(")+ f, (" + U)) equalsthe life time of the single
occupation dot state. This relaxation term is anisotropic [70]. The spin polarization
of the lead suppresseshe relaxation of a dot spin, which is aligned parallel to the

lead magnetization, but increaseghe relaxation of the antiparallel componen.

The third term in Eq. (3.12) descritestransfer of angular momenium perpendicular
to the spin polarization directions of lead and dot. The structure of this terms
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suggestdhe interpretation of B, asbeingan e ective magnetic eld that actson the
guantum-dot spin S. Its valueis given by [36,71]

4
rhr Od!

~ |

f:"(!) N f' (!") ; (3.13)

Br=pr U

wherethe prime at the integral indicates Caudy's principal value.

From Eg. (3.13) it is clear that this exchange eld arisesdue to the fact that the
guartum-dot levelsaretunnel coupledto a spin polarizedlead. It persistsalsofor vanishing
bias voltage. It is a many body e ect asall degreesof freedomin the leadscortribute to
the integral. In the limit of energyindependen tunnel couplings, the nite Coulonb
interaction U in the dot prevents cancellationof the rst and secondterm in the integrand
in Eg. (3.13), i.e., the exdhange eld is interaction driven. Its nature can be conceied as
a spin dependen dot level renormalization due to virtual particle exdhangewith the spin
polarized leads. Note that thesevirtual exdiange processesio not changethe charge of
the dot, in cortrast to the spin dependen tunneling events responsible for the rst two
cortributions of Eq. (3.12). Thereforea simple rate equation picture can not addressthis
exdangeinteraction. Howewer, sincethis exchange eld cortribution is alsolinear in ,
it is neededto be kept in order to have a consistet expansionof the master equation in
lowest order in the tunnel coupling.

This type of exdhange interaction has been discussedin literature in the cortext of
Kondo physics for magnetic impurities in (normal) metals [72]. With the help of a
Sdirie er-W ol transformation, the Anderson Hamiltonian [37] describing the magnetic
impurity can be transformedto the s d model, in which the spin of the magnetic im-
purity is coupledto the conduction band electron spins of the metal. While a normal
metal is spin symmetric, and thereforeno net exdhange eld arise,the ferromagneticleads
of the quartum-dot spin valve include a nite spin polarization. By integrating out the
lead electronsof the transformed Hamiltonian in the subspaceof singledot occupancy the
precisemathematical form of the exdiange eld asgivenin Eq. (3.13) is recovered.

The exdiange eld is not only responsible for a torque on an accunulated spin as
discussedhere,but it alsogeneratesa spinsplitting of the dot level. Sud a Zeemansplitting
of a Kondo resonancein a single molecule has been predicted by Martinek et al. [39],
and was experimenrtally obsened by Pasupathy et al. [56]. The reported splitting would
correspnd to magnetic eld strength valuesof up to 70 Tesla. This large Zeemansplitting
motivated Franssonet al. [73]to proposesud a spin splitted level asspin Iter for spintronic
applications. In cortrast to theseexperimerts with strong dot{lead coupling, in the weak
coupling regime, only the precessiorof the accunulated dot spin must be considered.The
Zeeman-lile splitting of the dot levels gives rise to a correction of higher order in the
coupling that hasto be droppedin a consisten rst order transport calculation.



40 CHAPTER 3. CHARGE AND SPIN DYNAMICS

3.2.3 Angular momentum contin uity equation

Similar to the charge cortinuity equation, the cortinuity equation for the dot spin reads

Ozd—S = JL+Jr+S Bex E
dt sf
~ X S p¥n, SN S
= ol PO S g g, 2 (314)
e crr sf

r

In addition to the spin currents ertering the quantum dot from the left and right lead,
additional sourcesand sinksof angular momerium are possible. An external magnetic eld
Bex enters the equationin the sameway asthe exdiange eld originating from the left
and right resenoir does. All three elds add up to the total eld By = (BL + Br + Bext)-
Therely frequencyis usedasthe unit of magnetic eld strength.

Furthermore, one can phenomenologicallytake into accoun the possibility of intrinsic
spin relaxation on the dot by the sinkterm S= . This term leadsto an exponertial decg
of the spin of on the dot on the time scale . The physical origin of sud an intrinsic
damping could be spin-orbit coupling, hyper ne interaction with nuclei in the quarntum
dot, or higher order tunnel processesud asspin-ip cotunneling.

3.3 Chapter summary

In this Chapter, the expressiondor the chargeand spin currens, Eq. (3.3) and Eq. (3.12)
were derived. In cortrast to the charge current, the spin currert is a more complexvector
quartity. The total transfer of angular momertum from the leadsto the dot, consists
of two qualitatively di erent cortributions. One is asseiated with the fact that charge
currents from or to a spin polarized system are also spin polarized. This currert, thus,
transfersangularmomenum alongthe magnetizationdirection of the ferromagnetor along
the accunulated spin on the quartum dot. There is, howeer, also an additional transfer
of angular momertum, perpendicularto both directions. The in uence of this spin currert
on the quantum-dot spin can be expressedn terms of a many body excange eld.

With the useof the respective cortinuity equations,thesecurrerts determinethe steady
state dynamics of the dot's charge and spin by a master equation. In the next Chapter,
the manipulation and detection of the quartum-dot spin is examined. Special attention
is spend on the possibility to manipulate the spin either by a magnetic eld, or direct by
voltage, via the gate and bias voltage dependenceof the exdhangeinteraction.



Chapter 4

Manipulation and Detection of the
Dot Spin via Electrical dc Transp ort

The Eq. (3.5) and Eq. (3.6), together with the probability normalization condition Py +
P, + Py = 1, determine the charge occupation probabilities P; of the quartum dot. The
Bloch equationdS=dt = 0in Eg. (3.14) describkesthe stationary dot spin S. The stationary
density matrix of the dot, seeEq. (2.5), can be determined by solving this system of six
linear master equations. With the knowledge of the stationary density matrix, the time
averagedcurrernt through the quantum-dot spin valve canthen be calculated by Eq. (3.3).

Since both, charge and spin are simultaneously transported by electrons,the master
equationsfor the charge and spin degreeof freedomare coupled. In the presenceof mag-
netized leads, the charge current causesspin accunulation on the dot, and the average
spin on the dot acts badk on the current via magnetoresistance.Therefore, it is possible
to examinethe coheren spin dynamicson the dot via electrical transport measuremets.
The dot-spin state is createdby spin accunulation, manipulated by the sourceand drain
voltage dependent exdiange eld or by an external magnetic eld, and detected by the
deviceconductance.

In the following three Sectionswe discussthe in uence of the gate and bias voltage as
well as an external magnetic eld on the quantum-dot spin, and how this in uence gets
re ected on the electrical dc transport through the quantum-dot spin valve. Then, in
reversal, by experimertally measuringthe transport characteristics of the device,one can
concludethe spin state of the quartum dot.

In the stationary transport situation under consideration, neither the averagecharge
nor the averagespin of the dot changeswith time, and the currerts through the left and
right tunnel junction are equall, = Iy | . For simplicity, a symmetric coupling

L= R = =2, equalspin polarization p. = pr = p, and a symmetrically applied bias
voltage Vr = V. = V=2 s chosenin the following discussion.

41
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4.1 Gate voltage eect in linear response regime

To study the e ect of the gate voltage on the quartum-dot spin via the gate voltage
dependenceof the exchange eld, we analyzethe linear-resppnseregime,without external
magnetic elds applied. For a small biasvoltageeV  kgT, the systemof masterequation
[Eq. (3.14), Eq. (3.5), and Eq. (3.6)] canbe expandedup to linear order in biasvoltage V.
With symmetric couplingsto the left and right lead, the charge probabilities (Pg; P1; Pq)
becomeindepender of V, thus, the occupation probabilities are given by their equilibrium
value

I O L G ) e O L G I R O L G I
A RO A Gy H SO F AN GV M RO R A Gt Ml
with the Fermi function f (') = f_ (!) = fg (! ). The Bloch equation for the dot spin
doesnot get independen of V, but reads

P

d s 27 (n SN, S

0 :&S = plin(he  NR) z_ (A S —+S B_+ Bg (4.2)
c sf

wherelj, = V. @=@ jv=o is the linear current. The linear charge current, which is
polarizeddueto the lead magnetizationsgeneratesa dot spin polarization alongp(f,.  AR),
which points alongthe y axis of the coordinate systemde ned in Fig. 4.1.

Figure 4.1: Spin dynamicsin the linear-resppnseregime. Spin accunulates along the y-
direction. The spin precesse@ the exdhange eld, that is aligned along the x-direction.
The stationary solution of the averagespin on the dot is tilted away from the y-axis by an
angle , which is plotted in Fig. 4.2(b).
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This accunulated spin S generategunnel magnetoresistancewhich decreaseshe cur-
rent again. In Fig. 4.2(a) the linear conductanceis plotted as function of level position ",
that can be tuned by the gate voltage. Thereby the conductanceshovs Coulomb oscilla-
tions. With increasingthe opening angle of the lead magnetizations,the increasingspin
accunulation decreaseshe conductane.

The damping term(s) in Eq. (4.2) limits the magnitude of spin accunulation. The
nite coherencetime ¢ of the electron spinsin the quartum dot is taken into accourt
by an exponertial deca of the averagespin with time. Two distinct physical processes
limit the spin coherenceime: Sourcesof decoherencee.g, spin-orbit coupling, hyper ne
interaction with nuclei in the quantum dot, or higher order tunnel processesud as spin-
ip cotunneling destroy the coherenceof the dot spin on the time scale . Furthermore,
the dwell time of the electronsitself is limited. The time scalefor tunneling of an electron
to or from the two electradesis givenby .= =1 f*(")+f*("+U)). Sinceneitheran
empty nor a double occupieddot can bear a net spin, this tunneling time scaleis alsothe
upper bound for the coherencdime of the spinson the dot. Then the total spin coherence
time equals

— +
c sf

11,1 43
S

Theterm S (B_ + BR) yields an intrinsic precessiorof the dot spin in the exdiange
eld B + Bk Bpcos(=2)e,. In steady state, the averagedot spin is rotated by the
angle

= arctan Bg scosé (4.4)

out of the plane de ned by the lead magnetization directions, as shaovn in Fig. 4.1. The
precessiomangle is plotted in Fig. 4.2(b) as function of the level position ". The level
position " = U=2 is special, at this point the exdiange eld changesits sign, and sodoes
the angle . The signchangearrisesfrom the fact, that the exdhange eld hascortributions
originating from particle like processesand cortributions with opposite sign, generatedby
hole like processes.Exactly at the level position " = U=2, thesetwo cortributions are
equal, but away from this particle{hole symmetric point, either the particle or the hole
processeslominate.

The precessionin the excdange eld also reducesthe magnitude of the accunulated
spin to
jSi=plin scos ; (4.5)

which can be seenin Fig. 4.1(c) as function of the level position ".

As pointed out above, in the linear-resppnseregimethe chargeoccupation probabilities
do not depend on the spin polarization of the leads. In particular, they are independen of
the relative angle of the lead magnetizations. This meansthat the -dependenceof the
conductanceis determinedby the product S A = S fig, ascanbe seenfrom Eq. (3.3). It
is the relative orientation of the accunulated spin and the drain (or source)magnetization,



44 CHAPTER 4. DC - TRANSPORT

c

S 0.5

©)

~~

—

m
<
=

O
0

p/2
c O
_p/2— | I —
C) JUTE R— R
I|:I 02_ R4 _’ \ \ =
xm .;:/ ~ N /.I \ ‘/.’ \§
| ) N \N.7 .
E. U 'I‘ \
1

= 0.1+ // 1 \\ -

2 /- h -\

I N
0 ’//// I I | \\\\,.
-15 -10 -5 0 5

e /k;T

Figure 4.2: (a) Linear conductancenormalizedby =kgT asa function of the level position
" for dierent angles . (b) Angle enclosedby the accunulated spin and the y-axis as
de ned in Fig. 4.1. (c) Derivation of the magnitude of the accunulated spin on the dot
with respect to the source{drain voltage V. Further parametersarep= 0:9, .!= 0and
U= 10kgT.
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that producesthe -dependenceof the currert, rather than the product A, fAg, asin the
caseof a single magnetic tunnel junction. Thereforethe -dependert linear conductance
G'" = (@=@)jv=o directly re ects the accunulated spin. The e ect of the exdrange eld
for the normalized conductancecan be seenin the analytic expression

sSin?( =2)

G"() _ | .
1+ (Bo 5)2co8(=2)"

Glin (0)

(4.6)

S
Cc

where G (0) = € P1= kg T. The linear conductanceis plotted in Fig. 4.3 as function of
the opening angle of the lead magnetizationsfor di erent valuesof the level position ".

1
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Figure 4.3: Normalized conductanceas a function of the angle enclosedby the lead
magnetizationsfor di erent level positions and the parametersU = 10kgT, ' = 0and
p= 009.

S

For" > 0, the quarntum dot is predominartly empty, andfor "+ U < 0 doubly occupied
with a spin singlet. In this regions,the life time of a singly occupieddot . is short, and so
is the lifetime of the dot spin. Thereforethe rotation angle is small and the normalized
conductanceasa function of the relative angle encloseddy the lead magnetizationsshavs
a harmonic behavior, see,e.g.,the curve for " = 5kgT in Fig. 4.3.

For U < " < 0the dot is primarily singly occupied,thereforethe spin dwell time is
increasedand the exdiange eld becomesmportant. It causesthe above descrited spin
precessionwhich decreaseshe anglebetweenS and fir aswell asdecreaseéhe magnitude
of S. Thus, the spin precessionmakesthe spin-valve e ect lesspronounced,so that the
conductancethat exceedghe expectations[18] for a single magnetictunnel junction.

For parallel and antiparallel alignedlead magnetizations, = Oand = , the accunu-
lated spin and the exdhange eld get aligned. In this case,the spin precessiorstops, even
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though the exdhange eld is still presen. The -dependert conductanceis not a ected by
the exdhange eld at this alignmernt, seeFig. 4.3.

4.2 Bias voltage eect in non-linear regime

We now turn to the non-linearresponseregime,eV > kgT, in orderto discussthe in uence
of the bias voltage dependenceof the exdiange eld. We assumethat there is no external
magnetic eld, and no spinrelaxation. In Fig. 4.4(a)the current | is shovn asa function of
the biasvoltageV for an antiparallel con guration of the lead magnetizationsand di erent
valuesof the leads'spin polarization p.

For non-magneticleads, the current{v oltage characteristic shows the usual Coulonb
staircase.At low bias voltage, the dot is empty and transport is blocked. With increasing
biasvoltage, rst singleand then double occupancyof the dot is possible,which opens rst
oneand then two transport channels. A nite spin polarization p causesspin accurulation
and, thus, a reduction of transport. A reduction of transport with increasingp is also
seenfor non-collinear magnetizations. But there is a qualitativ e di erence ascan be seen
in Fig. 4.4(b). A very pronouncednegative di erential conductanceewlves out of the
middle plateau as p is increased. To understand the negative di erential conductancewe
rst neglectthe exchange eld and then, in a secondstep, analyzehow the exdiange eld
modi es the picture.

At the intermediate bias voltages(" eV=2 e+ U) the dot canonly be empty or
singly occupied. Since double occupation is forbidden, the transport through the dot is
limited by the electron state with maximal dwell time in the dot. Due to the nite bias
voltage, the dot electronscan only leave the dot to the drain (right) lead. Therefore,the
electronwith the longestdwell time is the one with its spin polarized antiparallel to the
drain lead magnetization direction. For this antiparallel spin alignmert the tunneling to
the drain lead is maximally suppressedwhile the tunneling from the sourceleadis not as
much a ected. When the tunneling to the drain lead is weak, but strong to the source
lead, then the dot is primarily occupiedby one electron (charge accunulation). The spin
accunulation asfunction of the charge occupation P, given by

L I:)l
S=p —@Q P)hL —hNg ; (4.7
R 2
directly relatesan increasedprobability P, to nd the dot occupiedby oneelectronto an
averagedot spin S, aligned nearly antiparallel to the drain lead.

The behavior is di erent from that in the linear-respnseregime, where the direction
of the accunulated spin is along g A rather than Ag. This is related to the fact,
that in the linear-resppnseregime, the dot electronscan both tunnel to the source(left)
and drain (right) lead (where tunneling to the drain is only somewhatmore likely than
tunneling to the source). The direction of the accunulated spin does, therefore, not only
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Figure 4.4: Current{v oltage characteristicsfor antiparallel (a) and perpendicular aligned
(b) lead magnetizations. Further parametersare | = r= 2,po=pr=p, "= 10kgT
and U = 30kgT:

depend on the magnetization of the drain but also on that of the sourceelectrade. To
minimize transport, the accunulated spin will be alignedalongh, Ng.

Due to the fact, that double occupation is forbidden, P4 0, all electronsenering
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the dot through the left barrier must nd an empty dot, i.e., the current | = (e =)Pg
explicitly dependsonly on the probability to nd the dot empty. Thereforeany additional
chargeaccurnulation, P, onthe dot reducesthe conductanceof the deviceproportional
to Po=1 P;. Sothis medanismis a type of spin blockade but with a di erent physical
origin comparedto the systemsdescriked in literature [74{76]. The suppressionde nes
the local minimum of the current in Fig. 4.4(b). At this point of the minimal curren,
the relevant exdiange- eld componert generatedby the coupling to the source(left) lead
vanishesseeFig. 4.6(a). Away from this point, the exdhange eld componert perpendicular
to the spin, (originating from the sourcelead) will induce a precessiorof this spin about
A asillustrated in Fig. 4.5, and e ectively diminish the spin blockade.

Figure 4.5: For electrons polarized antiparallel to the drain lead, the in uence of the
e ective eld generatedby the sourcelead is dominating. By spin precession the spin
blockade s lifted and thereforethe conductancerecovers.

The particular value of the non-linear conductanceis a consequencef the two compet-
ing e ects. Spin blockade reduces,while spin precessionwhich reducesthe spin blockade,
again increasesthe conductance. Since the strength of the exdange eld, which gen-
erates precession,varies as a function of bias voltage, seeFig. 4.6(a), this recovery is a
non-monotonousfunction, generatingthe negative di erential conductance.

To illustrate this further, in Fig. 4.6(b) the currert is plotted which is obtained when
the spin precessiorcortribution isin an arti cial way droppedin Eq. (3.14). In the absence
of the excdhange eld, a wide plateau is recovered, whoseheiglht is similar to the curren,
one would expect, if the lead magnetizationswere aligned antiparallel. The peak at the
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Figure 4.6: Panel(a): The absolutevalue of the e ective exdange eld cortributions from
the left and right lead. Panel (b): the current voltage dependencewith and without the
in uence of the exdiange eld. For both plots the parameters = =2, [ = r= =2,
"= 10kgT, U = 30k T, and p = 0:95 were chosen.

left end of the plateau indicatesthat, oncethe dot level is closeto the Fermi level of the
sourceelectrade, the spin blockade is relaxed sincethe dot electronsthen have also the
possibility to tunnel badk to the source(left) side.
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Howeer, this negative di erential conductanceoccursonly at relatively high valuesof
the lead polarization. For symmetric tunnel coupling a spin polarization of p  0:77 is
needed while for a strong asymmetryin the tunnel coupling the required spin polarization
is reduced.

The e ect of the spinblockadeonthe -dependenceofthe currert is depictedin Fig. 4.7.
We choosethe bias voltage accordingto eV=2 = " + U=2, sud that the in uence of the

I(F) / 1(0)
T
I

Tt~ ="

Figure 4.7: Angular dependenceof the conductancewith an applied voltageof V = " +
U=2, i.e., the voltage generatingthe smallestin uence of the exchange eld. Further plot
parametersare | = r= =2,"= 10kgT,andU = 30kgT.

excdhange eld is absen. For p = 0:5 still a sin’( =2) dependencecan be recognized.
For higher valuesof the spin polarization the conductancedrops faster and stays nearly
constant at its minimal value dueto spin blockade. This is just the opposite behavior than

predicted for the linear-resppnseregimeas seenin Fig. 4.3.

If such a high bias voltage is applied, that the dot can also be double occupied, the
step like behavior of the current voltage characteristic is recovered, seeFig. 4.4(b). Away
from the step, all appearing Fermi functions can be approximated by O or 1, and following
Eq. (3.3) the current is givenby | = (e =2~)[1 pS (h. fgr)]. Far away form the
resonancewherethe exdiange eld can be neglected,the accunulated spinis S = p(f,
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fAr)=4 from which we get

I:% 1 pzsinzz ; (4.8)

At this high bias voltage, transport through a quartum-dot spin valve resenbles just the
tunnel magnetoresistanceharacteristic of a singletunnel junction, where charging e ects
are of no importance.

We closethis Sectionwith the remark that while we plotted only results for the case
" > 0, in the opposite case" < 0 the current{v oltage characteristicsis qualitatively the
same.

4.3 External magnetic elds and the Hanle e ect

In the previous Sectionswere studied quantum-dot spin dynamicsthat is ewoked by the
exdiange eld. But one can also make use of an externally applied magnetic eld B ey
to manipulate the dot spin and with it the conductanceof the quantum-dot spin valve.
It turns out that this manipulation schemeo ers a way to measurethe spin coherence
time T, in an all electrical way. To emphasizethis point, in this Section,an intrinsic spin
relaxation on the dot is explicitly allowed. Then, the chargelife time *= '+ .z and

the spin life time onthe dot (1= _'+ ! separate.

While also spin-orbit coupling can causespin relaxation on the quantum dot itself
[77,78], it is assumed,that due to the con nement of the electronson the quantum dot
the hyper ne interaction to the nuclear spins becomesdominart. Typical spin coherence
times are of the order of ns [79{82].

An external applied eld causeghe Hanlee ect, i.e., the decreasef spin accurrulation
in the quantum dot due to precessiombout a static magnetic eld. Indeed, this was the
e ect usedby originaly Johnsonand Silsbee [24] and others [43] to prove the existance
of non-equilibrium spin accunulation. Optical realizations of sud Hanle experimerts
[83] always involve an ensenble averaging over di erent dot realizations, sud that the
outcome of the measuremen is T, rather than T,. By measuringthe Hanle signal via
the conductancethrough a quartum dot attached to ferromagneticleads, this ensenble
averagingis avoided.

For simplicity in this Section we assumeagain symmetric couplings | = r, equal
degreeof lead polarizations p. = pr = p and considerthe linear-resppnseregime only.
There is a variety of possiblerelative orierntations of the external eld and the lead mag-
netizationsto ead other. In the following, two speci ¢ casesare discussedn detail, which
are corveniert to extract usefulinformation about the spin decoherencdime in one case,
and to prove the existenceof the exdhange eld in the other case.
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4.3.1 Antiparallel aligned lead magnetizations

We rst focus on two ferromagnetic leads with magnetization directions anti-parallel to
eadt other, seeFig. 4.8, and an arbitrary alignedexternal eld. The con guration hasthe
advantage that the exdange eld cortributions from the two leads cancel,and the spin
dynamicsis only governedby the external eld Bey. The linear conductance then, is

G _ 2_5 1+ (nL ZnRBeXt 5)2 .

