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The presence of spin-orbit scattering within an aluminum nanoparticle affects measurements of the discrete
energy levels within the particle bil) reducing the effectivg factor below the free-electron value of 2)
causing avoided crossings as a function of magnetic field between predominantly spin-up and predominantly
spin-down levels, an€B) introducing magnetic-field-dependent changes in the amount of current transported
by the tunneling resonances. All three effects can be understood in a unified fashion by considering a simple
Hamiltonian. Spin-orbit scattering from 4% gold impurities in superconducting aluminum nanoparticles pro-
duces no dramatic effect on the superconducting gap at zero magnetic field, but we argue that it does modify
the nature of the superconducting transition in a magnetic figld163-18209)10731-9

[. INTRODUCTION weak localization experiments for disordered metal safiples
or, alternatively, by analyzing the form of the spin-dependent
For decades, systematic studies of the quantumeensity of states determined by tunneling between thin su-
mechanical energy levels of atoms and atomic nuclei haveerconducting films in a parallel magnetic fi€l&O interac-
provided an understanding of the forces governing these sysions are of fundamental theoretical importance because their
tems. Recently, it has also become possible to measure tipgesence changes the symmetry properties of the Hamil-
discrete “electrons-in-a-box” energy levels within semicon- tonian. For instance, the statistics of the energy levels in
ductor quantum dots and metal nanoparti¢i@sExperi-  chaotic time-reversal-symmetric quantum dots are predicted
ments have shown that different classes of forces and inteto change from the orthogonal distribution in the absence of
actions acting on the electrons inside these materials affeQO scattering to the symplectic distribution for a strong SO
the level spectra in distinguishable ways. Therefore, just agiteraction, with a corresponding increase in the strength of
in atomic and nuclear physics, the discrete spectra in thedbe effective energy-level repulsidh* Perhaps the most
condensed matter systems can provide a tool for understandramatic consequences of SO coupling in metals occur in
ing the interactions which influence electronic structure, unferromagnets, since the SO interaction underlies the phenom-
covering effects that are not clearly visible if the individual ena of magnetic anisotropy and the anomalous Hall effect.
guantum levels in the system cannot be resolved. The con- An analysis of the effects of SO interactions in metal
sequences of superconducting pairing interacfidnand  nanoparticles requires a somewhat different viewpoint than
more general electron-electron interactibhiave previ- for larger devices with a continuum density of states. Con-
ously been analyzed for the case of aluminum nanoparticlesidering basic symmetries, the Hamiltonian operator describ-
In this paper, we discuss spin-orif80) interactions, result- ing electrons within a metal sample does not commute with
ing both from accidental defects in the Al nanoparticles andhe components of the total electronic spin operator in the
from gold dopants. We examine how SO scattering affectpresence of the SO interaction. This means that it is not
both the energies of the quantum levels and the amount gfossible to construct a set of basis states which are simulta-
tunnel current which may be carried by each state. We finaheously eigenstates of both the energy &dThe discrete
that the magnetic-field dependence of these quantities magnergy eigenstates, through which electron tunneling occurs
be understood in a unified fashion within a simple model.in a metal nanoparticle, will thus necessarily be linear super-
The effects of SO scattering on the superconducting propeipositions of pure spin-up and pure spin-down states, with the
ties of an aluminum nanoparticle are also discussed. extent of admixture determined by the magnitude of SO ma-
The study of SO scattering within metals has a long hisirix elements. Because these discrete energy eigenstates de-
tory. The metal samples of the types traditionally examinedined in the presence of the SO interaction are in fact well-
are large enough that the electronic states effectively form defined energy eigenstates, the SO interaction does not lead
continuum. In this case, the quantity of primary experimentato any decrease in their lifetime. For this reason, the experi-
interest in SO studies is the rate at which SO interactiongnental quantities of interest in this paper will not be scatter-
cause the spin of an electron assumed to be initially in a puréng rates, but rather shifts in the energies of the electronic
spin-up or spin-down state to be scattered into continuunstates and changes in the tunneling current carried by the
states with opposite spin. This rate can be measured usirgjates-> Both of these quantities are affected by the extent of

0163-1829/99/6(8)/61379)/$15.00 PRB 60 6137 ©1999 The American Physical Society



6138 SALINAS, GUERON, RALPH, BLACK, AND TINKHAM PRB 60

selected based on the measurement of a ‘“Coulomb-
staircase” current-voltage cuni&ig. 1(a)].

