
Single-Ele
tron Tunneling Spe
tros
opy in Nanoparti
lesHongki Min�Department of Physi
s, The University of Texas at Austin, Austin TX 78712(Dated: May 6, 2005)The dis
rete ex
itation spe
trum of an individual metalli
 nanoparti
le 
an be measured by thete
hnique of single-ele
tron tunneling spe
tros
opy. In this report, re
ent experimental work onultrasmall metalli
 grains are reviewed fo
using on the in
uen
e of the spin-orbit s
attering on thedis
rete spe
trum in nonmagneti
 Al and ferromagneti
 Co nanoparti
les.I. INTRODUCTIONOne of the fundamental features of quantum me
han-i
s is that the energy spe
trum of parti
les 
on�ned toa small system is dis
rete or quantized and the typi-
al energy level spa
ing in
reases as the system size de-
reases. The dis
rete spe
tra in these 
ondensed mattersystems 
an provide a tool for understanding the inter-a
tions whi
h in
uen
e ele
troni
 stru
ture, un
overinge�e
ts that are not 
learly visible if the individual quan-tum levels in the system 
annot be resolved. However, in
ondensed matter system, it is not easy to see the dis
reteenergy spe
trum of an individual sample be
ause systemsizes are typi
ally so large that dis
rete energies 
ould notbe resolved on the energy s
ale set by the temperature.In 1990s [1, 2℄, the development of single-ele
tron tun-neling spe
tros
opy made it possible to resolve dis
reteenergy levels even for small metalli
 grains whi
h usuallyhave mu
h higher density of states than semi
ondu
tors,thus requiring mu
h smaller sample size. It relies on theCoulomb blo
kade e�e
t of a nanoparti
le 
onne
ted to a
ir
uit by tunneling barriers. The tunneling 
ondu
tan
eshows a number of peaks as a fun
tion of bias voltage,interpreted as transitions between quantum levels of theparti
le.In this report, the basi
 idea of the single-ele
tron tun-neling spe
tros
opy will be summarized and then re
entexperiments on nonmagneti
 and ferromagneti
 nanopar-ti
les will be dis
ussed. Finally, remaining problems willbe dis
ussed.II. SINGLE-ELECTRON TUNNELINGSPECTROSCOPYA. Experimental SetupA s
hemati
 
ross se
tion of the devi
e geometry isshown in this �gure. The devi
es are fabri
ated as fol-lows. Using ele
tron-beam lithography and et
hing te
h-nique, sili
on nitride membrane 
ontaining a bowl-shapedhole is fabri
ated. Then the gate ele
trode is formed byevaporating Al onto the 
at side of the membrane. Next,�Ele
troni
 address: hongki�physi
s.utexas.edu

an aluminum ele
trode is formed whi
h �lls the bowl-shaped side of the membrane. Then a layer of nanoparti-
les is 
reated by depositing Al onto the lower side of thedevi
e. Due to surfa
e tension, Al nanoparti
les gatherto form small parti
les less than 10 nm in diameter. De-vi
es in whi
h tunneling o

urs via a single nanoparti
lejoining the two leads are sele
ted based on the measure-ment of a Coulomb stair
ase.In the single ele
tron tunneling spe
tros
opy, apply-ing a bias voltage between the two leads 
auses a tun-nel 
urrent to 
ow between the leads through the grain.In addition, the grain is also 
oupled to a gate so thatthe tunneling 
urrent 
an be in
uen
ed by 
hanging thegate voltage, whi
h tunes the ele
tostati
 potential onthe grain and thereby also its average number of ele
-trons. Therefore, the resulting devi
e shown in Fig.1 hasa stru
ture of single ele
tron transistor.
FIG. 1: S
hemati
 
ross se
tion of the single-ele
tron transis-tor [2℄. B. I-V MeasurementsIn an experiment the measured quantity is the 
urrentI through the devi
e as a fun
tion of the voltage di�er-en
e V . When V is varied on a large s
ale of tens of mV,the I-V 
urve shows a steplike behavior. The 
atnessaround zero voltage o

urs be
ause no 
urrent 
an 
owthrough the grain until it over
omes the 
harging energy.This phenomenon is 
alled the Coulomb blo
kade e�e
t.When V is varied on the mu
h smaller s
ale of afew mV around the threshold of the Coulomb blo
kaderegime and the temperature is suÆ
iently low, the I-V
urves have a step-like substru
ture (Fig.3). As V isin
reased above the threshold 
harging energy, an addi-tional resonant tunneling o