G_o P c 1+ (Bext s)? ’

(4.9)

where Gy = € P;= kgT is the asymptotic value of the conductancefor a large applied
magnetic eld, jBexj! 1, for which the spin accunulation is completely destroyed. The
asyntotic conductanceis proportional to the single occupation probability P;.

L | ' | |

G/ G

0
Bext s

Figure 4.8: Di erential conductancefor ferromagneticleadswith anti-parallel magnetiza-
tions asa function of the magnetic eld |B ey applied perpendicularto the lead magnetiza-
tions. The half line width of the Hanle resonanceirectly determinesthe spin-decoherence
time .

If we assumethe eld to be aligned perpendicular to the lead magnetizations (see
Fig. 4.8), the conductancedepends Lorentzian on the external magnetic eld, which is
familiar from the optical Hanle e ect. The depth of the dip is given by p? = . while the
width of the dip in Fig. 4.8 provides a direct accessto the spin lifetime . Of course,
the corversionof applied magnetic eld to frequencyrequiresthe knowledgeof the Lande
g factor, which must be determinedseparatelylike in Ref. [48].
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In a recent experimert Zhang et. al. [44] realized a similar kind of setup: a whole
layer of aluminum dots were embeddedin a tunnel junction betweentwo Co electrades,
seeFig. 4.9, and a magnetic eld was applied perpendicular to the lead magnetizations.
In cortrast to the setupwith a singlequantum dot, this experimert may be in uenced by
the multi-domain structure of the leads, by weak spots in the tunnel barrier, and by the
ensenble averagingover di erent grains[44,84].
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Figure 4.9: Measuremen of the currert versusapplied magnetic eld by Zhanget. al. [44].
The tunneling device consistsof a AlO, tunnel barrier betweentwo Co leads. Inside the
tunnel barrier metallic Al grains are embedded, servingas quartum dots.

Newertheless,at rst glance,the measureddependenceof the conductanceon the ap-
plied magnetic eld in Fig. 4.9 seemgo show the anticipated Hanle e ect. However, this
interpretation of the measuremenhasa seriousdrawbadk: the inverselinewidth falls signif-
icantly below the expectedspin coherencdime of the grains. Even so, this line broadening
could be explainedby collinear fringing elds of the order of 10mT, alternative measure-
merts on single grain structures indicate [84], that the fringing eld strength is usually
on the order of 100mT, i.e., an order of magnitude larger. Therefore, the interpretation
of the measuremen as Hanle e ect may not be the only possibleone [84], and further
experimerts on individual nanoparticlesare necessaryto prove coheren precessiorof the
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dot spins.

4.3.2 Magnetic eld applied along A + fir

Finally, we discussthe caseof a non-collinear con guration of the lead magnetizations
with a magnetic eld applied along the direction h + Aig asshown in Fig. 4.10. In this
case,both, the exdhange eld and the external magnetic eld are pointing alongthe same
direction A_ + AR, and their magnitudesare just added. The linear conductanceis, then,
G ) s sin? 5

— =1 X 4.10
G0 p c 1+ (Bext+ BL+ BR)ZSZ ( )

where is the angle enclosedby i, and Air. The conductanceversusapplied magnetic
eld is plotted in Fig. 4.10(a). The conductancereadesits minimal value when the sum
of external and exdhange eld vanishes.Therefore,the exdiange eld shifts the minimums
position relative to jBexj = O.
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Figure 4.10: Linear conductanceof the dot for an applied external magnetic eld B ey
along A + Ag. a) Linear conductanceas a function of the applied eld for " = 0. b)
Linear conductanceas a function of level position " without external eld (dotted) and
for the applied eld jBeyj = 0:1 = (solid). Further parametersare = 3 =4, p = 08,
U= 7kgT, and « = 0. The vertical lines relate the conductanceincreaseof the dot at
" = 0 for amagnetic eld [Beyj = 0:1 =

In real experimerts, depending on the particular sample geometry one can expect a
magnetic stray eld, which is not consideredto be part of the experimertally applied
magnetic eld Bey. This stray eld also shifts the conductanceminimum. Howewer,
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the analyzed setup of external eld and magnetization directions allows for a stringen
experimertal veri cation of spin precessiondue to the exdiange eld. To separatethe
exchange eld from the in uence of a possiblestray eld, the gate voltage dependenceof
the excdhangeinteraction can be used. The exdiange interaction as function of the dot
gate voltage is plotted in the inset of Fig. 4.10(b). While the stray eld doesnot depend
on gate voltage, the exdange eld does. In the at band limit it even changessign asa
function of gate voltage. By plotting the conductanceas function of the gate voltage in
Fig. 4.10(b), the typical Coulomb blockade oscillations can be obsened. Ead time, the
energy level of the empty or singly occupied dot becomesresonan with the lead Fermi
energy the conductancebearsa resonance.The interplay of exchangeand external eld
leadsto an increaseof conductancefor oneresonanceeak, but to a decreasdor the other
resonance.

4.4 Chapter summary

We discussedhe possibility to generate,manipulate, and probe singlespinsin singlelevel
guantum dots coupledto ferromagneticleads. Any manipulation of the accurnulated spin,
e.g. by the external magnetic eld or by the intrinsic exchange eld, is detectablein the
electric currert through the device.

A spin polarization of the quartum-dot electronis achieved by spin injection from the
leads. The spin currert through a tunnel barrier bearsa cortribution that is assaiated
with the spin polarization of the charge currents from or to ferromagnets. Further, a
conceptionaldi erent cortribution arises, describingtransfer of angular momertum per-
pendicular to the lead magnetization and the dot polarization. This cortribution can be
expressedn terms of the exchange eld. The occurrenceof the exchange eld is a conse-
guenceof many-body correlationsthat are one of the intriguing featuresof nanostructures
with large Coulonb interaction.

In order to manipulate the quartum-dot spin we suggestto apply an external mag-
netic eld, or, moreinterestingly, make useof the gate and bias voltage dependenceof the
exdiange eld. In particular, the spin precessionmodi es the dependenceof the linear
conductanceon the opening angle of the lead magnetizations. The strength of this modi-
cation is tunable by the gate voltage. In nonlinear response,the bias voltage dependence
of the exdhange eld can give rise to a negative di erential conductance. By applying a
tunable external magnetic eld, one canrealizean all electrical Hanle experimert, which
determinesthe dot-spin lifetime of a single dot and is furthermore capableto verify the
existenceof the intrinsic spin precessiorcausedby the exdange eld.
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Chapter 5

Time Resolved Spin Dynamics via
Frequency Dependent Curren t Noise

In the previous Chapters, we discussedn detail, how the time-averageddot spin a ects
the time-averagedcurrent. Howewer, a way to resole the time-dependert dynamicsof the
dot spinis provided by the power spectrum of the current noise. Spin precessiordue to an
external magnetic and/or the exchange eld a ects the Fano factor of the systemin two
ways. First, the tendencytowards spin-selectie bunching of the transmitted electronsis
suppressedwhich givesrise to a reduction of the low-frequencynoise. Second,the noise
spectrum displays a resonanceat the Larmor frequency whoselineshape dependson the
relative angle of the lead magnetizations.

5.1 Intro duction

That current noise reveals additional informations about mesoscopicconductors, which
are not cortained in the average currernt was already pointed out before [85,86]. For
examplecurrernt noisethrough quantum dots revealsthe strongly correlated character of
charge transport, giving rise to phenomenasud as positive cross correlations [28] and
sub- or superpoissonianFano factors [87,88]. This is one motivation for the extensiwe
theoretical [89{94] and experimertal [95{99] study of zero- and nite-frequency current
noisethrough quantum dots.

The property, which will be utilized in this Chapter is, that the nite-frequency noise
provides also a direct accesdo the internal dynamics of mesoscopicsystemssud as co-
herert oscillationsin double-dot structures [100{103], quantum-shuttle resonanceg104],
transport through a dot with a precessingnagneticmomert [60], the dissipative dynamics
of a qubit [105], or badk action of a detector on the system[106{108]. In the caseof a
guartum-dot spin valve, the current-current correlation function will show a signature at
the frequencythat is assaiated with the precessionof the quantum-dot spin due to the

57
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sum of exdhangeand external magnetic eld.

The origin of the signal in the current noise can be understood by looking at the
tunneling-out current to the drain (right) lead asa function of the time after the quantum-
dot electronhad tunneledin from the source(left) lead. The spin of the incoming electron,
de ned by the source-leadmagnetization direction, precessesbout the sum of exchange
and external magnetic eld aslongasthe electronstaysin the dot. Sincethe tunneling-out
rate, in uenced by tunnel magnetoresistancedepends on the relative orientation of the
guantum-dot spin to the drain-lead magnetization direction, there is a periodic oscillation
of the tunneling-out probability. The oscillation period is de ned by the inverseprecession
frequency Depending on the relative orientation of the source-and drain-lead magne-
tization directions, the tunneling-out rate is either increasedor decreasedafter one full
rotation of the quantum-dot spin. As a consequencehe signaturein the power spectrum
of the current noiseat the Larmor frequencygradually changesfrom a peakto a dip asa
function of angle betweensource-and drain-lead magnetization.

RBL + Br + B«

v

Figure 5.1: A quantum dot cortacted by ferromagneticleadswith non-collinear magneti-
zations. Electrons polarized along the source(left) lead enter the dot. During their stay
on the dot, the electronsprecessn the many-body exdiange eld B, + Br and an exter-
nal magnetic eld Bey. Due to magnetoresistancee ects this precessionmodulates the
tunnel-out probability to the drain (right) lead, giving rise to a resonancesignal in the
current power spectrum.

Also the low (zero) frequencypart of the currernt-noise power spectrum is a ected by
the internal dynamics of the quartum-dot spin. By coupling a quartum dot to spin-
polarized electrades, the dwell time of the electronsin the dot becomesspin depender.
It is known [28,109]that this spin dependenceof the dwell times yields a bunching of the
transferred electrons. This bundiing leadsto an increaseof the shot noise. A precession
of the quantum-dot spin wealensthe tendencytowards bunching, leadingto a reduction
of the low-frequencynoise.

In order to illustrate the ideasformulated above, we presen a systematicstudy of the
frequency-degnden current noisein the following. A previously-deeloped diagrammatic



5.2. DIAGRAMMATIC TECHNIQUE 59

real-time technique [65] is extendedto ewaluate frequency-degndert current noisein Sec-
tion 5.2. Similar approatesfor metallic (hon-magnetic) single-electrontransistors were
presened in Refs.[106,110]. The resultsfor the quarntum-dot spin valve are then discussed
in Section5.3.

5.2 Diagrammatic Technique

The samemathematical model for the quantum-dot spin valve is consideredasintroduced
in Chapter 2. The quantum dot consistsof a single electronic state at energy ", and
double occupancyof the dot coststhe chargingenergyU  kgT. The ferromagneticleads
(r = L=R) are resenwirs of non-interacting fermions, which bear a spin polarization p,
along the direction of r,gagnetizatioar_ﬁr The dot is tunnel coupledto the leadsby the
coupling strength | = _ 2 jt,= 2j> , which for simplicity, is assumedto be energy
independ.

In the following three subsections,the derivation for the stationary density matrix,
the dc current and the nite-frequency currernt-current correlation function is formulated.
Afterwards, in Section 5.2.4, the obtained formulas are speci ed for the limit of weak
dot-lead coupling, i.e., for a systematiclowest-order perturbation expansionin the tunnel
coupling strength = | + . It is worth to mertion, that aslong asthe speci c rates
are not introduced, the derivation of the density matrix, the current and the curren-
current correlation function would also be applicablefor any tunnel-coupledquantum-dot
problems,not only a quartum-dot spin valve.

5.2.1 Quantum-dot density matrix

The dynamics of the quantum-dot spin valve is determined by the time ewlution of the
total density matrix. Since the leads are modeled by non-interacting fermions, which
always stay in equilibrium, their degreesof freedomcan be integrated out. The quantum-
statistical averageof the charge and spin on the quartum dot at time t is then encaled
only in the reduceddot density matrix (t), asintroducedin Chapter 2. Its time ewlution
is governedby the propagator (t; to),

()= (tt) (to): (5.1)

Since is a matrix, the propagator must be a tensor of rank four. A diagrammatic
represemation of this equation is depictedin Fig. 5.2. The upper (lower) horizontal line
represets the propagation of the individual dot states forward (backward) in real time,
i.e., along a Keldysh time cortour tx. The rigid mathematical derivation of this approad
can be found in Ref. [65], and citations therein.

In order to nd the stationary density matrix for a system, which is described by
a time-independert Hamiltonian, one can considerthe limit to ! 1 . There is some
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(o) = (o))" T W) 1 )

2 m m 72
‘ —= time
to t

Figure 5.2: The density matrix ewlvesin time with the propagator , which is a tensor
of rank four.

characteristic time after which the systemlosesthe information about its initial density
matrix i = limg,q (to). Therefore,without lossof generality we canchoose( i) 11 =

1o 1 o With an arbitrarily-pic ked state o, to get for the stationary non-equilibrium
density matrix

s 2= Iim (t to) ?°; (5.2)
2 to!'l 20

independen of . Here,for time-translation invariant systemsthe propagator (t; to) de-
pendsonly onthe di erence of the time argumerns (t to). Forthef%lowmg it is corveniert
to expressthe propagatorin frequencyrepresetation (!) = . dt ( t) exgi(!
i0")t]. It canbe constructedby the Dyson equation

(") o!)+ o)W () (1)

= o M) w() (5.3)
The full propagator (! ) dependson the free propagator (! ) and the irreducible self-
energiesW (! ), which descrikesthe in uence of tunneling everts betweenthe dot and the
leads. The Dyson equationis diagrammatically represeted in Fig. 5.3. The frequencyar-
gumert of the Laplacetransformation appearsin this diagrammatic languageasadditional
horizontal bosonicline transporting energy~! .

=Y R =
X1 X3 X1 X3 X1 X1 X2 X3
I1 = HO + HO w II
R 73 R UE U Ui b UES
X1

X2
1% = X + th §§ + ...
Ui M2

Figure 5.3: Diagrammatical represetation of the Dyson equationfor the propagator. The
self-energyW sumsup all irreducible tunnel diagrams. With W (! ), we label the self-
energy together with the parallel running frequencyline ! .
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The free propagator (without tunneling) is given by

[
o) = o 54)

1 1
where" (" ) isthe energyof the dot state ( ) = f0;";# dg. Tunneling betweenthe dot
and the leadsintroduce the irreducible self-energiesV (! ). The self-energiedV (! ) can
be calculatedin a perturbation expansionin the tunnel Hamiltonian. Each tunnel Hamil-
tonian generatesone vertex (lled circle), on the Keldysh time contour tx, seeFig. 5.3.
Sincethe leadsare in equilibrium, their fermionic degreesof freedom can be integrated
out. Thereby two tunnel Hamiltonians eat get corntracted, symbolized by a line. Each
line is assaiated with onetunnel ewvernt, transferring one particle and a frequency/energy
from one vertex to the other. Thereforethe lines have a de ned direction and bear one
order of the couplingconstat = | + Rr. The self-energyW (! ) is de ned asthe sum
of all irreducible tunnel diagrams (diagrams, which can not be cut at any real time (cut

vertically), without cutting onetunneling line).

In Section5.2.4,the calculation will then be restricted to the lowest-orderexpansionin
, Whereonly diagramswith onetunnel line in W (! ) areincluded. A detailed description
of how to calculatetheselowest-orderself-energiegor the quantum-dot spin valve problem
can be found in Appendix B.

To solwe for the stationary density matrix ¢, one can rewrite the Dyson Eq. (5.3) as
( o(') Y W()) (')= 1, multiply both sidesofthe equationwith ! , usethe nal value
theoremlim,, o(i~! +0") (! ) = limy, (t), similar asfor Laplacetransformations,and
employ Eq. (5.2), to get .
[
0= o1 =0 W( =0 g« (5.5)
together with the normalization condition Tr[ ] = 1. For the individual density matrix
elemeints P , the equation becomes
X
0= (" "N« * W (&) (5.6)
11
The structure of Eq. (5.5) motivatesthe interpretation of the equation asa master equa-
tion in Liouville space,with the self-energyW (! = 0) as generalizedtransition rates.
Howewer, the self-energydoes not only descrile real particle transfer between leads and
dot, but it alsoaccourts for tunnel-induced renormalization e ects. In Chapter 4, it was
shown, that theselevel renormalization a ect ewen the lowest-order cortribution to the
conductance. Therefore, a neglect of theserenormalizationswould break the consistancy
of the lowest-orderexpansionin the tunnel coupling strength [26,101,111]. Recettly, the
frequency-degndent currernt noise of a quantum-dot spin valve structure was discussed
in Ref. [112],in the limit of in nite bias voltage, where theselevel renormalizations can
be neglected. One of the main advantagesof the approad preseited hereis that a rigid
systematic computation of the generalizedtransition rates is possible,which includesall
renormalization e ects. Thereforethis approad is valid for arbitrary bias voltages.
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5.2.2 Current

P
The current through barrier r = L; Risde ned asthe changeofchargeen, = e |, &/, a,
in leadr dueto tunneling, descriked by the operator

[ = e@;f = i%[Kh;HT]: (5.7)

We de ne the operator for the currert through the dot as(* = (1  [])=2. Each term of
the resulting current operator does cortain a product of a lead and a dot operator. By
integrating out the lead degreesof freedom,the current vertex (open circle) getsconnected
to a tunnel vertex by a cortraction line as depicted in Fig. 5.4. Thereby the connected
tunnel vertex can be either on the upper or lower time cortour line.

1= () =Tfipd = (p) - W )1

n 1

Figure 5.4: Diagrammaticrepresetation of the currert. By integrating out the leaddegrees
of freedom, the currernt vertex (open circle) gets cortracted to one of the tunnel vertices
in the self-energyWw (! = 0).

To presen a systematicway to calculatethe currert, onecan utilize the closesimilarity
of the tunnel Hamiltonian and the current operator in Eq. (5.7). Both dier only by the
prefactor e=- and possibly by additional minus signs.

Thielmann et al. [92]intro ducedthe object W' . asthe sumsof all possiblerealizations
of replacing one tunnel vertex (lled circle) by a currert vertex (open circle) in the self-
energy W * , compareFig. 5.5. In technical terms, this meansthat eat diagram is
multiplied by a prefactor, determined by the position of the currert vertex inside the
diagram. If the current vertex is on the upper (lower) Keldysh time branch, and descrikes
a particle tunneling into the right (left) lead or out of the left (right) lead, multiply the
diagramby +1=2, otherwiseby 1=2. For clarity, the factor e= is kept separately A more
detailed explanation of the technical procedureof the replacemeh as well asthe rulesto
construct and calculate the self-energiescan be found in Ref. [92]. The averageof one
current operator, which equalsthe dc current o wing through the systemis then given by

| = Y = 2—e~Tr[W'(! = 0) 4 (5.8)

The trace selectsthe diagonal matrix elemerts, which regardsthat the Keldysh line must
be closedat the end of the diagram, seeFig. 5.5, requiring that the dot state of the upper
and lower time branch match.

To seethat the diagramsin Fig. 5.4 and Fig. 5.5 are equal, one must considerthat
all diagrams where the rightmost vertex is a tunnel vertex will cancelead other when
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Figure 5.5: Refornmulation of the current asa function of W ' (I = 0), the self-energywith
onetunnel vertex replacedby a current vertex.

performing the trace. This happens,sinceby moving the rightmost tunnel vertex from the
upper (lower) to the lower (upper) Keldysh time line, the diagram acquiresonly a minus
sign [65].

5.2.3 Curren t-curren t correlation

In this work, the frequency-degnden current noiseis de ned asthe Fourier transform of
S(t) = W) + W©)(t)i  2hi2, which can be written as
Z

S(t) = 1olt H\)N0)i + WO e+ e
0
MEOLUS (5.9)

The noisesymmetrizedin frequencyis a real quartit y, which canbe measuredby a classical
detector [113,114]. The unsymmetrized noise would have an additional complex compo-
nert, describingabsorption and emissionprocesseg115], that depend on the speci cs of
the detector.

We are interested in the current noise, which can be measuredin the source-drain
circuit. At nite frequenciesthis current is not equalto the currents acrossthe sourceor
drain interface,sincedisplacemen currerts appear. Following the Ramo-Shakley [89,116]
theorem,the displacemen currerts canbetakeninto accoun, by de ning the total current
operator asthe sum [* = (C_I\ + CrlRr)=(C_ + Cgr) of the currerts through the left and
right interface weighted by the interface capacitancesC -r. Sincethe dot-lead interface
capacitancesare much lesssensitive to the cortact geometry than the tunnel couplings

L=Rr, We assumean equal capacitanceof the left and right interface, while still allowing for
di erent tunnel-couplingstrengths. Thereforewe de ned the current operator symmetrized
with respect to the left and right interface as already donein Section5.2.2.

The diagrammatic calculation of the currert-current correlationfunction is now straight-
forward. Instead of replacing one tunnel vertex by a currert vertex on the Keldysh time
cortour, as for the averagecurrert, one must replacetwo vertices. The additional fre-
quency! of the Fourier transformation in Eg. (5.9) can be incorporated in the diagrams
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as an additional bosonicenergyline (dashed)running from t to O, i.e., betweenthe two
current vertices [110]. This line must not be confusedwith a tunnel line, sinceit only
transfers energy~! , and no particle. By introducing the self-energyW all diagrams of
the currert-current correlation function canbe groupedin two di erent classeq492,110]as
shavn in Fig. 5.6. Either both currernt vertices are incorporated in the sameirreducible
block diagram, or into two di erent onesthat are separatedby the propagator (!).

(<f (£)1(0)) + (f(O)f(t)))e_m _

,'|>~\w Cl{,— _______ A\
—pr W ) tpe W T W )+
0t 0 £

+ diagrams with one or both vertices on the lower line

Figure 5.6: Regroupingof the noise expansionby introducing the irreducible self-energy
W , and the propagator (! ).

The order of the current operator on the Keldysh cortour is determinedby its ordering
in the correlator. The current operator at time O lies on the upper branch for h'(t)('(0)i
and on the lower branch for W'(0)'(t)i, compareAppendix A. Sincein Eq. (5.9) the noise
was de ned symmetrizedwith respect to the operator ordering, just every conbination of
currert vertex replacemets in the W 's are allowed. This includes also diagrams where
oneor both verticesare located on the lower time cortour (thesetypesof diagramsare not
explicitly drawn in Fig. 5.6).

By including the current vertices and the frequency line in the self-energiesthree
variants of the self-energyW are generated. The objects W.! (! ) and W!(!) are the
sum of all irreducible diagrams, where one tunnel vertex is replacedby a current vertex
in any topological di erent way. The subindex> (<) indicates, that the frequencyline
connectedto the currernt vertex leavesor ernters the diagramto the right (left) side. In the
zero-frequencylimit, the two objects becomeequalW.! (! = 0)=W.!( =0) W',

The third object W ' (! ) sumsirreducible diagramswith two tunnel vertices replaced
ead by acurrent vertexin any topologicaldi erent way. The current verticesare connected
by the frequencyline ! . The diagrammatical picture of the objects W (! ), W '' (1),
W) (), andW/! () areshown in Fig. 5.7.