Il. EFFECTS OF SPIN-ORBIT INTERACTIONS
7 ON DISCRETE STATES

1 (nA)

- Tunneling spectra of the discrete energy levels are shown
in Fig. 1(b), at different values of the applied magnetic field,
- for an Al particle in which we will identify the presence of
-100 -EI>0 0 50 100 spin-orbit scattering. This particle is nominally pure Al, but
we have also observed all the features that we will ascribe to
SO scattering in Au-doped particles. We speculate that the
source of the SO scattering in the nominally pure Al particle
is an unintended defect or impurity. Each peak indh&V
vs voltage spectrum corresponds to the threshold for electron
tunneling via a different quantum-mechanical state in the
particle, each with the same number of electr(gither one
more or one less than in thé=0 ground state of the par-
ticle). In order to convert from the voltage scale to the true
energy within the nanoparticle, it is necessary to determine
the ratio of the capacitances of the particle to the two elec-
trodes,C,/C,. This is measured most accurately either by
5 6 - - .
V (mV) comparing the positions of the tunneling peaks due to the
same state at opposite signs of bias voltage, or by measuring
FIG. 1. (a) Large-scale Coulomb-staircase curve for a tunnelingshifts in peak positions for superconducting vs normal-state
device containing a nm-scale Al particle 50 mK. Inset: Cross-  electrodes. The conversion factor from voltage to energy for
sectional device schematig) Tunneling spectrum of discrete state the data of Fig. (b) is eC,/(C,+C,)=€(0.53+0.01). A
resonances in the same sample, for a range of applied magnetigugh estimate of the volume of the particle can be made
fields, atT=50 mK. The curves are offset ihl/dV for visibility.  pased on the capacitances of the particle, determined from
Orbital state no. 2 gives small but visible resonances at Bow the SpaC|ng between Steps |n the Coulomb_stan‘case curve,
Small changes in offset charge occurred between the 0.1 and 1 ZV:e/Csmaller: 78mV. Together with the known capaci-
scans and between the 6dan T scans, shif_ting peak positions. The tance per unit area of oxidized aluminum tunnel junctions,
0.1 and 7 T scans have therefore been shifted along the voltage axis,g fF//.LmZ,lS and assuming a particle shape that is approxi-

to glve.the best fit to a linear dependence for pegk Dotted lines mately a hemisphere, we estimate a particle radius of ap-
are guides to the eye. . - : :
proximatelyr =3 nm for this device.

admixture of spin-up and spin-down components within the The peaks in Fig. (b) have many features qualitatively
energy eigenstates. An initial analysis of some of the result§imilar to previous studies of tunneling resonances in pure
we will discuss has appeared previougy_ Al. As the applled magnetic erICB), applled parallel to the
The measurements we describe were performed usinglane of the SN, membrane in the device, is increased from
tunneling devices containing an Al particle less than 10 nrdow-field values, each peak splits in two, and the energy
in diameter, connected to Al electrodes via aluminum oxidedifference between these pairs increases linearly ®ittat
tunnel junctions. A device schematic is shown in the inset tdow B [Fig. 2@]."® This can be understood as Zeeman split-
Fig. 1(a). The fabrication steps have been described in detailing of the energies of the predominantly spin-up and spin-
previously® An aluminum electrode is first deposited on onedown states associated with each orbital eigenstate. The ob-
side of an insulating silicon nitride membrane containing aservation of tunneling via both of the Zeeman-split states for
10-nm-scale through hole. The Al is oxidized to form a nm-the lowest-energy tunneling stateo. 1) indicates that the
scale tunnel junction near the base of the hole. A layer of Atunneling transition corresponds to a change from an even
nanoparticles is then formed on the other side of the memAumber to an odd number of electrons within the
brane by depositing 2.5 nm of Al, which balls up into small nanoparticlé. Within the uncertainties of the measurement,
particles due to surface tension. In some of the devices ddhe splitting is symmetric around the low-field resonance en-
scribed in this paper, the Al evaporation for the particles wa$rgy, with little shift up or down for the average of the
interrupted halfway through and a thin layer of gold wasZeeman-split peak. This indicates that the effect & on
deposited to give roughly a 4¥atomicg dose of Au inside the orbital component of the electronic energy is much
the nanoparticle. Since Al and Au are sufficiently miscible toweaker than on the spin component. This is not surprising,
form several intermetallic compoundfsand both have sig- due to the particle’s small size and disorder. Because any
nificant surface mobilities on the nm length scale, we expecteal nanoparticle will not have a spherical shape or a smooth
that the two types of atoms will be intermixed. When thesurface, the orbital angular momentum of the eigenstates will
nanoparticle deposition is complete, their surfaces are oxibe quenched to zero in the absence of an applied field. In this
dized to form tunnel junctions, and a thick aluminum film is situation, the correlation scale which describes the effect of
deposited as a second electrode. Devices in which tunnelirige magnetic field on the energy eigenstates is expected to be
occurs via a single nanoparticle joining the two leads areon the order ofbo+/6/E/r?, whered, is the flux quantum,