urs whenever the Fermi level
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FIG. 2: I-V 
urve of the single-ele
tron transistor at 4.2 Kshowing the Coulomb blo
kade region with I=0 near V=0 [3℄.
in one of the two leads mat
h the dis
rete energy statesof the parti
le. This means that the individual quantumstates in the grain be
ome a

essible to tunneling.Note that the energy s
ales of the 
harging energyand the mean level spa
ing are quite di�erent. Typi-
al 
harging energy is roughly raning from 5 � 50 meV,whereas mean level spa
ing typi
ally 0:02 < d < 0:3meV whi
h is mu
h smaller than the 
harging energy butmu
h larger than the thermal energy set by temperature(around T � 30 mK). Sin
e the two s
ales di�er by atleast an order of magnitude, it is easy to separate their
ontributions in the low-temperature I-V 
urves of thedevi
es.

FIG. 3: I-V 
urve of the single-ele
tron transistor at 320 mKshowing onset of 
urrent steps at voltages above the Coulombblo
kade where individual quantum states in the grain be
omea

essible to tunneling [3℄.

III. NONMAGNETIC NANOPARTICLESA. Experimental ResultsThe nanoparti
les in the tunneling experiment is nor-mally pure Al and the e�e
tive g fa
tor is the same with2 whi
h is the free ele
tron g fa
tor. The energy spe
trashows linear dependen
e on the applied magneti
 �eld.However, for several of the normal-state grains in theexperiments, the magneti
-�eld dependen
e of the ex
i-tation spe
tra showed marked deviations from the sim-ple behavior: g fa
tors di�ering from 2 were measuredand deviations from linear H-dependen
e in the form ofavoided level 
rossings were observed.The nanoparti
les in the tunneling experiment is nor-mally pure Al. In some of the devi
es however, the Alevaporation for the parti
les was interrupted and a thinlayer of gold was deposited 
orresponding roughly to a 4% of doping inside the nanoparti
le. These unintendeddefe
t or impurity 
an be identi�ed as the sour
e of thespin-orbit s
attering.Tunneling spe
tra of the dis
rete energy levels areshown in Fig.(4) at di�erent values of the applied mag-neti
 �eld for an Al parti
le whi
h presumably 
ontain-ing doped Au. The peaks in Fig.(4) have many featuresqualitatively similar to those in pure Al. As the appliedmagneti
 �eld parallel to the sili
on nitride membrane isin
reased, ea
h peak splits linearly into two at low mag-neti
 �eld.
FIG. 4: Tunneling spe
trum of dis
rete state resonan
es inthe sample, for a range of applied magneti
 �elds at T=55mK. [4℄.However, there are several features di�erent from pureAl parti
les. First, lets de�ne an e�e
tive g fa
tor su
hthat the energy splitting between Zeeman-split states is�E = ge��BH to linear order of in H . In normally pureAl samples, ge� = 2�0:05, whi
h is as expe
ted, be
ausespin-orbit s
attering is negligible in pure Al, and the free-ele
tron g fa
tor should apply. In the sample in question,ge� is signi�
antly less, and it varies from peak to peak,ge� = 1:84�0:03, 1:68�0:08 and 1:76�0:05 for the threeresonan
es in Fig.(5).Se
ondly, avoided level 
rossings were observed. Inpure Al parti
les with g fa
tors approximately 2, any de-partures from linear Zeeman splittings were not observed.For a sample without spin-orbit s
attering, this must bethe 
ase, be
ause there is no 
oupling between spin-up
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FIG. 5: Energies of the dis
rete ele
troni
 states within thenanoparti
le of Fig.(4). [4℄.and spin-down sates in the Hamiltonian. In 
ontrast, theZeeman splittings of levels 1" and 2# in Fig.(5) show a
lear departure from the linear behavior and the upward-trending 1" level undergoes an avoided 
rossing with thedown-trending 2#.B. Simple ModelAs mentioned in the previous se
tion, the presen
e ofspin-orbit s
attering within an Al nanoparti
le a�e
tsmeasurements of the dis
rete energy levels by redu
ingthe e�e
tive g fa
tor below the free-ele
tron value 2 and
ausing avoided 
rossings as a fun
tion of magneti
 �eldbetween predominantly spin-up and predominantly spin-down levels.These features 
an be understood by 
onsideringHamiltonian in the presen
e of spin-orbit s
attering.Let's write the Hamiltonian in zero magneti
 �eld asH = H0 +HSO (1)where H0 des
ribes all the spin-independent intera
tionsand HSO 
ontains the terms that 
ouple spin-up satesto spin-down states. Then, performing perturbation the-ory to the lowest order in HSO , the eigenstate n withpredominantly spin up is given byjn"i � ���n(0)" E+ Xm 6=n ���m(0)# EDm(0)# ���HSO ���n(0)" EEn �Em (2)and the e�e
tive g fa
tor for the eigenstate n 
an bewritten asgeff;n = g0 hn"j�z jn"ihn" jn"i (3)� g00B�1� 2Xm 6=n ���Dm(0)# ���HSO ���n(0)" E���2(En �Em)2 1CATherefore, ge� is redu
ed below the free-ele
tron valueg0 = 2 by an amount determined by the spin-orbit ma-trix elements whi
h 
ouple the state n to other stateswith opposite spin. Be
ause the energy eigenstates are