With thesede nitions the diagramsfor the frequency-degndert noisein Fig. 5.6 can
be directly translated into the formula

S(t) = ;TF[W"(!) s+t W) (W) o

2 )i+t 1) (5.10)
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Figure 5.7: Di erent variations of the self-energyW . For ! ! I', the direction of the
frequencyline getsreversed.
The rst line in Eqg. (5.10) divergesas! ! 0. While the W's are regular for ! ! 0,
the propagator (! ) goesasi=( ~! +i0") times (t! 1), whichisrelatedto ¢ via
Eg. (5.2). In the limit ! I 0O the propagator thereforeyields both a delta function (!)

and a 1=! divergence.For the full expressionof the noise,thesedivergencesare canceled
by the delta-function term in the secondiine of Eq. (5.10) and by the termswith ! ! I,
respectively. As a consequenceS(! ) remainsregular alsoin the limit ' ! 0.

5.2.4 Low-frequency noise in the sequential-tunnel limit

The Equation (5.10) is the generalexpressionfor the frequency-degnden current noise.
In the rest of the Chapter, we consideronly the limit of weak dot-lead tunnel coupling,

ks T. Thereforeonly diagramswith at most onetunnel line are included in the W 's.
Howe\er, this procedureis not a consistemn expansionsdieme for the noise S(! ) itself.
By expandingthe W 's up to linear order in , the result of Eqg. (5.10) is the consisten
noiselinear in  plus somehigher-ordercortributions proportional to 2. Sinceco-tunnel
processeslso give rise to quadratic cortributions, theseterms must be discardedaslong
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as the quadratic cotunnel cortributions of W are neglected. If oneis interestedin the
noiseup to secondorderin , then thesehigher-orderterms generatedby lower-orderW 's
are, of course,an essetial part of the result [117].

The interesting frequencyparameterregimeis - if one neglectexternal magnetic elds
at this point - if the frequencyis at most of the sameorder of the tunnel coupling .
In this parameter regime, the frequency-degnden current noise shows signaturesof the
internal charge and spin dynamics of the quartum dot. By limiting the frequencyrange
to ~! . , the frequencydependenceof the W 's can be neglected. Each correction of
the W 's would scaleat least with ! 2 making them asimportant asthe neglected
co-tunnel processes.

The neglectof the terms in W which are at least linear in frequency has two main
advantages. First, it considerablysimpli es the calculation of the W 's. Second,it auto-
matically removesthe quadratic parts of the noise,so Eq. (5.10) givesa result consistem
in linear orderin . In this low-frequencylimit, the noisecanthen be written as

&2 h i
S(H) = —TAW' g+W' ) W W g

2 (HKiZ+(@ 1t 1) (5.11)

whereWw' WwW!( =0=W!( =0,W W({ =0),andW'" W' = 0).
This means,that the bosonicfrequencylines! in the diagramsas shown in Fig. 5.7 can
be neglected. The only remaining frequency-degndert part is the free propagator (! ).

This formalism, of course,reproducesthe noisespectrum of a single-lewel quantum dot
connectedto normal leadsas known from literature [85]. If the dot levels are away from
the Fermi edgesof the leads, sud that one can approximate the Fermi functions by one
or zeroonly, the Fano factor shows a Lorentzian dependenceon the noisefrequency!

" #
S(t)_ 1 2. r)
F( == 1 A2
S = I S C Dk (542
for a bias voltage allowing only an empty or singly occupieddot, and
" #
2

FO) = 21+t R (5.13)

2 (L+ R)Z+(H)?

for higher bias voltages,when double occupation is also allowed.

5.2.5 Technical summary

The technical schemefor calculating the zero- and low-frequencycurrert noiseis the fol-
lowing: First, the objects W , W', and W '' must be calculatedin the ! = 0 limit, using
the diagrammatic approad), seeAppendix B.
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In the next step, the reduced density matrix « can be calculated. For technical
reasonsit is corvenient to expressthe density matrix as introduced in Eq. (2.5) as a
vector: & = (P$;P. ;PP P,;P/)T. Then the fourth-order tensorsW's and (! )
are only 6 6 matrices, seeAppendix B, and standard computer implemerted matrix
operations can be used. It is worth pointing out that in the vector notation, the trace for
examplein Eq. (5.11) is then not the sum of all elemens of the resulting vector asassumed
by Ref. [101], but only the sum of the rst four entries. Theseelemens correspnd to
the diagonal entries of the nal density matrix. In the notation of Ref. [92], this can be
achieved by the vector e” = (1;1; 1;1;0; 0).

P The stationary density matrix followsfrom the masterkEq. (5.5) 0= i(" " )( &) *+
W (&) ! underthe constrairt of probability normalization e 4 = 1. The
averagedc current through the systemis given by | = ef2~)eT W' . In the

low-frequencylimit the frequency-degnden propagator (! ) can be constructed from

the frequency-degndert free propagator o(! ) and the frequencyindependentself-energy
W (I = 0). The low-frequencynoiseis then given by the matrix multiplication S(!) =

e=2~)e" (W"+w' (1YW') g+ (! 1), wheretheiO" in the denominator of

the propagatoris already dropped, sincethe term arising from the i0* cortribution cancels
the delta function in Eq. (5.10).

5.3 Results

In this Section, the results for zero-and nite-frequency current noisein a quanum dot
connectedto ferromagnetic leads with non-collinear magnetizations are discussed. The
relative energiesof a single-lewel dot is sketched in Fig. 5.8.

] ] Energy

e+ U
B eV

2
0

eV

L R 2

Figure 5.8: Sketch of di erent energiesinvolved. Sincewe assumeequal tunnel-interface
capacities,the voltage drop on the left and right sideis symmetric.
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By assumingkg T , andthat the single-particlestate is above the equilibrium Fermi
energyof the leads, higher-ordertunnel processe$38,88,115,117]can be neglected.

5.3.1 Zero-frequency noise

In Fig. 5.9, we plot the resultsfor F(! ! 0) = S(! ! 0)=2el), i.e., the zero-frequency
Fanofactor for the quartum dot cortacted by ferromagneticleads. In Fig. 5.9(a), the leads
are aligned parallel. For eV=2 < ", when the dot level is above the lead Fermi energies,
the dot is predominartly empty, and interaction e ects are negligible leading to a Fano
factor of unity. In the voltage window " < eV=2 < " + U, when the dot can only be
empty or singly occupied, one can obsene super-Poissoniannoisedue to dynamical spin
blockade [28,88,94,109]for su cien tly high lead polarization. The minority spins have a
much longerdwell time inside the dot than the majority spins. In this way, they e ectively
chop the current leadingto buncdhes of majority spins. While the current in this regime
| =2 | gr=2 L+ Rr) doesnot dependon the polarization p of the leads,the Fano factor

R B
— p
F(O) = 2+ )2 (5.14)

ewvendivergesfor p! 1. If the voltage exceedghe value necessaryto occupy the dot with
two electrons(eV=2 > " + U), the noiseis no longer sensitive to the lead polarizations.

Alsoin the caseof anti-parallel alignedleads,the Fanofactor risesin the voltageregime
"< eV=2< "+ U asseenin Fig. 5.9(b). The dot is primarily occupiedwith an electron
with majority spin of the sourcelead, i.e., minority spin for the drain lead, sincethis spin
hasthe longestdwell time. If the electrontunnelsto the drain lead, it getspredominartly
replacedby a majority spin of the sourcelead. For a high enoughleadpolarization, only one
spin componert becomesmportant. Further this spin componert is strongly coupledto
the sourcelead and weakly coupledto the drain lead, thereforethe Fanofactor approates
unity.

If the leads are non-oollinearly aligned, for exampleif an angle = =2 is enclosed
as shown in Fig. 5.9(c), a qualitatively di erent behavior can be obsened. Now, the
typical Coulomb plateaus are modulated. This shape arises,sincethe dot spin starts to
precessaround the lead magnetizations. The tunnel coupling betweenthe ferromagnetic
leadr =L/R and the dot inducesthe exchange eld cortribution

ZO
| |
Br=p oA d! fr(.:) U+ 1~|fr(:.)

~ ~!
asdiscussedn Chapter 4. This exdiangeinteraction causesan intrinsic spin precessiorof
the dot spin around the lead magnetizations. This excdhange eld automatically appears
in arigid calculation of the generalizedtransition ratesW .

; (5.15)

The intrinsic spin precessiordue to the exdiange eld courteracts the dynamical spin
blockade. The exdiange coupling to one lead is maximal, if its Fermi energy coincides
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Figure 5.9: Zero-frequencycurrernt noisethrough a quantum-dot spin valve. In panel (a),
the lead magnetizationsare aligned parallel, in panel(b) anti-parallel, and in panel(c) the
lead magnetizationsenclosean angle of =2. The di erent lines correspnd to di erent
values of the lead polarization p. Other parametersare " = 10kgT, U = 30kgT, and

L=2R
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with the dot energylevels. The coupling to the sourcelead is maximal at the voltages
eV=2 = " and eV=2 = " + U and changesits sign in between. Therefore the reduction
of the Fano factor is non-monotonic,and so is the variation of the Coulonb plateaus. It

is worth pointing out that to obsene this spin precessiormedanism in the conductance
of the device, a relatively high spin polarization of the leadsis required. But the noiseis
much more sensitive to this exdiangee ect than the conductance,so that a polarization

as expectedfor Fe, Co, or Ni [56]is well su cien t.

The current, the zero-frequencycurren-current correlation, and the Fano factor are
plotted in Fig. 5.10asfunction of the angle betweenthe two lead magnetizationvectors.
The gray linesarefor biasvoltageeV = 50kg T, wherethe exdhange eld in uence is weak,
the black lines are for the bias voltage eV = 30kg T, where the exdiange interaction is
more pronounced. Sinceboth voltagesare within the voltage window allowing only single
occupation of the dot, compareFig. 5.9, the tunnel rates do not changesigni cantly within
this voltage range. Only the exdhange eld doesvary with bias voltage. On one hand the
precessiorof the dot spinin the exdhange eld leadsto anincreaseof the current (compare
Chapter 4) in Fig. 5.10(a). On the other hand, the precessiorsuppresses®unching, which
decreaseghe noise, seeFig. 5.10(b). Therefore the spin precessiondecreaseshe Fano
factor in Fig. 5.10(c).

For = 0and = the accumulated spin is collinearly aligned with the exdange
eld, thereforeno spin precessiortakesplace,and the black and gray lines merge.

5.3.2 Finite-frequency noise and weak magnetic elds

The dc conductanceof the quantum-dot spin valveis a direct measureof the time-averaged

spinin the dot. On the other side,the power spectrum of the current noisecanalsomeasure

the time-dependert dynamicsof the individual electronspinsin the dot. The spin precesses
in the exchange eld aswell as an external magnetic eld. This givesrise to a resonance
signalin the frequency-degnder noiseat the Larmor frequencyof the total eld.

By including an external magnetic eld in the noisecalculation, one hasto distinguish
two di erent parameterregimes: either the Zeemansplitting g gBext is of the same
order of magnitude as the level broadening L; R, Or it signi cantly exceedsthe
tunnel coupling L. r. This sectionfocuseson the rst case,while the latter caseis
treated in Section5.3.3.

By choosing the spin-quartization axis of the dot subsystemparallel to the external
magnetic eld, the magnetic eld only inducesa Zeemansplitting of the single-particle
level" in " ="+ =2and"y =" =2. Since L. Rr, the W's can also be
expandedin  and only the zeroth-orderterms needsto be kept, sinceead correction of

the self-energiesvould be proportional to 2. The Zeemansplitting must only be
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Figure 5.10: Current (a), current noise (b), and Fano factor (c) of a quantum-dot spin
valve as a function of the angle , enclosedby the lead magnetizations. The gray lines
are for a bias voltage eV = 50kg T, wherethe excdange eld in uence is weak, while the
black curvesare for eV = 30kg T, wherethe exdiange eld is more pronounced. Further
parametersare” = 10kgT, U = 30kgT,and | =2 g
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consideredfor the free propagator. With Eq. (5.4), the propagatoris then given by

0 i 1

TEo 0 0 0 0 0
0 ST 0 0 0 0
0 0 1 0 0 0

of!) = o ; (5.16)

0 0 0 T+i0r 0 0
0 0 0 0 ~ ++I i0* O
0 0 0 0 0 T o

wherethe matrix notation asintroducedin Section5.2.5is used. The two last rows of this
matrix govern the time ewolution of ¥ and # represeting the spin componerts transverse
to the quartization axis, i.e., transverseto the applied magnetic eld. The change of
the denominator by the Zeemanenergy descrikesjust the precessiormovemen of the
transversespin componert. Sincethe freepropagator (! ) isafunction of , the Zeeman
energymodi es the full propagator (!) aswell asthe (zeroth-order) stationary density
matrix «, via the master Eq. (5.5).

The numerical results are plotted in Fig. 5.11{ Fig. 5.13. In Fig. 5.11the magnetiza-
tions of the leadsare aligned parallel, and a magnetic eld is applied perpendicularto the
lead magnetizations. With parallel-alignedleadsand equal polarizationsin both leads,no
averagespin accunulates on the dot, and therefore the current-voltage characteristic as
shown in the inset of Fig. 5.11,showvs neither magnetoresistanceor the Hanle e ect (com-
pare Chapter 4) if a transversemagnetic eld is applied. In cortrast to the conductance,
which dependson the averagedot spin only, the frequency-degnden noiseis sensitive
to the time-dependent dynamicsof the spin on the dot. Therefore,the eld-induced spin
precessionis visible in the noise power spectrum. For B = 0 the Fano factor shows a
Lorentzian dependenceof the noisefrequency Thereby the Fano factor exceedaunity due
to the bundhing e ect, asdiscussedn Section5.3.1. With increasingmagnetic eld, spin
precessionifts the dynamical spin blockade inside the dot, and the Fano factor decreases
at ! 0.

Furthermore the precessiorof the electron spinsinside the quartum dot givesriseto a
resonancdine approximatively at the Larmor frequencyof the applied magnetic eld. Due
to tunnel-magnetoresistance ects, the precessiorof the dot spin modulatesthe e ective
tunnel rates, which modify the current-current correlation function at the frequencyof the
precession. Thereforethe eld-induced spin precessionis visible as resonanceine in the
currert noisepower spectrum.

The appearingresonancdine canbe characterizedby linewidth, line form, and position.
The linewidth of the resonanceis given by the damping due to tunnel events and is of
order . The line shape depends on the relative alignmert of the lead magnetizations
and the applied magnetic eld. It can resenble an absorption or dispersion line shape,
but especially in the low-frequencyregime! < , the Lorentzian badkground related to
the zerofrequencynoise cortributions, and the rather complicated spin dynamicslead to
a strong deformation of the line. In Fig. 5.12,the noiseresonances plotted for di erent
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Figure 5.11: Frequency-depndernt Fano factor of a quantum dot connectedto parallel
aligned leads with perpendicular applied external magnetic eld. The parametersare
p=05"= 10T, U= 30KkgT, eV =40KksT,and | = 2 r. Theinsetshowsthe currert
bias-wltage characteristic, which doesnot depend on the applied magnetic eld.

openinganglesof the lead magnetizations,while the magnetic eld is applied perpendicular
to both magnetizations. In this situation, the diversity of possibleline shapesis especially
pronounced. We will revisit the medanismleadingto the di erent line shapesin Sec.5.3.3.
In the limit of strong magnetic elds, and thereforeat high frequenciesthe discussiongets
much more transparert.

Due to the deformation of the line shape at low frequencies(! < ), the absolute
position of the resonancdine is hard to detect, compareFig. 5.12. But besidethis technical
aspect, there exist alsoa physical medanism for a deviation of the resonancdine position
from the Larmor frequency one would expect by consideringthe applied magnetic eld
only: the exchangeinteraction betweenferromagneticleadsand dot spin. The spin inside
the dot precessem the total eld cortaining the external magnetic eld and the exdiange
eld, seeEq. (5.15). Depending on the relative oriertation of lead magnetizationsand
applied magnetic eld, the exdhange eld canincreaseor decreasdhe total eld strength.

To emphasizethe in uence of the excdhange eld on the resonanceposition, we plot
the nite frequencynoisein Fig. 5.13for di erent bias voltages. Therely the lead mag-
netizations enclosean angle = =2, and an external magnetic eld is applied parallel to
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Figure 5.12: Fano factor of a quartum-dot spin valve as a function of the noisefrequency
An external magnetic eld g gBex = = =2 is applied perpendicularly to both lead
magnetizations. The lead magnetizationsenclosehe angle = 0(solid), = =2(dashed),

= (dotted), and = 3 =2 (dot-dot-dashed). The vertical gray line marks the Larmor
frequencygiven by the external magnetic eld only. Other system parametersare as in
Fig. 5.11.

the sourcelead magnetization. The di erent consideredbias voltagesbelongto the same
current plateau, asindicated in the inset of Fig. 5.13. This meansthat the transition rates
do not changesigni cantly within this voltage window. Still the resonanceposition shifts
with bias voltage, sincethe exdiange eld and, therefore, the total eld dependson bias
voltage.

In the lead and eld con guration discussedin Fig. 5.13, the exdiange eld is more
e ective in shifting the resonancecomparedto the previous plots, sincethe cortribution
from the sourceleaddirectly addsa cortribution parallelto B¢y . In Fig. 5.11and Fig. 5.12,
the exchange eld cortributions are always aligned perpendicular to the external eld,
which wealensthe in uence of the exdangeinteraction.
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Figure 5.13: Frequency-depnden Fano factor, when the lead magnetizationsenclosean
angle = =2 and an external magnetic eld g gBex = 1=2 is applied parallel to the

sourcelead magnetization. The vertical gray line again marks the Larmor frequencygiven
by the external magnetic eld only. For the three di erent bias voltages,eV = 30kgT
(dotted), eV = 45T (dashed)and eV = 70kgT (solid), the strength of the exchange
eld varies,and sodoesthe position of the resonancepeak. Other systemparametersare
asin Fig. 5.11.

5.3.3 Limit of strong magnetic elds

The current-current correlation function S(! ) is a measureof the averageover two current
measuremets with a relative time di erence of multiples of 1=!'. On the other side, the
time betweentwo tunnel ewverts is given by the inverseof the tunnel coupling strength .
Therefore, the condition ! and ! de ne physical di erent parameterregimes.
If ! , which de nes the the zero-frequencyregime, on averagese\eral tunnel ewvens
place betweenthe two current measuremets. Therefore,the noisewill re ect mainly the
behavior of averageproperties, which for examplecausedo bunding. In the other regime,
when! , the noisewill mostly re ect the correlation betweentwo sequencingunnel
e\erts.

To illustrate this point, we discussin this Sectionthe caseof an applied magnetic eld,
where the Zeemanenergy 0 BBext L; r exceedghe tunnel coupling strength.
Then, the interesting signal in the noise spectrum will be at the frequency!
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As a simpli cation, we still considerthe W 's as independert of aswell as of ~! .
This assumptionis justi ed, aslong asthe distancebetweenthe quarntum-dot statesand
lead Fermi surfaceswell exceeddemperature kg T, the Zeemansplitting , and the noise
frequency~! .

For a clear analytic expression,the stationary density matrix is expandedin zeroth

orderin =, and only the noisefrequencyrange! = is consider. In this regime
the rst v e diagonalentries of the free propagatorin Eq. (5.16) can be treated as zeroth
order in , i.e., their cortribution drops out for the lowest-ordernoise,and only the last
ertry 1=(! ) 1= is kept. This considerably simpli es the calculation, since all

buncdhing e ects and the exchange eld componerts perpendicularto the external eld can
be neglected.

Let us considera single-lexel quantum dot with sud an applied voltage, that we can
approximate the Fermi functions by f (") = Tandf (" + U) = fg(") = fr(" + U) = 0.
This applied bias voltage allows only an empty or singly-occupied dot. For an external
applied magnetic eld perpendicularto both lead magnetizationsB ¢ ? | ; Ar the Fano
factor

1 p?> 4cos + R(~!' ) sin
F(1)= 2+ = (5.17)
2 4 2+ (-1 )2
shavs a resonancesignal at the Larmor frequency~! = . Depending on the angle ,

enclosedby the two lead magnetization directions, the resonancdine hasthe character of
an absorption or dispersionline, seeFig. 5.14.

By shifting the gatevoltagesud that f| (") = f ("+U) = fg(") = Landfg("+U) = 0O,
the dot will always be at least occupiedby one electron. Then the noise shows the same
resonancepnly r and must bereplacedby | and

If the leadsare alignedparallel, the electronwill leave the dot primary directly after the
tunnel-in event, or after onerewvolution. In this case,the deca is modulated with a cosine
function. If the leadsare aligned perpendicular to ead other, then the electron must be
rotated by the angle =2 (or 3 =2) beforethe maximum probability for the tunneling-out
ewvent is reathed. The decy is then modulated by a (minus) sine function. This phase
shift determinesthe lineform of the noiseresonance.

The origin of the resonancas the correlation in time betweenthe tunnel-in evert, and
the tunnel-out event: H (0)Ir(t)i. We can understandthe appearanceof the resonance,
within the following (simpli ed) picture. Considerthat at t = 0 an electron tunnels from
the source(left) leadinto the dot. Thereby the spin of the incoming electronis polarized
along the sourcelead magnetization.

Due to the nite applied bias voltage, the electroncan only decg to the drain (right)
lead. The rate of this deca/ dependsvia tunnel magnetoresistancen the alignmert of the
electronspin and the drain lead magnetization. The tunnel-out ewvert is more likely, if the
spin is aligned parallel to the lead magnetizationthan if it is aligned anti-parallel. In the
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Figure 5.14: Fano factor as a function of noise frequency for di erent angles . The
applied voltage doesallow only a single occupation of the dot. Other system parameters
areasin Fig. 5.13.

applied magnetic eld the spin precessesvith the Larmor frequency . This precession
leadsto the oscillating modulation [1+ pcos( t=hbar )] of the tunnel rate. The phase
of this modulation equalsthe relative angle of the lead magnetizations.

We guessthat the probability P(t) to nd the electronstill on the dot after a tunnel-in
ewvert took placeat t = 0 is given by the di erential equation

dP(t) _

dt

with the boundary condition P(t = 0) = 1. By solvingthis linear di erential equation,the
probability asfunction of time equals

1+ pcog—t )IP(1); (5.18)

P()=A exp( —t) exg —psin(—t )] (5.19)
with the normalization constart A = expg rsSin( )=]. The current Ig(t) through the

drain interface is proportional to the time derivative of the occupation probability, see
Eqg. (5.18). If we expandthe gainedexpressionin zeroth orderin g=, we get

Ir(t)/  —[1+pcos(—t  )exp( —t): (5.20)
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The current-current correlation function in Eq. (5.17) is then just trivialy related to
the Fourier transformation of this time-dependent current. This is quite remarkable as
Eq. (5.17) is the result of a rigid calculation, while Eq. (5.18) is the outcome of phe-
nomenologicalconsiderations.

At this point, we canunderstandthe approximation of high eld/frequency. In Eq. (5.19)
we derived the deca of the occupationprobability. Dueto the oscillating part of the tunnel
rate, the decy is rather complicated. But sincethe time scaleof the decay (/ Rr) is slow
comparedto the oscillation frequency we can averagethe decg rate over an oscillation
period, which is equivalert to neglectingthe terms proportional to r=. Within this
approximation, the deca of the occupation probability in time is then just exponertial.
In the low-frequencyrange R, asdiscussedn Sec.5.3.2,the non-trivial decy yields
a more complicatedresonancdine in the currernt-current correlation function.

The phasedependenceof the noiseresonanceas shavn in Fig. 5.14 is also predicted
for a double-dot system[100,101,105]. Let us considertwo dots connectedin series,see
Fig. 5.15A), and an electronfrom the left (source)electrade erters the left dot. Sincethis
is not an eigenstateof the isolated double-dot system, the electron coherenly oscillates
betweenthe two dots with the frequency! g. After the time t = =!g, the electronis in
the right dot and cantunnel to the drain lead. This correspndsto the = caseresulting
in a dip in the noise. The realization of the = 0 casewould be a double dot where the
left (source)and right (drain) lead is cortacted to the samedot, seeFig. 5.15B). Here
the electron must stay a multiple of 2 =!r inside the double dot to tunnel to the drain
lead, giving a peakin the frequencynoisespectrum. Other valuesof have no double-dot
systemanalog.

A)yop=m
ROk YO®ER YOOTe
t=0 t=m/wr
B.) ¢ =0
O % 8 O
PeE JOR JOE yOfe
t=20 t=m/wr t=21/wr
Figure 5.15: The double-dot analog for the decay phaseshift = 0Oand = of the

electrons.
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5.3.4 Inuence of spin relaxation

The density matrix approad o ers a way to phenomenologicallyinclude spin relaxation
by supplemering the matrix W by

0 0O O O 0O O 0 1
0 ﬁ +% 0 O 0
0 +->= = 0 0 0
0_— — 2T 2T
W =W + 0 01 01 0 o 0 (5.21)
0O O 0O O % 0
0O O O 0O O L

The ertries in the lower right corner of Eq. (5.21) descrike the exponertial deca of the
transversespin componerts on the time scaleT,, and the block in the upper left corner
describesan equilibration of the occupationprobability for spin up and down. If onede nes
the averagespin vector on the quartum dot by S= (P, + PX;iP, iP/;P.  P})=2the
master Eq. (5.5) becomeghe Bloch equationascalculatedin Chapter 3. The newterm in
Eq. (5.21) introducesan additional exponertial deca/ term in this Bloch equation. In the
limit of weakZeemansplitting asdiscussedhroughout the paper, T, and T, becomeequal,
and W %includes an isotropic exponertial damping of the spin on the dot. Thereby the
master equation describingthe changeof the probability @(P. + P,f) for single occupation
is not a ected by this relaxation term.

The modi ed rate matrix W °© erters the noise calculation via the calculation of the
stationary density matrix and via the propagator (! ). The numerical solution for the
caseof parallel alignedlead magnetizationsis plotted in Fig. 5.16.

With increasingthe spin decoherencethe spin-related e ects decreasewhich is the
expected behavior for spin decoherence.To completely suppressthe spin-related e ects
the spin lifetime must signi cantly exceedhe inversetunnel coupling,i.e., the spin-related
e ects are not very fragile against spin decoherence.

Se\eral articles [26,101,118]try to model spin relaxation by the Hamiltonian H =
Rc/cy + Rcic ; which is from the physical point of view dissatisfying, sinceit does not
describe incoheren relaxation processedut coheren precessionn a transversemagnetic
eld [119]. This ansatzpredicts a completelydi erent behavior of the frequency-degndert
current noise. Instead of a suppressionof all spin-related e ects with increasingthe pa-
rameter R, as expected for spin relaxation, an external eld generatesa resonancdine.
With increasingthe eld strength, this line just shifts to higher and higher frequencies,
but doesnot vanish.
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Figure 5.16: Frequencydependenceof the Fano factor if the leads are aligned parallel.
With increasingspin relaxation, the spin blockade and therefore the bundiing e ect is
reduced. Other systemparametersare asin Fig. 5.11.

5.4 Chapter summary

By cortacting a quantum dot to ferromagneticleads,the transport characteristic through
the device crucially depends on the quartum-dot spin. In the previous Chapters, we
examined the in uence of the time-averageddot spin on the dc conductance. In this
Chapter the in uence of the time-dependen dot-spin precessionon the current-current
correlation function was discussed.The spin precessiorof the dot electron spinsis caused
by the tunnel-induced exdhange eld and an applied external magnetic eld.

In the zero-frequencylimit, the spin precessiorlifts the dynamical spin blockade, and
thereforereducesthe zero-frequencynoise. At the Larmor frequency correspnding to the
sum of exchangeand applied elds, the single-spinprecessiorgeneratesa resonancean the
frequency-degndent current-current correlation function. Responsible for the resonance
is the tunnel-out processof a dot electronto the drain lead. Due to magnetoresistance,
the tunnel probability dependson the relative angle of dot spin and drain magnetization.
Therefore, the spin precessionleadsto an oscillation of the tunnel probability, visible in
the current-current correlation function. The shape of the resonancen the current-current
correlation caneither have an absorptionor dispersionlineshape, dependingon the relative
angle betweenthe lead magnetizations.
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Finally, a properly inclusion of spin decoherencevas shavn, and discussedwvhy mod-
eling spin relaxation by an external eld transverseto the spin quartization axis, asdone
sometimesin the literature, is unsatisfying.
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Chapter 6

Corresp ondence of a Quantum-Dot
Spin Valve to a Double Quantum Dot

Two quartum dots cortacted in seriesseemto be qualitatively di erent from a quantum-
dot spin valve asdiscussedn the previous Chapters. But sincea serial double dot is just
another realization of a generictwo-lewel system,sud asspin, there exist a closetechnical
aswell as physical correspndencebetweenthesetwo systems. Therefore, the predictions
made for the quantum-dot spin valve, especially the appearanceof an exdange eld, can
also be tested on double dots. This Chapter corntains results acquired in a joined work
together with B. Wunsd from the University of Hamburg.

6.1 Intro duction

A serial double-dot systemconsistsof two individual quarntum dots labeledby left (L) and
right (R), which are tunnel coupledby the rate . Eadh dot is cortacted by a separate
lead labeledleft (source)and right (drain), seeFig. 6.1.

oo B
VL VR

Figure 6.1: Sketch of a double quartum dot in serial bias geometry

83



84 CHAPTER 6. DOUBLE QUANTUM DOTS

Contacting a quartum dot to ferromagneticleads,is still an experimertally challenging
task, thus the experimertal con rmation of the spin dynamics discussedso far will not
be trivial. Therefore it would be interesting to test our ideasin double quantum-dot
structures, since highly elaborate experimertal techniques are available to cortrol and
characterizethesedevices[120{122].

Double quarntum-dot systemsare so well deweloped, sincethey are candidatesfor re-
alizing charge [123] or spin qubits [124], but also since double dots are ideal systemsto
investigate various quantum medanical e ects sud as molecular binding [125,126] or
coherem dynamics[127] betweenthe constituert dots. Furthermore, many informations
about the systemcan be technically easily deducedfrom the electric conductanceof the
device[128]. Recen experimerts using double quantum dots include the measuremets of
guantum medanical level repulsion due to inter-dot coupling [129] as well as due to ex-
ternal magnetic elds [130],the detection of molecular statesin a double-dot dimer [131],
and the obsenation of coheren time ewlution of the dot states[127].

6.2 Mapping of the double dot on a spin valve

The double-dot problem can be reducedto the spin-valve systemwith an external applied
magnetic eld by introducing a pseudo/isospinvector |, as often usedin the quartum
information commnunity [123,124]. The up/down state of the pseudospin is given by one
electronsitting in the left/righ t dot of the double well potertial.

The topology of the double-dot system can be described by introducing an isospin
polarization of the leads. The left lead can be assigneda polarized along the isospin up
direction i, = (0;0;1), and the right sideanalogfir = (0;0; 1). Then, an electronfrom
the left lead will tunnel only in the isospinup state, i.e., to the left dot, and electronsfrom
right lead only to the isospindown state = right dot. In this language,an applied bias
voltage yields an isospinaccunulation parallel to the z axis.

Transport through serial double dots, as depicted in Fig. 6.1 inherertly visualizesthe
basic quarntum medanical conceptof coheren superposition of charge states[132]. Due
to the inter-dot tunnel amplitude , the statesjLi and jRi localizedin the left and right
dot, are no energyeigenstatesof the double-dot dimer. This yields a coherem oscillation
of the electron between the left and the right dot [133{137] as it was shavn in recen
experimerts [123,127]. In the isospinpicture, this coheren time ewlution is generatedby
amagnetic eld B, appliedtransverseto the lead (iso-)magnetizationdirections. Thereby
the strength of the perpendicular eld equalsthe inter-dot tunnel amplitude .

The atomic-like energy level of the left and right dot is given by E,-r. An energy
level mismatch " = E. Egr of the dot levels suppressthe coheren oscillation of the
electronsin the double-vell potential. A more careful analysis shows, that this e ect is
analogousto a magnetic eld By applied collinear to the lead (iso)magnetizationsin a
guantum-dot spin valve. In Chapters 3, we predicted, that an exdiange eld arisesdue to
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Figure 6.2: Sketch of a double quartum dot in the represetation of a spin valve. The
isospinstate up/down labelsthe left or right double-dot state. The isospinl precessesn
the perpendicular magnetic-like eld component B, , describingthe coheren oscillations
betweenthe left/right dot state, generatedby the inter-dot coupling. The detuning of
the energylevelsin the left and right dot suppresseshis oscillation as a magnetic eld
componert By would suppressthe spin precessiorof |.

the tunnel coupling to the ferromagneticleads. This eld is collinear aligned to the lead
magnetization, therefore it should be just addedto the eld By. Badk in the double-dot
picture, this means,that the tunnel coupling of oneleadto onedot shifts the energylevel
of this onedot. Sincethe left and right dot levelsare tunnel coupledto di erent resenoirs,
and the level renormalizationis a function of the level energy the lead chemical potertial,
and the tunnel coupling, the energy shift of the left and right dot levels is, in general,
di erent, leadingto a modi cation of the level separationenergy” = E.  Eg.

This renormalization of energylevels can be obsened in the transport properties of a
serial dot systembecausehe conductancethrough the double dot is very sensitive to the
di erence of the energylewvels. The current passingthrough the structure as function of
the level missmatd shovsaresonanceat " = 0. The width of the resonancas given by the
tunnel couplings[138],which canbe much smallerthan the temperature. This sharpnesof
the resonancemakesthe conductancea valuable experimertal tool, for exampleto measure
the shell structure of quarntum dots [139].

It is well known [65,140] that the tunnel coupling to resenoirs renormalizesenergy
levels. But in single-dot geometriessud an energyrenormalization is only accessiblan
transport of higher order in the tunnel coupling strength. In the conductanceof a serial
double dots, this renormalization e ect becomesvisible already in the limit of weak dot{
lead coupling, descriked by transport to rst order (sequemial tunneling) in the tunnel
couplingstrength = | + R.
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Figure 6.3: Schematic energypro le for a double dot coupledin seriesto two resenoirs.
Ead reserwir is coupledto the dot of the correspnding side by the coupling strength

. The inter-dot coupling is determinedby . The energiesof the two dot states are
characterizedby the meanenergyE and their relative distance".

6.3 Mo del Hamiltonian

We model the double quartum dot cortacted in seriesby the Hamiltonian [134{137,141]

X
H = Hr + |_|Dots + |_|T: (61)

r=L ;R

The rst part of the Hamiltonian describesthe electric cortacts on the left (L) and right

(R) side. Thesecorigacts are large resenwoirs of non-interacting electronsmodeled by the

Hamiltonian H, = . ", ¢/, ¢, . Herec, ;¢ denotethe annihilation and creation
operatorsfor electronsin the reserwir r 2 fL; Rg with spin . The reseroirs are assumed
to be in equilibrium, that they can be characterizedby the Fermi distribution functions
fL==(! ). An applied bias voltage V is modeledby di erent chemical potertials in the left

and right contact f (! ) = f (! eV=2), seeFig. 6.3.

The secondpart of the Hamiltonian, Hpys, descritestwo dots, cortaining oneelectronic
level ead. We further allow a nite Coulonb interaction betweenelectronswithin onedot,
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and betweenthe two dots,

X
Hpots = Ecne + Uning + UYNonig + NreNgy) (6.2)
r=L ;R

Here,n; = d'd andn; = P d’ d are the occupation-rumber operators for dot i 2

fL;Rg with spin , whered, ;d’ being the annihilation and creation operators of an
electronon dot i with spin . Ead dot consistsof a single electroniclevel at the energy
E| -r measuredrelative to the equilibrium chemicalpotential of the leads. We parameterize
the levels by their averageenergyE = (E_ + Er)=2 and their dierence " = E. Eg,

sothat E,.r = E  "=2. Double occupation of oneindividual dot is assaiated with the
intra-dot charging energyU°®. Simultaneousoccupation of both dots with oneelectronead
coststhe inter-dot charging energyU with U°  U. Stateswith three or more electrons
in the double dot are not consideredin the following. The remaining eigenstatesof H pqs,
then, are: both dots empty jOi, oneelectronwith spin in the left jL i or right dot jR i,
and oneelectronin ead dot jL R 9. Weassumethat the intra-dot charging energyalways
exceedgshe lead Fermi energies. Therefore the stateswith two electronsin the samedot
jL L iandjR R i will have avanishingoccupationprobability. Howewer, thesestateswill

appear asintermediate (virtual) statesin our calculation, providing a natural high-energy
cut-o .

The third part Hr = H + H of the Hamiltonian Eqg. (6.1) descritesboth, tunneling
betweenthe two dots, H , aswell astunneling betweendots and leads,H ,

X
H = 5 d dy +d d (6.3)

X
H = tikC, d + treChy dg + hiC (6.4)
k

Due to the serialgeometry an electronfrom the right (left) resenoir canonly tunnel to the
right (left) dot. The tunnel coupling ofF;eser\oir r to the correspnding dot is characterized
by the coupling strength () = 2 = ,jtwj? ("« !). Thereby the coupling strength

is de ned as an energy which means,that the averagetunnel rate is givenby =~. We
consideronly spin conservingtunneling processesand assumeat bandsin the resenoirs,
which yield energyindependent couplings . Furthermore, the inter-dot tunnel coupling
amplitude is chosento be a positive, real parameter, which can be always acieved by
a proper gaugetransformation.

6.4 Kinetic equations

In the following Sectionthe stationary reduceddensity matrix ¢ for the double-dotsystem
and the dc current through the systemis calculated. The reduceddensity matrix of the
double dot is obtained from the density matrix of the whole systemby integrating out the
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resenoir degreesof freedom. The Liouville equation for the stationary reduceddensity
matrix then hasthe structure

0= i"'% st = [HDots; st]+ [H ; st]+ W st - (6-5)
The rst two comnutators represen the internal dynamicson the double dot, which de-
pendson the level separation” and the inter-dot coupling . The third part of Eq. (6.5)
accourns for the tunnel coupling betweendouble dot and external reserwirs. The fourth
order tensor W cortains real and imaginary parts, assaiated with particle transfer pro-
cesseqtunnel rates) and with tunnel induced energy renormalization of the dot levels,
respectively. The latter hasbeenneglectedin previousworks [135{137].

In Appendix C.1, the samediagrammatic technique is deployed to determine W for
the double-dot problem, as used in Appendix B to calculate the generalizedrates for
the quantum-dot spin valve. The di erence betweenthe two problemsare the di erent
possiblequantum-dot states, and the di erent allowed transitions betweenthem. Beside
the real-time diagrammatic approad [65,142]alsoalternative techniquesare available suc
asBloch-Red eld theory [143,144].

In the following the limit of weak tunnel coupling between double dot and leadsis
discussed.Therefore, W needsonly to be calculatedto up to lowest order in the tunnel-
coupling strength = | + R, which de nes the so-calledsequetial-tunneling approxi-
mation. This appraximation implies that all tunneling everts are independert from eat
other. That assumptionis correct, aslong as co-tunnel everts can be neglected,i.e., away
from Coulomb blockade regions,and aslong askg T . Latter restriction arisesfrom
the fact, that correlationsgeneratedin the bath during a tunnel processdeca on the time
scale~=kg T [145],(this re ects the extensionin time of the tunneling line in Fig. C.1 and
Fig. C.3), while the averagetime between consecutie tunneling ewerns is given by the
inverseof the coupling strength ~=.

The energy eigenstatesof the double-dot subsystemH pys + I—b are the bonding and
anti-b onding states with energiesEp-, = E a Where 4, = 2+ "2 denotestheir
energysplitting. This identies 4, asfrequencyof the charge oscillations[123,127],and

as minimum distance betweenthe bonding and anti-b onding eigenstatesas function of
the left and right energylevel [129]. If the splitting exceedsthe intrinsic broadening of
the levels, 4 , then the internal oscillations are fast, and transport through the
double-dot system takes place through two separateincoherent levels. In this case,o -
diagonal matrix elemeits of the stationary density matrix vanish, which can be seenfrom
the expansionof the Liouville equation in zeroth order in  which gives0 = i~%Pb =

aPg + O(). HereP ! denotesthe matrix elemeh P ! = h ij &j .i of the reduced
density matrix.

The more interesting transport regime is in the opposite limit, 5, . , wherethe
external coupling strongly modi es the internal dynamics, which is captured by the o -
diagonal elemens of the reduceddensity matrix [136,137]. Combined with the validity
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condition for sequetal tunneling kg T this implies 4 ks T. This implies, that
the internal oscillations are slov comparedto the decay time scaleof the tunnel-induced
correlations. As a consequencensteadof the bonding and antib onding states, the localized
statesjL i and jR i can be used as eigenstatesof the double dot in the calculation of
W . This choice of basis states facilitates the interpretation of the double-dot dynamics
signi cantly. Tednically, the condition g . ks T meansthat for a consisten theory,
we do not only expand W in Eqg. (6.5) to rst orderin , but alsohaveto expandit to
zeroth order in 5. This is accomplishedby replacing the energiesE, -r arising in the
calculation of W by the meanlevel energyE = (E_ + ER)=2. (Therefore our formulasonly
cortain the Fermi functions at the averagesingle particle level f(E), while energiesof the
order of the inter-dot tunneling or the level separationare smearedout by temperature). It
is worth to point out, that by usingthe localizedstatesasbasisof W , oneis automatically
limited to the regime ;"  kgT [133,135{137].

The technical details of how to calculateW aredescritedin Appendix C.1. The master
Eq. (6.5) then must be solved under the constrairt of probability normalization Tr[ ] = 1.
The explicit systemof master equationsis given in Appendix C.2. The stationary current
| is given by the time derivative of the expectation value of the total number of electrons
in either the left or the right lead. For the lowest-order expansionusedin the presen
conext, the current can alternatively be written in the form [137]

i L e X
I = e-fH ;njJi= —-Im( Pg) ; (6.6)

wherelm denotesthe imaginary part. As interesting side note, by introducing the pseudo
spin Bloch vector | = (Pt + PR;iPY  iPR;PE PR)T=2, the current is just proportional
to the I, componen, i.e., the spin componert transversalto the leadisospinmagnetization
directions.

6.5 Discussion

The stationary current takesthe functional form

e , A

2 "2 :
B-+ ren

(6.7)

The numerical factors A and B depend only on the tunnel coupling constarts |, g, and
aswell ason the Fermi distribution functionsf -r(E) and f_—s(E + U) of the left and
right lead, but not on the level energydi erence ".

The Eq. (6.7) shaws the well-known [137,138]Lorentzian dependenceof the current on
the energyseparation” e, betweenleft and right dot level. Howewer the energyseparation

"ren = "+ EL ER (68)
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is a ected by the renormalization of the bare localizedlevels. This is the certral statemert
in this Chapter. The tunnel-inducedshift E, of the energylevel in dot r is given by

Er= «(E) 2(E+U)+ ((E+ U(b (6.9)
with
(l ) = _rRe 1-4. i ! r . (6 10)
2 2 2 ' '
Here, Re denotesthe real part, is the digammafunction, and -z = eV=2 labelsthe

leads chemical potertials. It is worth to point out that this energyrenormalization is not
dueto a capacitative but rather dueto the tunnel couplingto the reserwirs. Furthermore,
it vanishesin the noninteracting caseU = U%= 0. The intra-dot charging energyU°® (which
is usually treated asin nite to avoid double occupancyof onedot) senesasa natural cut
o for the energyrenormalizationin Eq. (6.9). This is the reasonwhy the correspnding
charge states are allowed as intermediate states 5 in Fig. C.2, while the probability to
measurethesestates equalszero.

To comparethe result obtained for the stationary current with previous theoretical
works, we appraximate the Fermi functions by f (E) = 1 and f (E + U) = fr(E) =
fr(E + U) = 0. This approximation simpli es the currert in the limit, that the doubledot
can only be occupiedby up to a single electron, to

2
R

2 2+ﬁ +4("ren)2+ Ee

lLlm

Neglectingrenormalization e ects (setting "en = "), this equation reproducesfor example
Eq. (4.19)in the paper by Gurvitz [136]. Choosingthe voltagessud that the dot structure
can also be doubly occupied,f (E + U) = f (E) = 1and 0= fr(E) = fr(E + U) one
obtains Eq. (4.18) of Ref. [136].

Seeral publications assume,that if the lead Fermi energiesare far away from the
electronic states of the dots, then the principal value integrals (Eq. C.10), leading to the
renormalization, can be neglected. Howewer the energy shifts are relevant on an energy
scalegiven by the charging energyU, as showvn in Fig. 6.4a). Thereforethe assumption,
that one can neglectrenormalization e ects and still exclude states with more than one
electron occupying the double dot is not justi ed.

6.5.1 Curren t-v oltage characteristics

The energy shift of the localized levels is proportional to the tunnel coupling strength
and dependson the dot-level positions relative to the respective lead Fermi energy The
renormalizedlevel separationas function of the bias voltage is plotted in Fig. 6.4a). The
level separation” e, readiesa (local) extremum ead time, when the Fermi energy of a
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Figure 6.4: Upper Part: Renormalizedlevel separation” ., (solid line) betweenthe elec-
tronic levelsin the left and right dot as function of the transport voltage V. The spacing
"ren IS extremal, when the chemical potential of a lead aligns with the energy neededfor
either single (E) or double occupation (E + U). Lower part: Current-voltage characteris-
tics for bare (dashedline) and renormalizedlevel spacing(solid line). Renormalization of
energy levels causesan asymmetric curren-voltage characteristic. The current increases
(decreasesyvheneer the level spacingis reduced(increased)with respectto the barevalue.
Plot parametersare:" = = gr= | = =2,E=10ksT,U = 20kgT,andU%= 10KgT.
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lead becomesresonan with the energyneededfor single( , = E) or double occupation
(r=E+0U).