no longer purely spin up or spin down in the presen
e ofspin-orbit intera
tions, they respond more weakly to anapplied magneti
 �eld than pure-spin states, resulting inthe redu
ed g fa
tor.Note that for very small systems, the mean level spa
-ing be
ome larger than the typi
al spin-orbit matrix ele-ment so it is legitimate to treat the spin-orbit intera
tionas a weak perturbation. With larger systems, the energydenominators de
rease and eventually lead to the break-down of perturabation theory. However in the bulk limit,it 
an be shown that the relevant energy denominatorsare of the order of the bandwidth thus the e�e
t of spin-orbit intera
tions will be small though the mean levelspa
ing be
omes extremely small. Indeed bulk g-fa
tprs,in general deviate very little from the free ele
tron g fa
-tor. Therefore, the spin-orbit e�e
t is expe
ted to haveits strongest impa
t in the mesos
opi
 regime with meanlevel spa
ing 
omparable to or smaller than typi
al spin-orbit matrix elements.In order to analyze the avoided level 
rossing in Fig.(5),let's 
onsider only the lowest four levels and 
onstru
t thee�e
tive trun
ated Hamiltonian. To this end, the eigen-states n = 1; 2 in eq.(2) 
an be used as a basis whi
h arede�ned in the H = 0 limit with spin-orbit 
orre
tion in-
luded. It is now straightforward to solve this trun
atedproblem expli
itly and to �nd the energies as a fun
tionof the applied magneti
 �eld.IV. FERROMAGNETIC NANOPARTICLESA. Experimental SetupThe fabri
ation for ferromagneti
 Co parti
les is sim-ilar to that of nonmagneti
 Al parti
les and s
hemati

ross se
tion is shown in Fig.6. The top Al ele
trode isdeposited �rst so as to �ll a bowl et
hed through a Si3Ni4membrane with hole radius < 5 nm, and then a tunnelbarrier is formed by oxidizing Al. The Co nanoparti
lesare obtained by evaporation at room temperature of a Colayer. Surfa
e tension 
auses the Co to form ele
tri
allyseparate parti
les in the range of 1-4 nm diameter.B. Experimental ResultsFig.7 shows the tunneling spe
tra at the onset of 
on-du
tion for the �rst Coulomb threshold for three samples.Similarly as nonmagneti
 
ase shown in Fig.3, the tunnel-ing spe
tra for Co nanoparti
les show well-resolved peaksdue to tunneling via dis
rete ele
tron levels within ea
hparti
le.However, the tunneling spe
tra for ferromagneti
nanoparti
les are di�erent in several interesting waysfrom nonmagneti
 nanoparti
les. First, energy levels are
oupled to the dire
tion of the parti
le's total magneti
moment, su
h that the levels shift as the moment is re-oriented. Se
ond, the magneti
 dependen
e of the ener-
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FIG. 6: S
hemati
 
ross se
tion of the single-ele
tron transis-tor [5℄.gies show the same sign of the slope. Third, the energyspa
ing of the resonan
es is smaller than expe
ted in anindependent-ele
tron model, suggesting the importan
eof low-energy many-body spin ex
itation. Let's 
onsiderea
h point in detail.