The Fig. 6.4b) shaws the current as function of the transport voltage taking the level
shift into accourt (solid line). By neglecting the level shifts (dashedline), the current
shows a typical Coulomb staircase. The stepsoccur when a lead chemical potertial aligns
with the electronic levelsin the double dot. Sincethe bare energylevel separation” as
well as the inter-dot tunneling  shall be of the order of or smaller f ;"gandwe
consider < kgT, the di erent singleparticle statesare not resoled asindividual stepsin
the | V staircase.Within this approximation the results are independen of the ration

=ks T, howewer it assumeghat kgT > .

The tunnel inducedrenormalizationintro ducesadditional featuresin the staircase(solid
line in Fig. 6.4b). Wheneer the magnitude of the renormalizedlevel spacinggrows (drops)
the current decreasegincreases).This causesespecially a suppressionor an enhancemen
of the current around the stepsof the | V characteristic, leading to regionsof negative
di erential conductance.The width of thesefeature is of the order of the charging energy
and can exceedtemperature and coupling strength signi cantly.

Neglecting renormalization e ects and assumingsymmetric coupling to the resenoirs
( L= R), the current through the double dot is an odd function of the transport voltage
(seedashedline in Fig. 6.4b). This is no longerthe casewhenrenormalizationis takeninto
accour (seesolid line in Fig. 6.4b). The reasonfor this asymmetryis that eventhough the
changeof asymmetry E, Er, causedby level renormalization is antisymmetric with
respect to the biasvoltage, this in not true for the total asymmetry”,en = "+ E_ Er
due to the non-vanishing bare splitting " (seeFig. 6.4a). A comparableasymmetry in
transport through two coupled dots was recerily obsened by Ishibashi et al. [146] and
theoretically descriked by Franssonet al. [140].

6.5.2 Stabilit y diagrams

Unfortunately, a negative di erential conductancefeature cannot be uniquely linkedto the
predicted renormalization e ects. Due to interface capacitiesthe level positionsin the left
and right dot are always a ected by the transport voltage in real experimerts [138,147].
To excludethe e ect of interface capacities,we proposea di erent experimert: measuring
the current | (E_; ER) at a constart transport voltage asfunction of the left and right dot
gatevoltageV, / E, and VR / Eg.

Let us rst neglectrenormalization e ects, and considera realistic multi-level dot with
low bias voltage applied. By applying a larger gate voltage to the left dot, successiely
more electronswill occupy the left dot, analogthe right dot. There are regionsmarked by
(N;M) in Fig. 6.5, wherethe left dot is occupiedby N, and the right dot by M electons.
If the two dots would be completelyindependen, theseregionswith xed chargenumbers
would form a rectangular chedkerboard pattern. But the charge interaction betweenthe
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two dots separatesthe (N; M) and the (N + 1;M + 1) states. Therefore the regions of
stable charge occupationsare six-sidedand form a so called honeyconb pattern.

Figure 6.5: A honeyconb pattern marking the regionsof xed chargeoccupation numbers
of the two dots in the gate voltage parameterspace.Only at the intersectionpoint of the
regionsof three charge states, current can crossthe structure.

Transport through the doubledot is only possibleat gate voltages,wherethree di erent
charge states are simultaneously energetically allowed, i.e., at the bladk points, seeinset
of Fig. 6.5. At the lower left point in the inset, the double dot can be empty, then an
electronfrom the left lead can erter the left dot, cantunnel to the right dot and exit the
structure. At the upper right point, the double dot must always stay occupiedby at least



94 CHAPTER 6. DOUBLE QUANTUM DOTS

oneelectron. Howeer, if the right dot is occupied,an electroncan enter the left dot. Then
the right dot electron can tunnel out, and afterwards the left dot electron can tunnel to
the right dot. At nite sourcedrain voltagesthese conducting points enlarge along the
direction E.  Eg to lines, seeFig. 6.6.
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Figure 6.6: For a nite sourcedrain voltage, the currert allowing regionsform stripes.

If we neglect level renormalization, elastic sequetial tunneling from the left to the
right dot is only possibleif E_. = Er. Furthermore electron transport from the left to
the right reserwoir takes only place if the dot level for single (E) or double occupation
(E + U) is locatedin the bias voltage window. Thereforethe currernt resonancgorms two
stripesin the regions eV=2< E < eV=2and U eV=2< E < U+ eV=2. Away
from the current stripesthe occupation number of the left and right dot (N_;NRr) is xed,
and no currert can crossthe structure. For a detailed discussionon stability diagramsfor
transport through double dots we refer to the review of van der Wiel et al. [120].

Now we considerour full numerical result, and include the level renormalization. The
resulting stability diagram is plotted in Fig. 6.7a).

We again can recognizethe two current stripes. In the absenceof renormalization
e ects, the current stripeswould exactly coincidewith the condition E_ = Eg. By plotting
the current asfunction of the meanlevel position E = (E, + Er)=2 and the relative energy
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Figure 6.7: Left panel: Stability diagram | (E_;ER) of the currert through the double
dot in the nonlinear transport regime. Well inside the areas,separatedby the black line,
the occupation of the individual dots is xed to the written values (N_;Ngr). Elastic
sequetial current can crossthe structure for E, Er and either eV=2< E < eV=2
or eV=2< E + U < eV=2 resulting in two current stripes. Right panel: Gray scale
plot of the current asfunction of the averagesingle particle energy E and the bare level
separation” = E_.  Egr. The dierent renormalization of left and right level shifts the
current maximaby Eg E, (dashedblack-white line) where",., = 0. This causesa
tilting of the current stripesrelativeto ead other. Relewant plot parametersarekgT = 2,
L= r= = =2,V =10kgT, U= 10KsT, andinter-dot chargingenergyU = 20kgT.

dierence " = E. Egr, asdonein Fig. 6.7b), one would therefore expect a straight
horizontal line. Instead, the maximum of the current follows the renormalization shift,
wherethe condition ", = 0is ful lled. The shift of the resonanceas of order asshown
in Eq. (6.9) and can be small on the scaleof bias voltage or temperature. Howe\er, the
width of the current maxima in the stability diagram in Fig. 6.7 is not determined by
temperature but rather by the dominant couplingstrengthmax( ; ) [138]. Thereforethe
resonanceawvidth is sharpenoughto be ableto measurethe renormalization of energylevels
if & asusedin Fig. 6.7.

In the nonlinear transport regime E, dependson E and thereforethe current stripes
in Fig. 6.7 are bert and tilted against ead other. This dependencecan be usedas a
stringert experimertal prove of the renormalization of energylevels. Due to internal cross
capacities, always appearing in real experimerts, the gate voltage of one dot is a linear
function of the gate voltage of the other dot. Therefore the stability diagram I (V_; VR)
as plotted in Fig. 6.7a) would experiencea linear sheartransformation. Howewer straight
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(parallel) lines stay straight (parallel). Thus, crosscapacitiescan not mimic the bending
due to renormalization e ects.

In real experimerts in addition to the resonarm current stripesexplainedhere, further
featurescan arise due to inelastic processesco-tunneling, or due to excited levels within
the bias voltage window [120]. Thesee ects mainly lead to featureswithin the triangles
above the current strips in Fig. 6.6 and are expected not to interfere with our presened
results.

6.6 Chapter summary

If a quantum dot is connectedto a reserwir, the tunnel coupling causesan energyrenor-
malization of the electronicdot states. In the quantum-dot spin valve, the spin-dependert
renormalization leadsto an exdiangeinteraction causingintrinsic spin precessiornon the
dot. In the serial double-dot device, the renormalization changesthe energeticdistance
betweenthe left dot energylevel and the right dot level. This a ects the conductanceof
sud a double-dot structure already in the sequetial tunnel regime,due to its high sensi-
tivit y on the relative detuning of energylevels. Therefore we proposeto usea double-dot
systemas detector for theseenergyrenormalization e ects.

The renormalization a ects the curren-voltage characteristics, leading to regions of
prominert negativedi erential conductancesn voltagewindows of the order of the charging
energy Howewer, to excludecross-capacit e ects, it would be experimertally more usefull
to measurethe conductanceas function of the two gate voltagesfor left and right dot at
a xed nite biasvoltage. In the resulting stability diagram of the double dot, the currert
stripesare then tilted againstead other and do not lie on a straight line, asit is the case
when energyrenormalization is neglected. The tilting of the current stripesis resohable
even in the sequetial tunneling regime > kgT, aslong asthe inter-dot tunneling, is
of the sameorder or smallerthan the external coupling



Chapter 7

Faraday-Rotation Fluctuation
Spectroscop y

In the previous Chapters, we have discussedin detail the in uence of the coheren spin
dynamics on the transport characteristic of a quantum dot cortacted by ferromagnetic
leads. Besidetransport also other experimertal techniquesare available to examinethe
spin dynamicsin quartum dots like optical measuremen methods.

7.1 Intro duction

Mainly two optical measuremeh sthemesfor the spin dynamicsin nanostructuresare in
use:the Hanle setup[148,149]and the time-resohed Faraday (or Kerr) rotation experimert
[150151]. The formerrely on decreas®f photoluminescenceolarization dueto an external
magnetic eld, the latter on the dependenceof the phasevelocity of polarizedlight on the
spin orientation in the sample. The Hanle setup measuresthe spin of excited electrons,
the Faraday setup doesnot require sud excitation. That an optical measuremen of the
spin degreeof freedomis possibleat all is a consequencef spin-orbit coupling.

The main quartities, these experimerts access,s the Lande g factor and the spin-
coherencdime of electronsinside quantum dots. It is expected,that quarntum dots exhibit
very long spin-coherencdimes [81]. In locally con ned systems,longitudinal spin relax-
ation times T, up to microsecondsveremeasured153,154],but the sizeof the (transversal)
spin-coherenceime T, is still under investigation. Theselong spin-coherenceimes makes
spinsin nanostructurespromising candidatesfor quartum bits [155]. The anticipation of
an application in quartum information processings onemain motivation for the intensive
researb on spin decoherenceén semiconductorsand semiconductornanostructures.

While time-resoled Faraday rotation as well as the Hanle measuremen have proven
to be a very preciseexperimertal tool, capableto addressspin decoherencgimes down to

97
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a few ps, they have one main disadvantage. A measuremen involves always an ensenble
averagingover all illuminated spins. Dueto local variations in the g-factor aswell asdueto
hyper ne interaction, the individual spinsin the samplewill precesswith slightly di erent
frequencieswhich givesrise to inhomogeneoudine broadening. Therefore,the outcomeof
such a measuremenis T, instead of the bare spin-coherencdgime To.

In the following Chapter, a new optical experimert is discussedwhich relies on the
Faraday e ect, but doesnot require time-resolution, which considerablysimpli es the ex-
perimertal setup: the Faraday-rotation uctuation spectroscopy. Furthermore, we propose
a modi cation of the already realizedsetup, to eliminate certain sourcesof inhomogeneous
line broadening.

7.2 Experimental setup

A Faraday-rotation uctuation experimert consistsof the following componerts: a laser,
an electromagnet,a polarization beam splitter, a balancedreceiwer, and a spectrum ana-
lyzer. The linearly polarizedlaseris transmitted through the sample,perpendicularto the
magnetic eld, seeFig. 7.1. After being transmitted through the sample,the laser light
is split into two componerts by a polarizing beam splitter, which is rotated by 45° with
respect to the initial laserpolarization plane. The two componerts are recordedby photo
diodes. A balancedreceiwer corverts the di erence of the output of the photo diodesinto
voltage, which is recordedby a spectrum analyzer.

B%ﬂgzaﬂon *B ( )
Q(t
, Laser D
X Sample
Spectrum -
Analyzer

Figure 7.1: A linear polarizedlaseris ser through the probe. Due to the interaction with
the electron spins, the polarization plane rotates, which getsrecorded.
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The laserphoton energyis tuned slightly below the excitation energyof the spin states,
to minimize absorptionand maximizethe Faraday rotation of the polarization plane. Since
thereis no averagemagnetizationalongthe propagationdirection of the laserlight, the time
averagedFaraday-rotation angleof the light is zero,and sois the averagevoltage recorded
by the spectum analyzer. Howewer, while the averageFaraday rotation and thereforethe
averagevoltage vanish, the uctuations do not. The recordedvoltage uctuations are a
direct measureof the Faraday-rotation uctuations, which re ect the transversespin-spin
correlation function of the spinsin the sample.

7.2.1 The experiment of Crooker et al.

The rst measuremen of this kind was reported by Crooker et al. [156]. They use a
rubidium vapor cell as sample,with a vapor density of 10° atoms/mm32. The Ru valence-
electronsare in the 2S,-, ground state. In the power spectrum of the recordedvoltage
noise, Crooker et al. obsened Lorentzian resonancdines originating from the precession
of spin uctuations in the applied magnetic eld, seeFig. 7.2. The position in frequency
of the Lorentzian resonancezqualsthe precessiorfrequencyof the electrons,and the line
width correspndsto the transversespin coherencdime of 100ms. Herethe measuredime
is rather the dwell time of the gasatomsin the laserspot than the true spin decoherence
time which is on the order of a secondfor Ru. Two di erent lines were obsened, which
belongto the isotopes85Rb and 87Rb. Due to hyper ne interaction, the di erent nuclear
spinsof 85Rb (I = 5=2) and 87Rb (I = 3=2) changethe e ective Lande g factor of the
electrons,and thereforetheir precessiorfrequencies.

7.2.2 The experiment of Oestreic h et al.

In cortrast to the group of Crooker et al., Oestreid et al. [157]useda solid-state sample:
a 370 m thick GaAs wafer, which was n-doped with 1:8 10 cm 2 silicon. Also in this
experimert the power spectrum of the Faraday-rotation uctuations shaws a Lorentzian
resonancepeakat the Larmor frequencyof the electrons,seeFig. 7.3. Comparedto the Rb
gas,the electronsin the solid-state environmernt have a much shorter spin-coherencdime
of only 50 ns, and thereforethe measuredresonancdine hasa much larger line width.

7.3 Theoretical description

The experimerts by Crooker et al. [156] and Oestreit et al. [157] can conveniertly be
descriled within a density-matrix formulation, as usedin the previous Chapters of this
dissertation. SinceFaraday-rotation measureghe spin componert collinear with the laser
propagation direction, the uctuation of the Faraday rotation is a direct measureof the
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Figure 7.2: Faraday-rotation noiseof Ru atoms as measuredby Crooker et al. [156]. The
Faraday uctuations are of the order of nrad= Hz.

transversespin-spin correlation function
S(t) = M(1)8(0) + 8x(0)8(t)i : (7.1)

The average of operators can be expressedby the trace h,(t)8:(0)i = Tr[8x(t)4«(0) ];
where is the SU(2) density matrix describingone localizedspin in the sample,and $ is
the 2 2 Pauli spin operator. The time ewlution of the operator 8, in the Heisererg
picture reads

Zt Zt
S(t) = exdl 0 A()d] cexp i 0 A()d 1 (7.2)

if Hamiltonians at di erent times commnute, which will be the casefor a magnetic eld. It
is corvenient to represenm the correlator S(t) as a diagram with the operators §,(0) and
8,(t) placedon a Keldysh time cornour tx, seeFig. 7.4. The spin states";# propagate
alongthe upper time cortour from the time 0 to t, and on the lower line from t to 0. This
takesinto accourt the Heisermerg time ewlution of §(t) asin Eq. (7.2).

Instead of readingthe time cortour alongtk for the individual spin statesof the Hilb ert
space,it is more intuitiv e to read the diagram from left to right, and interpret the double
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Figure 7.3: Faraday-rotation noiseof a spin ensenble measuredby Oestreih et al. [157],
togetherwith a t to a Lorentzian function as expectedfor a single spin, seeEq. (7.5).

line of upper and lower Keldysh propagator as the time ewlution of the whole density
matrix .. At time O the spin state of the initial density matrix (0) is measuredby the
operator s. Then, the density matrix propagatesfrom time 0 to time t, and the spin is
measuredagain. From this perspective, Eq. (7.1) can be rewritten as

S(t) = :—ZLTr[s M)s 1: (7.3)

The (Liouville) operator s accourts for placing 8 at the upper or lower Keldysh corntour,
ipping the spin from to . By summing both possibilities, the time symmetrization
of Eq. (7.1) is taken into accourt. The factor of 1=2 in Eq. (7.3) corrects for a double
courting during this procedure. The (Liouville) operator s is a fourth order tensor with
Soo=s5 " "’= ~=2and zerootherwise.

Between the two spin measuremets at {ime_O and time t, the propagatiog of the
density matrix is descrikedby o o(t) = exp i [hjA( )i i h9A()j 91d . Since

the spin quartization axis is chosenalongthe magnetic eld, the states ; Careeigenstates
of the Hamilton operator, and no elemens of  with dierent spin indiceson the upper



102 CHAPTER 7. FARADAY FLUCTUATION SPECTROSCOPY

S(t) = pl i, )

Figure 7.4: Diagrammatic represetation of S(t). The operators$, are placedon the time
corntour at time 0 and t, respectively.
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(or the lower) propagator appear.

The formulation of Eq. (7.3) o ers the possibility to phenomenologicallyinclude trans-
verse spin relaxation in the calculation. If the initial density matrix was in a diagonal
state, the rst spin operator 8§, brings it into a non-diagonalstate . During the time
ewlution from 0 to t non-diagonaldensity matrix elemeis deca exponertially with the
time scaleset by the spin-coherencdime T,. This is accouried for by multiplying (t)
with exp( t=T,).

The Hamilton operator describingthe spin statesin the presenceof a static magnetic
eld isH(t) = 1,4, with ! =g gB. Consequetly the propagatoris then given by

=1; ,=dlot FTlz. H= g it &To. (7.4)

R
The resulting power spectrum S(! ) = 01 dt[exp( ! t)+exp(i! t)]S(t) of the time-dependert
correlator S(t) equalsthen
~2 T2 T2

S() =+ +
()=7 1+ T30 1g)2 1+ T2(0 + 1)

(7.5)

It shavs a Lorentzian resonancecertered at the Larmor frequency! . In Fig. 7.3, we
performeda t of a Lorenzianto the experimertal data of Oestreit et al. [157].

The origin of the resonancecan be understood by tracking the time ewlution of the
spin betweenthe two measuremets. Let us assumethat at time t = O the spin is aligned
parallel to the direction of measuremety as showvn in Fig. 7.5. The outcome of the rst
measuremen therefore equalss, = +~=2. This spin then precesse# the static external
magnetic eld. If the time between rst and secondmeasuremenis an integer times the
time for a full revolution of the spin, the outcome of the secondmeasuremen will most
probable be s, = +~=2, i.e., the results of the two measuremets coincide. The spin
relaxation on the time scaleT, decreaseshe probability to measurethe samespin state.
For half-integer multiples of the spin revolution time, the measuremen results will have
opposite signs. The spin-spin correlation function is, therefore, an oscillating function
in time, which is exponertially damped due to decoherence.The correspnding power
spectrum is a Lorentzian certered at the Larmor frequency! o with a width of T,. This
argumert also holds, if the initial spin state is a coheren superposition of spin up and
down, which implies, that the initial spin is unimportant. This can also beenseenform
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the fact, that Eq. (7.5) is independen of the initial density matrix. Therefore,in cortrast
to ESR and ESR-like experimerts, no initial net magnetization of the sampleis needed.

(a) (b) c)

= L Tema=ss

PESSEE photon W photon

Figure 7.5: Sketch of the electron-spindynamicsin the Faraday setup with a static mag-
netic eld. (a) At timet = 0, the spinis measured.(b) Betweenthe two measuremets, the
spin precesses a static transversalmagnetic eld B . (c) If the secondmeasurementakes
placeafter a full revolution of the spin, it reproducesthe outcomeof the rst measuremen

7.4 Spin life time and line broadening

The experimertal relevant variablesof sud a Faraday-rotation uctuation experimert as
well asin any other electron-spin-resonancéike experimert is the line position and the
line width. With the knowledgeof the applied eld strength, the line position in frequency
is a direct measureof the Lande g factor. The spin coherencdime is given by the inverse
of the line width. There are se\eral physical medanismslimiting the spin coherencdime.

7.4.1 Spin-orbit coupling

One sourceof decoherenceés spin-orbit coupling. Spin-orbit coupling canleadto a variety
of di erent relaxation medanisms. The most important medanisms are Elliott-Y afet
[158,159]and D'yakonov-Perel' [160,161].

In the presenceof spin-orbit coupling, the spin-up and spin-dovn statesare not longer
energy eigenstatesof electronswith nite  momertum. The new momertum eigenstates
are an admixture of the two spin states. Therefore, if an electron experiencesany kind
of scattering event, by a phononor a lattice disturbance for example,there exist a nite
overlap of the di erent spin states, and spin ip scattering can occur. This medanismis
called Elliott-Y afet medanism [158,159].

For the D'yakonov-Perel' spin relaxation medanism [160,161], spin-orbit interaction
can be seenas a magnetic eld, which dependson the momertum of the electron. Since
the electron motion in the semiconductoris random due to random scattering evens, also
this magnetic eld is inducing random precessiorof the spin, which generatesdecoherence.
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While spin-orbit coupling is expectedto be the dominart limitation of spin coherence
in extendedstructures, it is expected, that the spatial con nemert of electronsin nano-
structures strongly suppresseshese spin-relaxation medanisms|[77,152], leading to long
spin coherencdimes.

7.4.2 Hyp erne interaction

The sourceof spin decoherencewhich is expectedto dominate spin relaxation in nano-
structures is the coupling of the electron spinsto the nuclear spinsvia hyper ne interac-
tion [79{81,162]. The nuclear spins are usually randomly distributed, sothat on average
they do not generatea magnetic eld. Howeer, in a statistic distribution of nuclear spins,
statistic uctuations are presein. The electronspin canthen precessn the hyper ne eld
generatedby bunchesof accidenally aligned nuclear spins.

7.4.3 Inhomogeneous line broadening

Currently available experimertal setups,like the Faraday-rotation uctuation, Hanle and
time-resolhed Faraday-rotation measuremets, but also standart ESR setupsare not ca-
pable of measuringan individual spin. To get a reasonablesignal, an averageover a spin
ensenble hasto be performed. Howewer, this ensenble averaging does not only increase
the signal strength, but alsocan leadsto a broadeningof the resonance Due to local vari-
ations of either the g-factor in the sampleor the strength of the external magnetic eld,
but alsodueto the di erent realizations of the hyper ne eld in the vicinity of individual
spins, ead spin precesswith a slightly di erent frequency By adding the individual spin
cortributions to the measuremensignal, the inverseline width becomesT, instead of the
bare spin-coherencdime T,.

Especially in materials corntaining elemers with a high nuclear spin, hyper ne inter-
action can be the dominating sourceof decoherence.On the other side, inhomogeneous
broadeningdueto g factor variations becomesnoreand moreimportant with a decreasef
samplehomogeneiy. For examplein chemically syrnthesizednanostructures,like nanocrys-
talline CdSe quartum dots, spin life-time measuremets are completely dominated by
inhomogeneouvroadening[163,164]. Sincethe sizeand shape of the synthesizedquanum
dots vary, alsothe g-factor will be di erent for ead dot.