FIG. 7: Tunneling spe
tra of three di�erent samples at T = 20mK and H=1 T. H is parallel to Si3Ni4 membrane [5℄.Unlike nonmagneti
 parti
les where the energy levelshave a simple linear dependen
e on H due to the Zeemanenergy, the levels in Co have a strong nonlinear depen-den
e on H for small H . Fig.8 shows the energy of the�rst three tunneling resonan
es of sample 1 as an exter-nal magneti
 �eld H is swept from negative to positivevalues and ba
k again along the dire
tion oriented 45from the easy axis. Starting from �0:45 T, the tunnelingenergies shift in a 
ontinuous manner and the magneti
moment of the parti
le relaxes toward its easy axis. Notethat at H = 0:23 T, all the levels show sudden jumps.We 
an interpret this jump due to the reversal of themagnetization in a single domain Co nanoparti
le.

FIG. 8: Magneti
-�eld dependen
e of the tunneling spe
traof several Co grains. Hysteresis shows the dependen
e of tun-neling energies on H at T = 20mK for sample 1 [5℄.The energy shifts with H are hystereti
 with respe
tto the dire
tion of the �eld sweep. These 
urves in-di
ate a signi�
ant 
oupling between the level energiesand the orientation of the magneti
 moment of thenanoparti
le. Therefore, the quantum states in a fer-romagneti
 nanoparti
le are not all des
ribed by thesame anisotropy-energy fun
tion that governs the groundstate, but anisotropy varies from state to state.At larger values of H , all the energy levels in
rease asa fun
tion of H with slopes that 
orrespond to e�e
tivege� fa
tors. Fig.9 shows that ge� fa
tors vary between0.8 to 1.9 and 
u
tuate quite strongly from level to level.Similarly as the nonmagneti
 parti
les, level dependentredu
ed g fa
tors 
an be understood due to the e�e
t ofthe spin-orbit s
attering.

FIG. 9: Tunneling spe
tra of three di�erent samples at T = 20mK and H=1 T. H is parallel to Si3Ni4 membrane [5℄.



5Also we 
an observe that all measurable transition en-ergies within a given sample have the same sign of theslope as a fun
tion of H . This is di�erent from results inAl for whi
h Zeeman spin splitting of ea
h orbital stategives rise to lines with upward and downward slopes with
omparable 
ondu
tan
e amplitudes and with a degener-a
y at H=0. Note that Co is not fully spin polarized(P � 30%) so both slopes would be expe
ted to o

ureven if in unequal numbers and with di�erent amplitudes.Finally, let's 
onsider the measured density of tunnel-ing resonan
es shown in Fig.7. The energy spa
ing be-tween tunneling peaks is somewhat less than 0.2 meV,mu
h smaller than the value expe
ted from the meanlevel spa
ing d for nonintera
ting ele
trons, between 0.75and 40 meV. One possible explanation is that ele
tronex
itations within a Co parti
le may in
lude low-energyspin waves in addition to the ele
tron-hole ex
itationsdue to the spin-orbit 
oupling.C. Simple ModelThe hystereti
 behavior 
an be understood qualita-tively in terms of a simple model Hamiltonian.H = �ge��B ~H � ~S �Km�BS2z=pS(S + 1) (4)where Km is an anisotropy energy per unit magneti
 mo-ment.

It in
ludes Zeeman energy with the total ele
troni
spin ~S and an easy-axis anisotropy energy in the z di-re
tion. We assume that the Zeeman and anisotropy en-ergies are suÆ
iently weak relative to the ex
hange split-ting between di�erent spin multiplets that the magnitudeS in the ground state remains 
onstant as H is varied.Then by diagonalizing the model Hamiltonian for a grainwith N or N � 1 ele
trons (and spin S or S � 1=2), thetunneling spe
trum 
an be 
al
ulated for spin in
reasingand de
reasing transitions, giving the qualitative agree-ment with Fig.8.However, this model fails to 
apture an important de-tail. The observed transitions shift as a fun
tion of mag-neti
 �eld with the same sign of the slope is still a mys-tery. In addition, the systemati
 explanation for thesmaller level spa
ing is still missing. A possible 
andidateis the 
ontributions of low-energy 
olle
tive spin-wave ex-
itations, whi
h 
an be estimated as � 0:1 meV and is
omparable to the observed energy level spa
ing.
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