Sud an inhomogeneoudroadening of the line width can be avoided by a spin-eto
experimerts, as rst demonstratedfor NMR by Hahn [165]and for ESR by Blume [166].
The ideabehindthis approad isto prepareaninitial polarizedspin state, andlet it precess
in a magnetic eld. After sometime T the spin direction is ipp edby a -pulse. From the
perspective of the spin-systemthe static magnetic eld switches,and asa consequencethe
spins precessn badckward direction. At time 2T, irrespective of the precessionfrequency
of the individual spins,all spinswill align again, giving riseto an “eto' of the original spin
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state. Consideringthe heigh of the spin edho asfunction of time 2T constitutes a direct
measuremen of the bare spin-coherencdime.

To reduceinhomogeneoudroadeningin a Faraday-rotation uctuation measuremen)
we proposean experimert, that is analogto spin-edo spectroscoly. The experimert will
be not as powerfull as pulse-ESR,sinceit will be capableof subtracting the in uence of
g factor and eld strength variations only, and not reducethe in uence of hyper ne in-
teraction. Howeer, in cortrast to pulse-ESRIit will be a cortinuouswave experimert, and
therefore does not require any time resolution, which considerablysimpli es the experi-
mertal implemertation.

7.5 Prop osal to reduce inhomogeneous broadening

We suggestto use an oscillating magnetic eld instead of a static one in the Faraday-
rotation uctuation setup. Then the resonancewill not appear at the (locally varying)
Larmor frequencydeterminedby the strengthof the magnetic eld, but at multiples of the
magnetic- eld frequency Sincethe eld frequencydoesnot vary locally, inhomogeneous
broadeningdue to chemicalor structural sampleinhomogeneitiess avoided. Howe\er, the
line broadeningdue to hyper ne interaction will persist.

The di erence to the caseof a static magnetic eld is that the spin precessiorbetween
the two measuremets changesits direction as a function of time. The spin detected by
the initial measuremen rst precessef onedirection but then stopsand precessebadk.
After afull oscillation period of the external eld, the spin will bejust bad at its starting
point, seeFig. 7.6. If the secondmeasuremen takesplace at this time, the outcome will
be equalto the rst measuremen i.e., the measuremets will be correlated.

Tednically, an oscillating magnetic eld is described by the time dependert Hamilto-
nian

H(t)= !osin( t+ ) & (7.6)

where labels the eld oscillation frequency With this Hamiltonian, the propagator

(t), including a phenomenologicakelaxation term, can be constructed. Sincethe ex-
perimert should be a cortinuous-wave experimert, there shall be no correlation between
the phase of the magnetic eld oscillation, and the absolute time of measuremen of
the spinsg Therefore, the propagator is averagedover the relative phase , and equals

anl(t) = 02 (d=2 )exp[ t=T, i o= (co t+ ) cos )]. The explicit calculation of
this integral is shovn in Appendix D. The power spectrum of the spin-spin correlation
function

N

, Xt ! T,
| = ~ -
S(!) Jn 15 T,20 + 1 )2 (7.7)

o

n=1
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Figure 7.6: Sketch of the spin dynamicsin the Faraday setup with an oscillating eld: (a)
The initial measuremenof the spin state. (b) In the external eld the spin precesses one
direction. (c) When the eld changesits sign, the spin precesse# the opposite direction.
(d) After afull eld-oscillation time, the spin is againin its initial state.

consistsof a seriesof Lorentzian resonance®f the width T, *, as plotted in Fig. 7.7. The
signal strength is proportional to the squareof Besselfunctions J,, of the rst kind. If the
argumern of these Besselfunctions is of the order of 1, one can expect approximatively
half of the signal magnitude comparedto the caseof a static magnetic eld [157].

The relevant property of the correlation spectrum is, that the resonancesappear at
multiples of the oscillation frequency of the external magnetic eld. Sincethis frequency
does not vary locally over the sample, the width of the resonancess not in uenced by
variations of the g factor in the sample. This is di erent to the caseof a static magnetic
eld, wherethe position of the resonances de ned by the Larmor frequencyof the spins.

The appearanceof these multi-resonancesis extensiwely discussedin the cornext of
ESR and NMR, seeRef. [167]and citations therein. In magnetic resonanceexperimerts,
the absorption of radiation is measured,which can induce transitions between Zeeman
splitted energylevels. By adding a modulating signal on top of the static magnetic eld,
responsible for the Zeemansplitting, a spectrum comparableto Eq. (7.7) is found. How-
ewer, the spectrum is shifted by the Larmor frequencyassaiated with the static magnetic
eld. Therefore, by averaging over an ensenble of spin systems,the spectrum is again
in uenced by inhomogeneou$roadening. In cortrast, for the Faraday-rotation uctuation
spectroscoy sthemethat we propose,no static magnetic eld is needed,and inhomoge-
neousbroadeningis lesspronounced.

To understandthe sequencef peak heights in Fig. 7.7, S(! ) is shown in Fig. 7.8asa
gray scaleplot asfunction of ! = and! o= . The horizontal lines indicate the parameters
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Figure 7.7: Spectrum of the spin-spin correlation function for di erent ratios of magnetic
eld strengthto oscillation frequency For a higherratio ! o= , moreresonancdines appear
for higher frequencieswhile the signal strength decreasesHere, we choseT, ' = 0:1 .

for the two spectra in Fig. 7.7. If the time between the two spin measuremets falls
signi cantly below the time neededby a spin to closeits trajectory, no spin correlation can
be measured.ThereforeFig. 7.8 shows no signalin the parameterrange! > ! .

While the only physical limitation of the proposedexperimert is that the samplestruc-
ture must exhibit spin-orbit coupling, the generationof the oscillating magnetic eld de nes
the technical limitation. To measurethe line width T, individual lines must be resohed.
Thereforethe separationof the lines given by the eld frequency must exceedT, !. Fur-
thermore, to get the resonanceat ! 6 0, the eld strength! o must be comparableto the
eld frequency .

Oestreith et al. measureda T, of 50nsin a GaAs sample. If we usethis time as the
lowest boundary for T,, and demanda separationto width ratio of 5:1, the frequencyof
the oscillating magnetic eld should be of the order of 100MHz, and have a strength of
16mT. Sud a eld con guration is technically challenging. Even though GaAs is a less
interesting sample, sinceit is assumed,that hyper ne interaction is dominating the line
width, a proof of principle should be possiblewith sud a sample.
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Figure 7.8: Spin-spin correlation spectrum, asfunction of the ratio ! ;= and frequency!
forT,1=01.

Inhomogeneousroadening due to sample variations becomesmore important either
for systemswith larger spatial uctuations like quantum-dot ensenbles [151,164], or for
systemswith larger spin-coherencdimes (= lesshyper ne interaction). The latter also
have the advantage, that the experimental requiremerts for the oscillating magnetic eld
relax. For examplein Si, wherehyper ne interaction is weaker comparedto GaAs, a T, of
1 swould be detectablewith a technical easilyrealizable eld of 180 T at an oscillation
frequencyof 5MHz. In the caseof a Rb gassamplewith a spin-coherencdime exceeding
100 s[156],the eld requiremens relax even further. Sincefor maximum signal strength,
I =1 o shouldbe of the order 1, and for lower frequenciesother sourcesof noisesud as 1=f -
noisebecomemore important, the magnetic eld strength hasa lower practical bound.
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7.6 Connection to quantum computation

Receitly sut a\Besselstaircase"asin Fig. 7.8 wasmeasuredby Oliver et al. [168],not in
a spin systembut for the excitation probability in a strongly-driven superconducting ux
gubit usedas Mach-Zehnderinterferometer.

A ux qubit is a systemwith e ectively two quantum medanical statesjOi and j1i,
where ead state represets a circular super-currert which encloseseither N or N + 1
ux quarta. By applying an external magnetic ux, the energiesof the states change,
seeFig. 7.9. At a certain external magnetic eld, it becomesenergeticallyfavorable, that
another ux quartum eners the superconductingring, i.e., the two levelsjOi andjli cross.
Howewer, dueto the Josephsorunction in the qubit, this level crossingis avoided, leading
to a gap of the energy .

A

Energy

—=
0 dfq Flux Detuning

Figure 7.9: Avoided level crossingof the ux qubit.

Oliver et al. [168] preparedthe qubit in the initial state jOi by applying a static ux
detuning f4, marked by the black dot in Fig. 7.9. Then, they applied an oscillating
magnetic eld resulting in an oscillating detuning of the qubit. If the oscillation frequency
and the strength of the magnetic eld exceedsthe energy level separation , the qubit
doesnot adiabatically follow the avoided level crossing(straight line), but Landau-Zener
transitions betweenthe levels can take place (dashedlines).

After applying the oscillating magnetic eld with a maximum strength of Ay / Vg
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for 1 s, the probability to nd the qubit in the state j1i, (marked by the open circle in
Fig. 7.9) wasmeasuredby a dc-SQUID. Sincethe state of the qubit canewlve via di erent
paths, like in a Mach-Zehnderinterferometer, during the oscillation of the ux detuning,
the resulting occupation probability shavs an interferencepattern, seeFig. 7.10, which
Oliver et al. labeled Besselstaircase

0.9
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0.4

Switching Probability Py,

Qubit Flux Detuning 4/, (m®o)

0.2

0.1

0.02 004 006 008 010 0.12 0.14 0.16 0.18 0.20 0.22
Voltage Vs (Vims)

Figure 7.10: Measuredprobability to nd the qubit in the statejl1i (or jOi), after irradiating
the qubit state jOi (or j1li) with an oscillating magnetic eld. If the static ux detuning

f4 exceedsghe oscillation amplitude A / Vs, the qubit never readesthe avoided level
crossing,seeFig.7.9, and no transition can be obsened.

The reasonthat this qubit experimert and a Faraday-rotation uctuation spectrum
shows similar resultsis the fact, that both, qubit and spin are two level systems.The main
di erence betweenthe two presered experimerts is the line width of the resonances.In
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the Faraday setupthe width is given by incoheren spin relaxation, while in the qubit case
the coheren in uence of the Josephsorcoupling determinesthe width. The qubit can be
descriked by the Hamiltonian

H = % x + [ fq+ Afcoslt)] ., : (7.8)
The qubit experimert correspnds to the following spin dynamics. At the beginning of
the experimert, the spin is preparedin the state jOi = j "i. The Josephsoncoupling
resentles a static magnetic eld in the x-direction, and the magnetic eld aligned along
the z direction generateshe static Zeemansplitting fq+ Ay cog! t) of the energylevels
"I = j0i andj # = jli. After a xed time [1 sin the experimert of Oliver et al. [168]],
one measureghe chanceto nd the spinin the statej #i = j1i.

Without the Josephsorcoupling , i.e., without a magnetic eld in the x-direction, the
spin statesj "i and j #i would be eigenstates,and no spin ip would be detectable. The
Josephsorcoupling however leadsto a spin precessioraway from the z-direction. Thereby
a situation similar to the Faraday-rotation experimert is readed. The transversal spin
componerts precesdorward and badkward in the oscillating magnetic eld generatingthe
Besselstaircasestructures. In cortrast to the Faraday experimert, the transition between
the statesj "i and j #i are not incohererly induced by decoherenceput a coheren
rotation by the Josephsoncoupling. Therefore the line width of the resonancesn the
gubit experimert is not given by the coherencdime, but is a more complexfunction of
asdiscussedn Ref. [168].

In the Faraday setup, one measureshe spin-spin correlation as function of the noise
frequency In the qubit case,the measuredquartity is also a correlation function: to
measurethe state j1i after a xed irradiation time, if the state wasjOi at the beginningof
the experimert. Howewer, one doesnot measurethis correlation as function of frequency
but at a xed frequencycorrespnding to the inverseirradiation time. The role of the noise
frequencyis played by the static ux detuning fq. If oneperformsthe calculation for the
spin-spincorrelation function in Section7.5with a static and an oscillating magnetic eld,
onewould recover Eq. (7.7), but with ! replacedby ! + . ThereforeS(! ) andS() show
the samefunctional form.

7.7 Chapter summary

In this Chapter, the Faraday-rotation uctuation experimerts by Crooker et al. [156]and
Oestreit et al. [157] were theoretically discussed. Further, a new way to measurethe
spin-coherencdime T, is proposed, namely to measureFaraday-rotation uctuations in
the presenceof an oscillating magnetic eld. Sud an experimert can measurethe spin
coherencdime T, of electron spinswith reduced inhomagen®us broadening The spin-spin
correlation function shows resonancesn the power spectrum at multiples of the oscilla-
tion frequencyof the external eld. As this frequencyis not subject to local variations,
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the resonancdine width is given only by the bare spin coherencetime T, * and the in u-

enceof hyper ne interaction. This cortrasts with Hanle or time-resolhed Faraday-rotation

measuremets that are fragile againstall sourcesof inhomogeneousproadening. Faraday-
rotation uctuation in the presenceof an oscillating magnetic eld is on one side a less
powerfull tool than pulse-ESR,since the in uence of hyper ne interaction persist. On
the other side, it is experimertally simpler to realize, sincein cortrast to pulse-ESRthe
Faraday-rotation measuremendoesnot require any time resolution at all.



Chapter 8

Conclusions

In this dissertation, the possibility to geneate, manipulate and detect single spins in
transport through a quantum-dot spin valve was discussed.

In Chapter 2, we intro ducedthe mathematical description of a quarntum-dot spin valve.
As quartum dot, we usedthe Andersonimpurity model, and the ferromagnetswere mod-
eledin the Stoner picture. We have chosenthis systemsinceit is the simplestnon-trivial
devie to examinethe in uence of strong charge interaction on spin currernts. Within this
approad, we want to descrike experimerts measuringtransport through grainsenbedding
in F/I/F tunnel junctions, carbon nanotubesor Cgy moleculescontacted by ferromagnetic
leads,or impurities cortacted by ferromagneticSTM.

In the quartum-dot spin valve, a bias voltage leads to the accunulation of a non-
equilibrium spin on the otherwise non-magneticsingle-leel quartum dot, as discussedn
Chapter 3. This accunulation can be seenasthe preparation of a certain spin state. The
time-averagedaccunulated spin adapts to outer circumstancesin sud a way, that the
sum of incoming and outgoing spin currents vanish. A rigid calculation of the spin cur-
rent though a tunnel barrier betweenferromagnetand single-lesel quartum dot showed,
that the transfer of angular momertum hastwo qualitativ ely di erent cortributions. One
spin currernt cortribution is asseiated with the fact that the charge currert from or to a
spin polarized systemis also spin polarized. This current, thus, transfersangular momen-
tum along the magnetization direction of the ferromagnetor along the accunulated spin.
Furthermore, in systemswith strong charge interaction, sud as quartum dots, the spin
current also has a transversal componert, perpendicularto both, lead magnetizationand
dot polarization. This componert leadsto an intrinsic spin precessiomof the spin on the
quartum dot, that can be descrited in terms of an excdhange eld. Seeral previous publi-
cations, which tried to descrike spin transport through quantum dots in weak coupling by
an "ad hoc' rate equation approad missedthis excangeinteraction.

At the interface between magnetizedlead and spin-polarized dot, magnetoresistance
occurs. Therefore the accunulated spin in uences the transport characteristics of the
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device. Each manipulation of the dot spin is detectablein the conductanceof the quantum-
dot spin-valve device,asshavn in Chapter 4. Two di erent ways to in uence the spin were
discussed.By an external magnetic eld, onecaninducea precessiorof the dot spin, which
reducesthe overall spin-valve e ect. Sud an experimert is an all electrical analogueto
the optical Hanle e ect, and can be usedto measurethe spin coherencdime T, of a single
guantum dot. Furthermore, one can electrically manipulate the spinin a direct way. Since
the many-body exdiange eld is a function of bias and gate voltage, these voltages can
directly a ect the spin degreeof freedomof the dot. In particular, this interaction-driven
intrinsic spin precessiormodi es the dependenceof the linear conductanceon the opening
angle of the lead magnetizations. The strength of this modi cation is tunable by gate
voltage. In nonlinear response,the bias voltage dependenceof the exchange eld can give
rise to regionsof negative di erential conductance.

Theseresults are not speci ¢ for quantum-dot spin valvesbut apply for any two-lewel
systemtunnel-coupledto leads. As example,we discussedhe transport through a double
dot connectedin seriesin Chapter 6. In this system, the tunnel coupling of one dot to
one lead ead causesa renormalization of the respective energy levels. If the renormal-
ization is di erent for the left and right dot, the renormalization changesthe energylevel
di erence betweenthe two dots. The conductancethrough a serial double dot depends
very sensitively on this energylevel di erence. Thereforewe proposeto usea double-dot
systemasdetector for this energyrenormalization e ects. Especially the stability diagram
in the nonlinear transport regime can be usedto prove the existenceof a tunnel-induced
energylevel renormalization, which is the origin of the intrinsic dot-spin precessionn the
guantum-dot spin-valve case.

While the dc conductancedepends only on the time-averagal spin on the dot, the
frequencydependert curreri-current correlation function is sensitive to the time-degendent
ewlution of the dot spin. Thereforea currert noisemeasuremet) asdiscussedn Chapter5,
can reveal additional informations about the spin in the quantum-dot spin valve. At the
Larmor frequency correspnding to the sum of exchange and external applied eld, the
single-spinprecessiorieadsto a resonancean the noise. Resppnsiblefor this featuresis the
tunnel-out processof a dot electronto the drain lead. The tunnel probability dependsvia
tunnel magnetoresistanc®n the relative angle of dot spin and drain magnetization. Since
the magnetizationof the leadis xed, the precessiorof the dot spin causesan oscillation of
the tunnel-out probability, and, asa consequencdgadsto currert-current correlations. In
a quanum-dot system, cortacted to ferromagneticleads, the current-current correlation
function givesinformation about the spin-spin correlation function. Thereforea curren-
noisemeasuremensenesasan unorthodox electron-spin-resonane experimert, measuring
a singledot only.

Having in mind the correspndenceof charge-darge and spin-spin correlation function
in the quantum-dot spin valve, we got interested in Faraday-rotation uctuation spec-
troscopy in Chapter 7. Sud an experimert measureghe frequency-degnden uctuation
of the polarization plane of a laser, transmitted through the sample. These uctuations
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contain information about the spin-spin correlation function of localized electronswithin

the sample. Measuringthe spin noiseat a certain noisefrequencycorrespndsto measure
the spin state in time intervals, which equal multiples of the inversefrequency If a spin
precesswith this speci c frequency one measuresthe spin always after full revolutions,
i.e., one measuresthe samespin state eat time. In other words, the measuremets are
correlated. Therefore the spin-spin correlation function shavs a Lorentzian resonanceat

the Larmor frequency of the electrons. Thereby the width of the resonances given by
the spin coherencetime T,. Besidethe theoretical explanation of already conducted ex-
perimerts, we also proposea newway to measurethe spin-coherencdime T, with reducd
inhomaogen®us broadening namely to measureFaraday-rotation uctuations in the pres-
enceof an oscillating magnetic eld. This experimernt physically resenbles an ESR-pulse
setup. Howeer, sinceFaraday-rotation uctuation measuremets are continuous-waveex-
perimerts, i.e., they do not needany time or phaseresolution, the experimertal e orts are
signi cantly reduced,comparedto standard ESR-pulsesdiemes.
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App endix A

Green's Functions of the Quantum
Dot

For the calculation of the charge as well as of the spin current, the Fourier transformed
Keldysh Green'sfunctions

G ot) ihc (1)o(0)

G o(t) = +ihdo(0)c (1)i

G(t) = (DG o(t)+ ( G oft) G ot)

GHM(t) = GE(t) (A1)

of the quartum-dot states are needed. In this Appendix the detailed derivation of the
zeroth order Green'sfunctions is presemed. The Green'sfunction is an averageof one dot
creation and one dot annihilation operator. Sinceonly the zeroth order Green'sfunctions
are neededto descrike rst-order transport onedoesnot needto considertunneling everts
at all. Howewer, the result will not be the Green'sfunction of an isolated dot, but the
Green'sfunction will depend on the stationary density matrix, which will be a ected by
tunneling.

In the lesserand greater Keldysh Green's functions, the Fermion operators are not
time ordered. Thereforethey appearin the sameorder alongthe Keldysh time cortour, as
written in Eq. (A.1), seeFig.A.1. The operator orderingin the not-time orderedexpression
hc (t)do(0)i is read from right to left, and correspndsto the operator ordering on the
Keldysh time cortour, which is read from top-left ! top-right ! bottom-right ! bottom-
left. The creation (annihilation) operator addsor subtracts an electronfrom the dot state
at the respective time. The dashedline in the diagrams symbolize this particle transfer
from one vertex to the other. This particle transfer is due to the Green'sfunction Fermi
operators, and not due to tunneling. The spin of the addedand removed electronis given
by the indicesof the Green'sfunction.
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fort>0 fort< 0

for G> = ihc(t) ()i :

_____ e
- z
read
0 time t time 0
for G* = ihdO)c(t)i : P

Figure A.1: Sketch of the operator ordering on the Keldysh time line.

From the time cortour diagramsin Fig.A.1, the Fourier transformed expressionsof
the greater and lesserGreen's functions can be directly deduced. One must track all
possiblecombinations of initial, intermediate, and nal dot states = 0;"; # d, which
are compatible with spin and charge conseration. Ead line transports the energyof the
respective dot state. In the diagrammatical language,the Fourier transformation hastwo
technical consequencesrst, ~ times the frequencyargumern ! is assignedto the dashed
line between the two vertices, and second,becausethe time integration runs from 1
to 1 , both diagram typesfort < 0 andt > 0 must be addedtogether. Each diagram
represets a resohent 1= E + i0"), where E is the di erence betweenthe left- and
rightgoing energiesincluding the frequency of the dashedline. The Green's function is
the the sum of all resoherts, where ead resohernt (diagram) is further multiplied by the
density matrix elemen P , where is the initial dot state, and the nal dot state on
the time contour. All diagramsrepreseting the non-time ordered Green'sfunctions are
drawn in Fig. A.2.

By replacing the diagramsin Fig. A.2 by the resolerts, and by the use of Caudy's
formula, we get

G () = 2P (I " U 2iP (! ")

G() = #2iP (I "+2iPg( " U

G () = 2P (I " U

G () = 2iP (1 (A.2)

where 6
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Figure A.2: Examplesfor the diagramsrepreseting the greater and lesserGreen'sfunc-
tions.

By the work of Meir and Wingreen, the electrical currert can be calculatedwith these
greater and lesserKeldysh Green'sfunctions. The spin currernt in corirast also depends
on the time orderedretarded and advanced Green'sfunctions. With a suitable choice of
the spin quartization axes, only the time ordered Green's functions with di erent spin
indices are needed. The time ordered G™!(! ) and G2 (! ) can be constructed from the
not time orderedlesserand greater Green'sfunctionsby G™'(t) = ( t)G”(t) ( t)G= (1).
By taking the operator ordering on the time cortour into accoun assketchedin Fig. A.1,
the retarded Green'sfunction hasthe diagrammatic represetation asshaown in Fig. A.3,
and hasthe analytic value of
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Ge(l) = P

(A.3)



App endix B

Generalized Transition Rates for a
Quantum-Dot Spin Valve

For the calculation of the self-energyW oo, the explicit shape of the tunnel Hamiltonian in
Eq. (2.1) is needed.Therefore rst areferencerame of the dot-spin quartization axis must
be de ned, which then determinesthe strength and phaseof the spin-dependen tunnel
ewvents. Of course,in the end, all physical results must not depend on the choice of the
referenceframe.

B.1 Choice of reference frame

In the absenceof a magnetic eld, it is corveniert to chooseneither Ay nor Ag as quan-
tization axes, but instead to quartize the dot spin =";# along the z-direction of the
coordinate systemin which the basisvectors#,, &,, and €, are alongfh_ + g, N Ag,
and hr N, respectively, seealsoFig. B.1(a). The tunnel Hamiltonian for the left tun-
neling barrier then reads
Hro = igL—— aly. e'7"
2 k

c.+ei:4c# +a3L/k gti=4

c+e'“% +Hc (Bl
and for the right barrier, Ht.gr, the samewith the replacemetsFl, ! Rand, ! .
phe averagetunnel coupling to one lead is then given by = _ 2= 22, =
. =2.
= r,

While individual parts of the tunnel Hamiltonians do not consenre spin separately the
sum of all parts strictly does. Due to the special choice of the quartization axis, the
lead electronsare coupledequally strong to up- and down-spin statesin the quartum dot.
There are, howewer, phasefactors involved, similar to Aharonov-Bohm phasesin multiply
connectedgeometries. The formal similarity of the quarntum-dot spin valve to a two-dot
Aharonov-Bohm interferometeris visualizedin Fig. B.1(b).
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Figure B.1: (a) The chosencoordinate system. The magnetization directions ;. and fir
enclosean angle . (b) Graphical represetation of the phasefactorsin the tunnel Hamil-
tonian, Eq. (B.1). In this represemation, the quartum-dot spin valve bearssimilarities to
an Aharonov-Bohm setup, with the di erent armsmodeling the two di erent spin channels
" and # Thereby the Aharonov-Bohm ux correspndsto the relative angle of the lead
magnetizations.

B.2 Diagrammatic calculation of the matrix W

The self-energyWw o canbe represeted as a block diagram, which is a part of a Keldysh
time contour. Examplesof rst-order diagramsare shovn in Fig. B.2. The real-time axis
runs horizontally from the left to the right while the upper (lower) line represeis the
forward (backward) propagator of the dot state ; = f0;";# dg. Note, that the indices
of the W% are reversedin comparisonto the diagram corners.

In the here presened work, only the lowest order transport is considered. Therefore,
the transition rates W include only processeswhich include the transfer of one electron,
i.e., the diagramshave only onetunnel line. Thesetypes of diagramscan be constructed
by the following rules:

1. Draw all topologically di erent diagrams with one tunneling line connecting two
vertices on either the sameor opposite propagators. Assignthe states = 0;";#d
to the four corners,and the correspnding energies’ to all propagators,aswell as
an energy! to the tunneling line.

2. For the time interval on the real axis con ned by two neighboring vertices, assignthe
resohent  i=( E +i0"), were E is the energydierence betweenleft and right
goingtunnel lines and propagators.

3. For ead vertex connectinga double-acupiedstate d to the up state ", the diagram
acquiresa prefactor of ( 1).
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Figure B.2: Examplesfor the diagramsrepreseting the generalizediransition rates W .

4. Assignto ead tunneling line the factor * 4(! ) [ o(' )] when the tunneling line is
going backward (forward) with respect to the Keldysh cortour. The factors (!)
come from the cortraction of two lead operators in the tunnel Hamiltonian and
resenble the transition rates predicted by Fermi's goldenrule, including a sum over
all intermediate lead states(r = R=L; = += ). Depender on the time ordering,
the transition rate is proportional to the electronf * or the hole distribution function
f =1 f%. With the relative phasesextracted from Fig. B.1, the 'sread

(1) = 2 () (B.2)

r; =
|_+f|_e|:2+ R+fRe|:2

L fLE52 pfge’=? = L7(): (B.3)

(1) =

Here, and °are the spinsof the electronthat leavesand erters the vertices con-
nectedby the line. Due to the choice of the spin quartization axes,the spin indices
do not needto be equal, but still the theory assumesstrict spin consenration.

5. The diagram getsa prefactor of (  1)°, whereb is number of internal verticeson the
badkward propagator.

6. Integrate over the energy! of the tunneling lines. This integral can be calculated
trivially by using Caudy's formula.



Arranged in the matrix notation introducedin Section5.2.5we get

W, = LAL+(L! R); (B.4)
with the matrix A given by
0 o . . o .
2 (") f (") f (") 0 pr()_elL_ pr(?elL_
fo() Yu 0 f (" +U) SO i)e s S +io)e s
fo(") 0 YL f (" + V) sxe+i e Bxe io)e’t
0 fo("+U) fo("+U) 2f (" + V) pff("+U)e L  pff("+U)e'L
pfi(Me 't S(xe i)e't  B(xe+i et pf ("+U)e't YL 0
pfi (et v Bxe+i )e sxc Pt pf ("+ U)et 0 i
The angle = 2 [ = 2 g is the angle enclosedby the lead magnetizations. The leads are characterized by the
Fermi functions f;/(! ) and f, = 1 f}. For shorter notation we further introducex, = f (") f/ (" + U) and

yo=f (") + f (" + U). The exchange eld strength is then givenby jB;j= ,p ., seeEq. (5.15).
This approad to construct the master equation for the quartum-dot spin valve of coursereproduce the results gained
from balancing spin and charge currens, as presetted in Chapter 3.
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App endix C

Master Equations for the Double-Dot
Problem

With the de nition P ! := h 4j & 2i, the masterequationEq. (6.5) can be written as:

d . . . X
0=i~2P 2 = hajlHoos; sli oi +hajH 5 oli 241 W 0P

In the following the tensorW ? ! is calculatedin the basisof localizedeigenstatesof Hpgs,
ie., ;2 fj0i;jL i;jR i;jL R 9g, including the spin degreeof freedom.

C.1 Diagrammatic rules

Within the diagrammatical approad, the tensor W 3 ! is represeted as block diagram,
which is a part of the Keldysh time contour asshavn in Fig. C.1. The upper and lower line
of the Keldysh time cortour tx represei the propagationof the double-dot systemforward
and badkward in time. They connectthe matrix elemen characterizedby the labels on
the left side with the matrix elemen characterized by the labels on the right side. In
the sequetial-tunnel appraximation all transitions are allowed wherea singleelectron rst

leaves and then re-erters the double dot or vice versa. The two tunnel Hamiltonians are
represeted by verticeson the propagators. Theseverticesare connectedby the cortraction
of the lead Fermi operators (indicated by a dashedline). Ead line is characterizedby its
energy! , the spin  of the transferedelectron, aswell asthe correspnding resernoir label
r 2 fL; Rg. A vertex with an outgoing (incoming) tunneling line represets an electron
leaving (entering) the double dot on the speci ed sider. All possibletransitions in lowest
order in the external coupling belongto one of the eight diagramsdepictedin Fig. C.2.

ThetensorW : ! is givenby the sumof all diagramswith the correspnding eigenstates
at the four corners,seeFig. C.2. The number of relevant diagramsis limited by spin and
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s T TXI——S——e X3 - m -
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WXiX3 = oW tK_ )

Figure C.1: Sketch of the time contour structure of adiagram. The upper (lower) horizortal
line denotesthe forward (badkward) propagator of the double-dot system. The Keldysh
time conour is labeled by tx, while the real time runs from left to right.
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Figure C.2: All topologicallydi erent diagramscortributing to the tensorW ? ! calculated
in rst orderin the external coupling . Labeling of the eigenstatesat the four corners
and of the tunneling line like in rst diagram. 5 labels an intermediate charge state of
the double dot.

particle number consenration aswell asto the serialsystemgeometry The rulesto ewvaluate
thesediagramsin lowest order are:

1. Draw the upper and lower time cortour. Add two tunnel verticesin any topological
di erent way. The relewvant criteria are the upper and lower cortour, and the time
ordering of the verticeson the real axes(from left to right), not only on the Keldysh
time cortour. Assignto ead free segmen of the cortour a state of the double dot
and the correspnding energy For 'bubble’ diagramslike in the lower row of Fig. C.2,
an intermediate state 5 participates.

2. The two vertices are connectedby a tunnel line. Eacd tunnel line is labeled with
the energyof the tunneling electron! , its reserwir label r and its spin . Spin and
resenoir label of the tunneling electron are uniquely determined by the eigenstates
involved in the tunneling processes.
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3. Assign to eah diagram the resohert i=( E + i0") where E is the dierence
betweenenergiesbelongingto left going lines and energiesbelongingto right going
lines (the tunneling line aswell asthe propagators).

4. The tunneling line connectingtwo verticesand labeledby the reseroir indexr gives
rise to the factor

1

SOEE=NA(

Here, the Fermi function f (1) = f,(!) = 1=1 + exp(! r)=kg T]) correspnds
to a tunneling line that is badkward directed in the Keldysh time ordering (compare
Fig. C.1),andf, (! )=1 f,(!) correspndsto atunneling line forward directed in
the Keldysh time ordering.

5. Each diagram getsa prefactor (1) wherev is the number of verticeson the badk-
ward propagator. (This rule generatess (1) for the diagramsin the upper row of
Fig. C.2.)

6. Sum over possibleinternal eigenstates 5 and integrate over the energy! of the
tunneling electron.

In the parameterregimewe are interestedin, the following relations hold: kT >
". . Thereforethe energydi erence betweenthe singleparticle statesis not resohedby the
Fermi functions in the resenoir, sothat we have to approximate the eigenenergiesf fj Oi,
jL i,jRi,jL R 9gbyf0,E,. Egr E;2E+ Ug. While adoubleoccupationof a single
dot for the initial or nal statesis excludedby setting f,(E + U9 = 0, the intermediate
state 5 is allow to be sud a state. Thesestateshave the eigenenergy2E + U°.

In Fig. C.3, the diagrammatic expansionof the tensor elemetts W, . and Wy 'z are

shawvn. W} (? is purely real and its magnitude has the meaningof a transition rate for a
tunneling-in processstarting from the empty double dot and resulting in a single electron
with spin  sitting in the left dot. In cortrast, W$ j§ also has a imaginary part which
renormalizesthe energylevels. Calculated in lowestorderin , ead elemen of the tensor
W can be expresseddy terms of the form

Z

XPME) = e | !P§!+)i0+ / c2

wheren and m areeither ( ) or (+). In this notation, the algebraicexpressiorfor Wy, '
is:

Wir = XEPE)+XIE)+g XF(E+U)+ X E+ V)
+Hg 1) XEPE+UY+XTIUEF U (C.3)

where, within this Appendix, we allow for an arbitrary spin degeneracyg . Sincef,(E +
U9 = 0 the real part of the last row in Eq. (C.3) vanishes,howeer this is not the case
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Figure C.3: Relewant diagramscortributing to two speci ¢ ertries of W , in a lowest order
expansionin . Every diagram correspnding to a speci c ertry is labeled by the same
eigenstatesat its four corners.

for the imaginary part, which causeshe level renormalization. The imaginary part of the
diagramsis determined by the principal value of the integrals in Eq. (C.2) and can be
expressedas a sum over digammafunctions, seeEq. (6.9).
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C.2 System of master equations

Since the Hamiltonian given in Eq. (6.1) is independen of the orientation of the spin,
eat spin-realization oﬁa charge state is equallybprobable Therefore one can de ne
Po = H)j &j0i, P5 = hr j &r°i, and P, = .ol R § gjL R 4. Furthermore
the stationary density matrix is diagonalin spin and particle number. Thus the reduced
density matrix & describingthe double dot is given by the 4 4 matrix

0
Po O O
_B 0 P Py 0§.
«=% o pk p . (C.4)
0 0 0 P

The diagonalelemerns of the density matrix are the probabilitiesto nd the doubledot
empty (Po), the left (P\) or right dot (PR) singly occupied,or the two dots simultaneously
occupledby oneelectron(P;). Superpositionsof the two singleoccupiedstatesare possible
PL — PR ?

One cande ne an e ective tensorfor W , that only dependson the orbital part of the
matrix elemens (denotedin the following formulaby 1, ,, 3, 4) andnolongeron the
spin variables. The new tensor elemeits are de ned by:

X
= wW
f

i (C.5)

i
2

W 2

1
2

BTy -

Herei labels any possiblespin-realizationfor the initial states, ;; ,, andf for the nal
states 3; 4. (Due to spin degeneracieshe two particle states are four fold degenerate,
and the left and right states are eat two-fold degenerate.) The tunnel tensorW ? ! is
independen of the spin-realizationi. The spin degeneracyappears only as a Brefactor
but doesnot changethe functional form of the elemetts. For example, W' = = W[ .J
describing the transition from Py to P, is twice as big for spin- degenerateelectronsas
for spin-lessfermions. On the other hand Wi- = WS + WL = Wi + WL
describingthe lossterm of P_ is the samefor spin-degenerateor spin-lessfermions since
WL = 0= Wi

This treatment of the spin allows a generalsolution of the problem including both, the
caseof spin polarizedelectronsand the caseof spin degenerateelectrons. For the interested
reader, we specify the degeneracyof Fermionsin the further Appendix by the variable g :
g = 2for electrons,g = 1 for spin-lessFermions.

Instead of working with o -diagonal density matrix elemens, a pseudospin represen-
tation can be used. As any two level system,the 2 2 hermitian submatrix of the singly
occupied statesin Eq. (C.4) can be treated as SU(2) represetation of the pseudospin
Bloch vector | = (P; + PR;iPLY  iPR;P- PR)T=2. For a complete set of variables,
the variable P, = P + PR, the probability of a singly-occupieddouble dot, is introduced.
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With this changeof variables, the dynamics of the double dot systemcan be mapped on
the motion of a spin in an external magnetic eld. This isin closeanalogyto the dynamics
of a quartum dot connectedto ferromagneticleads,seeChapter 3.

Due to the serial geometry the external tunneling a ects only the z-direction of the
pseudospin and the left and right cortacts couple with a di erent signto I,. This is
captured by the de nitions A = (0;0;1) and g = (0;0; 1), which can be understood as
pseudo-spirmagnetizationsof the leads. With this de nitions the occupation probabilities
obey the following master equations:

d X r 1 X r
0= 5P = —( gh(E)Po+ of, BP)+ f, (E) | )
r r
d X r .9 X r
0= —P; = —(Sf(E+UP, f (E+U)Py) —gf(E+ U | (CT7)
P, = 1 Py Py (CS)

In equilibrium (fg = f) the diagonalmatrix elemens are givenby the Boltzmann statistics
Po= 1=Z; P; = 29 exp[ E=ksT]=Z; P> = g?exp[ (E + U)=kgT]=Z;Z = Po+ Py + P;
and the accunulation term aswell asall componerts of the pseudospin vanish.

The dynamicsof the single particle state is descrited by a Bloch-like equation:

d dl dl 1

acc. rel:

0

Three di erent terms can be identi ed in the Bloch equation. The term

dl X 1
— = Aot 9f(E)Pot+ + 5 gf(E+U) f, (E) Pr f (E+U)P,
dt acc: r 2~ 2
describtesthe accunulation of pseudospinin z-direction dueto the serialexternal coupling.
The relaxation-like term
dl 1X

= = _r
o = 3 — f, (E)+gf (E+ V) I

rel: r

limits the amourt of pseudospin. The isospin| relaxesisotropic by electronsleaving or
entering the singly occupieddouble dot destroying all pseudo-spincomponerts.

The third term looks like a rotation of the pseudospin around a ctitious magnetic
eld B=( ;0;"en), Where",., denotesthe renormalizedlevel separation
[
"en = EL Re X{ JE)+gX[E+U) (@ DX (E+UI
L! R); (C.10)

where Re denotesthe real part. The Caudy principal value integrals are de ned in
Eg. (C.2). This third term describes coherem oscillations inside the double dot which
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mix the accunulated spin in z-direction with the other componerts. The inter-dot tun-
neling characterizedby vyields a precessiorof the isospinaround the x axis, while the
energy separation between the dot levels results in a rotation around the z axis. It is
important to note that the renormalizedlevel separationbetweenthe dots changesdue to
the external coupling and it is not given by the bare level separation”.

This system of master equations can be solved analytically, and the thereby gained
density matrix determinsthe conductanceof the double-dot device.
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App endix D

Calculation of the Spin-Spin
Correlation Function

In the calculation of the spin-spin correlation function in an oscillating magnetic eld, see
Chapter 7, following integral apéaears:
1

i 2 d dte t=T, il't i—[cos( t+ ) cog( )]: (D.l)
2 0 0
With the Jacobi-AngerExpansion (seeAbramowitz & Stegun,1972,page361)
: DS _
ChE s i"Jy — i) (D.2)
n=1
the time and the phaseintegration can be separatedto
b3 1 Z, . 2. I
"3, — o~ d gh!—cos() g dte FTz " tgn t. (D.3)
0 0

n=1
while Besselfunctions of the rst kind wereintroduced. In this form, the time integration
can be easily performed. The phaseintegration on the other side now resenbles just the
intergal represemation of the Besselfunction

1 Z > . ()
— = Flocost)gn D.4
Jn 7, d e e (D.4)
The original integral thereforeequals
1

iy, — J — _ ; D.5
n=1 b " 1= +i(! n) (B-5)

With the identities i?" = ( )", and J,( x) = ( 1)"J.(X), the nal resultis given by

s 2 T

Jn — — : D.6
" 1+iTy(! n) (D-6)

n=1

133



134 APPENDIX D. SPIN-SPIN CORRELATION



Bibliograph vy

[1] C. W. Beenakler, Phys. Rev. B 44, 1646(1991).
[2] D. V. Averin, A. N. Korotkov, and K. K. Likharev, Phys Rev. B 44, 6199(1991).

[3] L. I. Glazmanand K. A. Matveev,Pis'ma Zh. Eksp. Fiz. 48, 403(1988)[JETP Lett.
48, 445(1988)].

[4] T. A. Fulton and G. J. Dolan, Phys. Rev. Lett. 59, 109(1987).

[5] J. H. F. Scott-Thomas,S. B. Field, M. A. Kastner, H. I. Smith, and D. A. Antoniadis,
Phys. Rev. Lett. 62, 583(1989).

[6] For reviewssee:

M. A. Kastner, Rev. Mod. Phys. 64, 849 (1992).

L. P. Kouwenhoven, D. G. Austing, and S. Tarucha, Rep. Prog. Phys. 64, 701
(2001).

Mesosopic Electron Transport, edited by L. L. Sohn,L. P. Kouwenhoven, and
G. Sdhen, (Kluwer, Dordredht, The Netherlands,1997).

R. C. Ashoori, Nature 379, 413(1996).

Single Charge Tunneling NATO ASI Series294, edited by H. Grabert and
M. H. Deworet, (Plenum Press,New York, 1992).

D.V. Averin, K.K. Likharev in Mesosopic Phenomenonin Solids edited by
B. L. Altshuler, P. A. Lee,and R. A. Webb (Amsterdam, North-Holland, 1991).

[7] G. Prinz, Science282, 1660(1998).

[8] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von Molnar, M.
L. Roukes,A. Y. Chichelkanova, and D. M. Treger, Science, 294, 1488-14952001).

[9] I. Zutic, J. Fabian, and S. Das Sarma,Rev. Mod. Phys. 76, 323(2004).

[10] M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petro, P. Etienne, G.
Creuzet, A. Friederidh, and J. Chazelas,Phys. Rev. Lett. 61, 2472(1988).

135



136 BIBLIOGRAPHY

[11] G. Binasd, P. Grunberg, F. Saurerad, and W. Zinn, Phys. Rev. B 39, 4828(1989).
[12] M. Julliere,Phys. Lett. A 54, 225(1975).

[13] S. S. P. Parkin, X. Jiang, C. Kaiser, A. Pancwula, K. Roche, and M. Samar, Proc.
IEEE 91, 661(2003).

[14] S. Tehrani, B. Engel, J. M. Slaugher, E. Chen, M. DeHerrera,M. Durlam, P. Naiji,
R. Whig, J. Janesky and J. Calder, IEEE Trans. Magn. 36, 2752(2000).

[15] S. Maekawa and U. Gafvert, IEEE Trans. Magn. 18, 707 (1982).
[16] T. Miyazakiand N. Tezula, J. Mag. Magn. Mater. 139, L231 (1995).

[17] J. S. Moodera, L. R. Kinder, T. M. Wong, and R. Meseney, Phys. Rev. Lett. 74,
3273(1995).

[18] J. C. SlonczewskiPhys. Rev. B 39, 6995(1989).
[19] J. S. Mooderaand L. R. Kinder, J. Appl. Phys. 79, 4724(1996).

[20] H. Jar es, D. Lacour, F. Nguyen Van Dau, J. Briatico, F. Petro, and A. Vaures,
Phys. Rev. B 64, 064427(2001).

[21] A. Brataas, G. E. W. Bauer, and P. J. Kelly, cond-mat/0602151.
[22] A. Fert and I. A. Campbell, Phys. Rev. Lett. 21, 1190(1968).
[23] T. Valet and A. Fert, Phys. Rev. B 48, 7099(1993).

[24] M. Johnsonand R. H. Silsbee, Phys. Rev. Lett. 55, 1790(1985); Phys. Rev. B. 37,
5326(1988).

[25] F. J. Jedema,H. B. Heersbe, A. T. Filip, J. J. A. Baselmansand B. J. van Wees,
Nature 416, 713(2002).

[26] W. Rudzinski and J. Barnas, Phys. Rev. B 64, 085318(2001).
[27] G. Usg and H. U. Baranger, Phys. Rev. B 63, 184418(2001).

[28] A. Cottet, W. Belzig, and C. Bruder, Phys. Rev. Lett. 92, 206801(2004); A. Cottet
and W. Belzig, Europhys. Lett. 66, 405(2004); A. Cottet, W. Belzig, and C. Bruder,
Phys. Rev. B 70, 115315(2004).

[29] S. Braig and P. W. Brouwer, Phys. Rev. B 71, 195324(2005).
[30] J. Barnas and A. Fert, Phys. Rev. Lett. 80, 1058(1998).
[31] S. Takahashiand S. Maekawa, Phys. Rev. Lett. 80, 1758(1998).



BIBLIOGRAPHY 137

[32] A. Brataas, Yu. V. Nazarov, J. Inoue, and G. E. W. Bauer, Phys. Rev. B 59, 93
(1999).

[33] J. Barnas, J. Martinek, G. Michalek, B. R. Bulka, and A. Fert, Phys. Rev. B 62,
12363(2000).

[34] J. Martinek, J. Barnas, S. Maekawa, H. Scoeller, and G. Scden, Phys. Rev. B 66,
014402(2002).

[35] B. G. Wang, J. Wang, and H. Guo, J. Phys. Scc. Jpn. 70, 2645(2001); N. Sergueev,
Q. F. Sun, H. Guo, B. G. Wang, and J. Wang, Phys. Rev. B 65, 165303(2002).

[36] J. Konig and J. Martinek, Phys. Rev. Lett. 90, 166602(2003).
[37] P. W. Anderson, Phys. Rev. 124, 41 (1961).

[38] I. Weymann, J. Barnas, J. Konig, J. Martinek, and G. Sden, Phys. Rev. B 72,
113301(2005); I. Weymann, J. Konig, J. Martinek, J. Barnas, and G. Scden, Phys.
Rev. B 72, 115334(2005).

[39] J. Martinek, Y. Utsumi, H. Imamura, J. Barnas, S. Maekawa, J. Konig, and G. Scen,
Phys. Rev. Lett. 91, 127203(2003); J. Martinek, M. Sindel, L. Borda, J. Barnas, J.
Keonig, G. Sden, and J. von Delft, Phys. Rev. Lett. 91, 247202(2003).

[40] K. A. Matveev,Sov. Phys. JETP 72, 892(1991).

[41] Y. Chye, M. E. White, E. Johnston-Halperin, B. D. Gerardot, D. D. Awsdhalom, and
P. M. Petro, Phys. Rev.B 66, 201301(R)(2002).

[42] K. Ono, H. Shimada,and Y. Ootuka, J. Phys. Sac. Jpn. 66, 1261(1997).
[43] M. Za alon and B. J. van Wees,Phys. Rev. Lett. 91, 186601(2003).

[44] L. Y. Zhang,C. Y. Wang, Y. G. Wei, X. Y. Liu, and D. Davidovic, Phys. Rev.B 72,
155445(2005).

[45] L. F. Sdhelp, A. Fert, F. Fettar, P. Holody, S. F. Lee,J. L. Maurice, F. Petro, and
A. Vaures,Phys. Rev. B 56, R5747(1997).

[46] K. Yakushiji, S. Mitani, K. Takanashi,S. Takahashi, S. Maekawa, H. Imamura, and
H. Fujimori, Appl. Phys. Lett. 78, 515(2001).

[47] K. Yakushiji, F. Ernuly, H. Imamura, K. Yamane,S. Mitani, K. Takanashi, S. Taka-
hashi, S. Maekawa, and H. Fujimori, Nature materials 4, 57 (2005).

[48] M. M. Deshmukh and D. C. Ralph, Phys. Rev. Lett. 89, 266803(2002).

[49] L. Balerts and R. Egger, Phys. Rev. Lett. 85, 3464(2000); Phys. Rev. B 64, 035310
(2001).



138 BIBLIOGRAPHY

[50] M. Y. Veillette, C. Bena, and L. Balents, Phys. Rev. B 69, 075319(2004).

[51] A. Jensen,J. Nygaard and J. Borggreenin Proceedings of the International Sympo-
sium on Mesosopic Supgerconductivity and Spintronics, edited by H. Takayanagiand
J. Nitta, (World Sciertic 2003),pp. 33-37.

[52] B. Zhao, I. Mend, H. Vinzelberg, T. Muhl, and C. M. Sdneider, Appl. Phys. Lett.
80, 3144(2002).

[53] K. Tsukagoshi,B. W. Alphenaar, and H. Ago, Nature 401, 572 (1999).

[54] S. Sahm, T. Kontos, J. Furer, C. Ho mann, M. Greaber, A. Cottet, and C.
Sdtenerberger, Nature Physics1, 102 (2005).

[55] A. Cottet, T. Kontos, W. Belzig, C. Sdwenerberger and C. Bruder, cond-
mat/0512176.

[56] A. N. Pasupatly, R. C. Bialczak, J. Martinek, J. E. Grose,L. A. K. Donev, P. L.
McEuen, and D. C. Ralph, Science 306, 86 (2004).

[57] A. Kubetzka, M. Bode, O. Pietzsd, and R. Wiesendanger,Phys. Rev. Lett. 88,
057201(2002).

[58] Y. Manassen,R. J. Hamers,J. E. Demuth, and A. J. Castellano, Phys. Rev. Lett.
62, 2531(1989).

[59] C. Durkan and M. E. Welland, Appl. Phys. Lett. 80, 458 (2002).

[60] D. Mozyrsky, L. Fedichkin, S. A. Gurvitz, and G. P. Berman, Phys. Rev.B 66, 161313
(2002).

[61] J.-X. Zhu and A. V. Balatsky, Phys. Rev. Lett. 89, 286802(2002); Phys. Rev.B 67,
174505(2003).

[62] L. N. Bulaevskii, M. Hruska, and G. Ortiz, Phys. Rev. B 68, 125415(2002).
[63] L. N. Bulaevskii and G. Ortiz, Phys. Rev. Lett. 90, 040401(2003).
[64] A. V. Balatsky, Y. Manassenand R. Salem,Phys. Rev. B 66, 195416(2002).

[65] J. Konig, H. Scoeller, and G. Scden, Phys. Rev. Lett. 76, 1715(1996); J. Konig, J.
Sdmid, H. Sdoeller, and G. Sden, Phys. Rev. B 54, 16820(1996); H. Sdoeller,
in Mesosopic Electron Transport, edited by L.L. Sohn, L.P. Kouwenhoven, and G.
Sden (Kluwer, Dordrecht, 1997); J. Konig, Quantum Fluctuations in the Single-
Electron Transistor (Shaker, Aachen, 1999).

[66] Y. Meir and N. S. Wingreen, Phys. Rev. Lett. 68, 2512(1992).



BIBLIOGRAPHY 139

[67] G. D. Mahanin Many particle physics(Kluwer Academic/ Plenum Publishers,1990).
[68] A. Brataas, Y. V. Nazaros, and G. E. W. Bauer, Eur. Phys. J. B 22, 99 (2001).

[69] D. H. Hernando, Y. V. Nazarov, A. Brataas, and G. E. W. Bauer, Phys. Rev.B 62,
5700(2000).

[70] A. Brataas, Y. Tserkovnyak, G. E. W. Bauer, and B. |. Halperin, Phys. Rev. B 66,
060404(R)(2002).

[71] J. Keonig, J. Martinek, J. Barnas, and G. Sden, in "CFN Lectures on Functional
Nanostructures" Lecture Notesin Physics658, p.145-164 edited by K. Busc et al.,
(Springer, 2005).

[72] A.C. Hewson,The Kondo Problemto Heavy fermions (Cambrige Press,1993).
[73] J. Fransson,O. Eriksson,and I. Sandalw, Phys. Rev. Lett. 88, 226601(2002).
[74] D. Weinmann, W. Hausler,and B. Kramer, Phys. Rev. Lett. 74, 984 (1995).

[75] A. K. Huettel, H. Qin, A. W. Holleitner, R. H. Blick, K. Neumaier, D. Weinmann,
K. Eberl, and J. P. Kotthaus, Europhys. Lett. 62, 712 (2003).

[76] K. Ono, D. G. Austing, Y. Tokura, and S. Tarucha, Science297, 1313(2002).
[77] A. V. Khaetskii and Y. V. Nazarov, Phys. Rev. B 64, 125316(2001).

[78] V. N. Golovach, A. Khaetskii, and D. Loss,Phys. Rev. Lett. 93, 016601(2004).
[79] S.I. Erlingssonand Y. V. Nazarov, Phys. Rev. B 66, 155327(2002).

[80] I. A. Merkulov, A. L. Efros, and M. Rosen,Phys. Rev. B 65, 205309(2002).
[81] A. V. Khaetskii, D. Loss,and L. Glazman, Phys. Rev. Lett. 88, 186802(2002).
[82] J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett. 80, 4313(1998).

[83] R. J. Epstein, D. T. Fuchs, W. V. Sdoenfeld, P. M. Petro, and D. D. Awsdhalom,
Appl. Phys. Lett. 78, 733(2001).

[84] D. Davidovic, private communication.
[85] Ya. M. Blanter and M. Buttik er, Phys. Rep. 336, 1 (2000).
[86] C. Beenakler and C. Scdenerberger, Physics Today 56 (5), 37 (2003).

[87] A. Thielmann, M. H. Hettler, J. Konig, and G. Sden, Phys. Rev. B 71, 045341
(2005).

[88] W. Belzig, Phys. Rev. B 71, 161301(R)(2005).



140 BIBLIOGRAPHY

[89] A. N. Korotkov, Phys. Rev. B 49, 10381(1994).

[90] S. Hersh eld, J. H. Davies, P. Hyldgaard, C. J. Stanton, and J. W. Wilkins, Phys.
Rev. B 47, 1967(1993).

[91] U. Hanke, Yu. M. Galperin, K. A. Chao,and N. Zou, Phys. Rev. B 48, 17209(1993);
U. Hanke, Yu. M. Galperin, and K. A. Chao, Phys. Rev. B 50, 1595(1994).

[92] A. Thielmann, M. H. Hettler, J. Konig, and G. Sden, Phys. Rev. B 68, 115105
(2003).

[93] R. Lu and Z. R. Liu, cond-mat/0210350.
[94] F. Elste and C. Timm, Phys. Rev. B 73, 235305(2006).
[95] H. Birk, M. J. M. de Jong, and C. Schenerberger, Phys. Rev. Lett. 75, 1610(1995).

[96] G. Kie lic h, A. Wadker, E. Sthoell, A. Nauen,F. Hohls,and R. J. Haug, Phys. Status
Solidi C 0, 1293(2003).

[97] A. Nauen,l. Hapke-Wurst, F. Hohls, U. Zeitler, R.J. Haug, and K. Pierz, Phys. Rev.
B 66, 161303(R)(2002).

[98] E. Onac, F. Balestro, B. Trauzettel, C. F. J. Lodewijk, and L. P. Kouwenhoven, Phys.
Rev. Lett. 96, 026803(2006).

[99] R. Deblock, E. Onac, L. Gurevich, and L. P. Kouwenhoven, Science301, 203(2003).
[100] S.A. Gurvitz IEEE Transactionson Nanotedinology 4, 1 (2005).

[101] Ivana Djuric, Bing Dong, H. L. Cui, IEEE Transactionson Nanotedinology 4, 71,
(2005);J. Appl. Phys. 99, 63710(2006); Appl. Phys. Lett. 87, 032105(2005).

[102] H. B. Sunand G. J. Milburn, Phys. Rev. B 59, 10748(1997).
[103] G. Kie lic h, A. Wadker, and E. Sdell, Phys. Rev. B 68, 125320(2003).

[104] C. Flindt, T. Novotny, and A.-P. Jauho, Phys. Rev. B 70, 205334 (2004);
T. Novotny, A. Donarini, C. Flindt, and A.-P. Jauho, Phys. Rev. Lett. 92, 248302
(2004).

[105] R. Aguadoand T. Brandes,Phys. Rev. Lett. 92, 206601(2004).
[106] A. N. Korotkov and D. V. Averin, Phys. Rev. B 64, 165310(2001).

[107] A. Shnirman, D. Mozyrsky, and I. Martin, Europhys. Lett. 67, 840(2004).



BIBLIOGRAPHY 141

[108] G. JohanssonP. Delsing, K. Bladh, D. Gunarsson,T. Duty, K. Kadk, G. Wendin,
and A. Aassime,cond-mat/0210163;Proceadingsof the NATO ARW "Quantum Noise
in Mesosopic Physics", edited by Y. V. Nazarov, (Kluwer, Dordrecht 2003), pp 337-
356.

[109] B. R. Bulka, J. Martinek, G. Michalek, and J. Barnas, Phys. Rev. B 60, 12246
(1999); B. R. Bulka, ibid. 62, 1186(2000).

[110] G.JohanssonA. Kadk, and G. Wendin Phys. Rev. Lett. 88, 0468022002);A. Kad,
G. Wendin, and G. JohanssonPhys. Rev. B 67, 035301(2003).

[111] S.A. Gurvitz Phys. Rev. B 57, 6602(1998); S.A. Gurvitz and Ya.S. Prager, Phys.
Rev. B 53, 15932(1996).

[112] S.A. Gurvitz, D. Mozyrsky, and G. P. Berman, Phys. Rev. B 72, 205341(2005).
[113] R. Aguadoand L. P. Kouwenhosen, Phys. Rev. Lett. 84, 1986(2000).
[114] U. Gavish, Y. Levinson,and Y. Imry, Phys. Rev. B 62, R10637(2000).

[115] H.-A. Engeland D. Loss,Phys. Rev. Lett. 93, 136602(2004); E. V. Sukhorukov, G.
Burkard, and D. Loss,Phys. Rev. B 63, 125315(2001).

[116] W. Shackley, J. Appl. Phys. 9, 635 (1938); L. Fedidhkin and V. V'yurkov, Appl.
Phys. Lett. 64, 2535(1994).

[117] A. Thielmann, M. H. Hettler, J. Konig, and G. Sden, Phys. Rev. Lett. 95, 146806
(2005).

[118] F. M. Souza,J. C. Egues,and A. P. Jauho, cond-mat/0209263; Brazilian J. of
Physics 34, 24 (2004).

[119] L. D. Landau and E.M. Lifschitz, Lehrbuchder theoretischenPhysik Il , translated
by G. Heber (AkademieVerlag Berlin, 1967)

[120] W. G. van der Wiel, S. De Francesbi, J. M. Elzerman, T. Fujisawa, S. Tarucha,
and L. P. Kouwenhoven, Rev. Mod. Phys. 75, 1 (2003).

[121] J. M. Elzerman, R. Hanson, J. S. Greidarus, vanBeeren,L.H.Willems , S. De
Francesabi, L. M. K. Vandersygen, S. Tarucha, and L. P. Kouwenhaoven, Phys. Rev.
B 67,161308(R)(2003); J. R. Petta, A. C. Johnson,C. M. Marcus, M. P. Hanson,
and A. C. Gossard,Phys. Rev. Lett. 93, 186802(2004).

[122] F. R. Waugh, M. J. Berry, C. H. Crouch, C. Livermore,D. J. Mar, R. M. Westenelt,
K. L. Campman,and A. C. Gossard,Phys. Rev. B 53, 1413(1996).

[123] T. Fujisawa, T. Hayashi, H.D. Cheong,Y.H. Jeong,and H. Hirayama PhysicaE 21,
1046(2004).



142 BIBLIOGRAPHY

[124] V. N. Golovach and D. Loss, Semicond.Sci. Tedinol. 17, 355(2002); D. Lossand
D.P. DiVincenzo, Phys. Rev. A 57, 120(1998).

[125] M. Rontani, S. Amaha, K. Muraki, F. Manghi, E. Molinari, S. Tarucha, and D. G.
Austing, Phys. Rev. B 69, 85327(2004).

[126] D. Jacob, B. Wunsd, and D. Pfannkude, Phys. Rev. B 70, 081314(R)(2004); B.
Wunsd, D. Jacob,and D. Pfannkude, PhysicaE 26, 464 (2005).

[127] T. Hayashi, T. Fujisawa, H. D. Cheong,Y. H. Jeong,and Y. Hirayama, Phys. Rev.
Lett. 91, 226804(2003).

[128] L. P Kouwenhoven, D. G. Austing, and S. Tarucha, Rep. Prog. Phys. 64, 701(2001).

[129] A. K. Huttel, S. Ludwig, K. Eberl, and J. P. Kotthaus, Phys. Rev. B 72, 81310
(2005).

[130] T. H. Oosterkamp, S. F. Godijn, M. J. Uilenreef, Yu. V. Nazaros, N. C. van der
Vaart, and L. P. Kouwenhoven, Phys. Rev. Lett. 80, 4951(1998).

[131] R. H. Blick, D. Pfannkudhe, R. J. Haug, K. v. Klitzing, and K. Eberl, Phys. Rev.
Lett. 80, 4032(1998).

[132] T. Brandes,PhysicsReports 408, 315 (2005).
[133] Yu. V. Nazarov, PhysicaB 189, 57 (1993).
[134] H. Spreleler,G. Kie lic h, A. Wadker, and E. Schell, Phys. Rev.B 69, 1253282004).

[135] S.A. Gurvitz, Phys. Rev.B 56, 15215(1997); S. A. Gurvitz, Phys. Rev.B 57, 6602
(1998).

[136] S.A. Gurvitz and Ya.S.Prager, Phys. Rev. B 53, 15932(1996).

[137] T. H. Stoof and Yu. V. Nazaro/, Phys. Rev. B 53, 1050 (1996); B. L. Hazelzet,
M. R. Wegewijs,T. H. Stoof, and Yu. V. Nazaro/, Phys. Rev. B 63, 165313(2001).

[138] N. C. van der Vaart, S. F. Godijn, Yu. V. Nazaros, C. J. P. M. Harmans, J. E.
Mooij, L. W. Molenkamp, and C. T. Foxon, Phys. Rev. Lett. 74, 4702(1995).

[139] T. Ota, K. Ono, M. Stopa, T. Hatano, S. Tarucha, H. Z. Song, Y. Nakata, T.
Miyazawva, T. Ohshima,and N. Yokoyama, Phys. Rev. Lett. 93, 066801(2004).

[140] J. Franssonand O. Eriksson,J. Phys.: Condens.Matter 16, L85 (2004);J. Fransson
and O. Eriksson, Phys. Rev. B 70, 085301(2004).

[141] R. Ziegler,C. Bruder, and H. Schoeller, Phys. Rev. B 62, 1961(2000).
[142] M. Tews,Ann. d. Physik 13, 249(2004).



BIBLIOGRAPHY 143

[143] K. Blum, Density Matrix Theory and Applications, 2nd ed.,(Plerum Press, New
York, 1996).

[144] U. Hartmann and F. K. Wilhelm, Phys. Rev. B. 67, 161307(R)(2003).

[145] H. Sdoeller and J. Konig, Phys. Rev. Lett. 84, 3686(2000).

[146] K. Ishibashi, M. Suzuki, T. Ida, and Y. Aoyagi, Appl. Phys. Lett. 79, 1864(2001).

[147] D. Pfannkudhe,R. H. Blick, R. J. Haug, K. von Klitzing, and K. Eberl, Superlattices
& Microstructures 23, 1255(1998).

[148] R. I. Dzhioev, V. L. Korenev, I. A. Merkulev, B. P. Zakhardherya, D. Gammon,
Al. L. Efros, and D. S. Katzer, Phys. Rev. Lett. 88, 256801(2002).

[149] R.J. Epstein, D. T. Fuchs, W. V. Stoenfeld,P. M. Petro, and D. D. Awsdalom,
Appl. Phys. Lett. 78, 733(2001).

[150] N. P. Stern, M. Poggio,M. H. Bartl, E. L. Hu, G. D. Stucky, and D. D. Awschalom,
cond-mat/0507699.

[151] J. A. Gupa, D. D. Awschalom, X. Peng, and A. P. Alivisatos, Phys. Rev. B 59,
10421(1999).

[152] A. V. Khaetskii and Y. V. Nazarov, Phys. Rev. B 61, 12639(2000).

[153] T. Fujisawa, D. G. Austing, Y. Tokura, Y. Hirayama, and S. Tarucha, Phys. Rev.
Lett. 88, 236802(2002).

[154] J. M. Elzerman, R. Hanson, L. H. Willems van Beweren, B. Witkamp, L. M. K.
Vandersypen, and L. P. Kouwenhaoven, Nature 430, 431 (2004).

[155] D. Lossand D. DiVincenzo, Phys. Rev. A 57, 120(1998).
[156] S.A. Crooker, D. G. Rickel, A. V. Balatsky, and D. L. Smith, Nature 431, 49 (2004).

[157] M. Oestreih, M. Remer, R. J. Haug, and D. Hagele,Phys. Rev. Lett. 95, 216603
(2005).

[158] R. J. Elliott, Phys. Rev. 96, 266 (1954).

[159] Y. Yafet, Solid State Physics, 14, 1, (1963).

[160] M. I. D'yakonov and V. |. Perel', Sov. Phys. JETP 33, 1053(1971).
[161] M. I. D'yakonov and V. I. Perel', Sov. Phys. Solid State 13, 3023(1972).

[162] S.I. Erlingsson,Y. V. Nazarov, and V. |. Falko, Phys. Rev. B 64, 195306(2001).



144 BIBLIOGRAPHY

[163] N. P. Stern, M. Poggio,M. H. Bartl, E. L. Hu, G. D. Stucky, and D. D. Awscdalom,
cond-mat/0507699.

[164] J. A. Gupta, R. Knobel, N. Samarth, and D. D. Awschalom, Science292, 2458
(2001).

[165] E. L. Hahn, Phys. Rev. 80, 580 (1950).
[166] R. J. Blume, Phys. Rev. 109, 1867(1958).
[167] M. Kelin, I. Gromov, and A. Scweiger, J. of Magnetic Resonancel60, 166 (2003).

[168] W. D. Oliver, Y. Yu, J. C. Lee, K. K. Berggren,L. S. Levitov, and T. P. Orlando,
Science310 1653,(2005).



145

Ac knowledgemen ts

| want to thank all peoplecortributing to this work. In rst place,| thank my advisor,
Prof. Dr. JurgenKeonig for his support in recen years. He gave me the possibility to work
in his group, to presem my work at numerousconferencesand introducedme to the world
of scienceand academics.

Further, | thank Jan Martinek. Most parts of the thesis are the result of the close
cooperation with him.

| appreciatea joint paper with Bernhard Wunsd, and Daniela Pfannkudhe.

| thank all colleaguesat TFP for my pleasan stay in Karlsruhe, and all members of
TP3 in Bochum, especially Daniel Urban and Bjorn Kubala for lively discussionabout life,
the universeand the rest. | owe sincerethanks to Kerstin Ludwig, who rescuedme from
dealing with the bureaucracyin any possibleway.

| thank J. Barnas, G. E. W. Bauer, S. Debald, C. Flindt, D. Hagele, M. Hettler,
M. Oestreid, D. Ralph, A. Thielmann, and W. Wetzelsfor valuable discussions.

Finally, | want to thank my wife Scrolanfor her unconditional love and support, aswell
asfor enduring this long period of spacial separation.

This work was supported by the Deutsde Forsdungsgemeindaaft via SFB 491 and
under the Emmy-Noether Program.



146 ACKNOWLEDGEMENTS



Leb enslauf

Name:
Vorname:
geboren:
Familienstand:
Eltern:

Schule:

Zivildienst:

Studium:

Master Thesis:

Promotion:

Braun

Matthias

am 11. April. 1978in Bamberg

verheiratet mit ScrolanBraun geb. Krov

Hans-Joatim Braun und Roswitha Braun geb. Christmayr

Aug. 1984{ Juli 1988: Grundsdwle (St. Kunigund/Bam berg)
Sept.1988{ Juni 1997: Gymnasium(DientzenhoferGymnasium/Bamberg)
Juni. 1997: Abitur

01. April. 1998{ 30. April. 1999: CVIM JugendheimAltenstein

Okt. 1997{ Aug. 2001: Physik an der Universitat Weurzburg
Aug. 2001{ Sep.2002: Physik an der University of Texasat Austin

Okt. 2000: Vordiplom
Aug. 2002: Master of Arts (Physics)

\Current induced modi cation of the magnondispersionrelation”,
angefertigt bei Prof. A. H. MacDonald am \Department of Physics"
der University of Texasat Austin

Feb. 2003{ Sep2003: Doktorand bei Dr. Jurgen Konig am \Institut
fur Theoretishe Festkerperphysik™ der Universitat Karlsruhe (TH)

Okt. 2003{ Mearz 2006: Doktorand bei Prof. Dr. Jurgen Konig am
\Institut fur Theoretisde Physik 11" der Ruhr-Universitat Bochum

147



148 LEBENSLAUF