di/dV (uS)
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between spin-up and spin-down states in the Hamiltonian. In
contrast, the Zeeman splittings of the first two orbital states
shown in Figs. tb) and 2a) show a clear departure from
linear behavior, because the upward-trending level from the
first state (1) undergoes an avoided crossing with the
downward-trending level from the second state 2 The
third difference is that the amplitudes of the resonances for
2ol i the sample in question show unusual features. Whereas in
1l most Al particles the amplitudes of the resonances do not
L . display any significanB dependence, here the amplitudes of
the two levels undergoing the avoided crossing change dra-
matically, with the higher-amplitude resonance shrinking and
100F(p) . . T . 3 > the s_maller-gmplitude resonance growing in the avoided-
. * crossing region. The amount of current contributed by each
resonance is plotted in Fig(ld, where it can be seen that the
sum of the current increments contributed by these two reso-
nances is approximately constant.
50F  m n 7 All of these features can be understood by considering the
] Hamiltonian of the electrons in the presence of SO scatter-
4 ing. The theory behind the physics of tgefactor has been
N T considered previousR?'° Let us write the Hamiltonian in
0 A4 A 4 ! zero magnetic field as
0 2 4 6

B (TeS'a) H= Ho+ Hso, (1)

energy (meV)

me
> >
N

I (pA)
»
[
.‘: -

FIG. 2. (a) Energies of the discrete electronic states within thewhere Hgg contains the terms that couple spin-up states to
nanoparticle of Fig. 1, calculated by multiplying the voltage posi- spin-down states, anid, describes all the spin-independent
tions of the resonances by the capacitance rafy/(C,+C,) forces and interactions. We will neglect the effect of the
=e0.53. Dashed lines are extensions of the low-field linear depenmagnetic field on electron orbits, and assume that the sample
dence of the energies dh Solid lines show the result of the spin- ¢ontains no magnetic impurities. Lmn1> and|An¢> repre-
orbit interaction model, describing the avoided crossing betweerent the unperturbed eigenstatesHyf. Then, performing
levels 17 and 2, . (b) Magnitude of the current increments contrib- hertyrbation theory to lowest order Mg, the (not normal-

uted by each of the first three resonances for positive voltage bia&ed) eigenstates of the full Hamiltonian have the form
[Equal to the area under the peaks in Figh)1 Note the crossover
Hso|An1>|Am1>

in magnitude for the current increments associated with states 1 ( Am1|
a.nd ZL (I) nym) = A +
| n”1 > | nT> rr;n En_Em

2

dis the mean level spacing, afign~%ve/(2r) is the Thou-  The spin-orbit interaction causes the eigenstates to consist of
less energy scale for a ballistic samffleor a particle with g Jinear superposition of spin-up and spin-down states; hence
radius 3 nm the expected field correlation scale is approXithe notation “/” reflects that the eigenstate can be consid-

mately 30 T. Since this is much |al’gel’ than the fields Ofered at most predominant'y Spin up. The eﬁectg/mctor
interest in our experiment, throughout the paper we will asfor staten may be writter®

sume that the effect @ on the orbital eigenstates within the
particle is negligible, so as to concentrate on spin effects. (D | 0| P )|
There are at least three features of the data in Fi@s. 1 Oef,n=2 (D[ D)
and 2a) that differ from typical Al particles. First, let us e
define an effectiveg factor such that the energy splitting [ Am [HsdAnp)?
between Zeeman-split statesAE = g.ugB (to linear order =2 1—2n;n (E.—E)2
in B), whereug is the Bohr magneton. In over 80% of the nom
nominally pure Al samples we have examined previously(Evaluating this expression for the|" state gives the same
ger=2%+0.05, which is as expected, because SO scattering @nswer. The meaning of Eq3) is thatg.s is reduced below
negligible in pure Al, and the free-electranfactor should the free-electron value of 2 by an amount determined by the
apply® In the sample in question, howevey, is signifi-  extent to which SO matrix elements couple the stat®
cantly less, and it varies from peak to peak=1.84  other statesn of opposite spin. Because the energy eigen-
+0.03, 1.68-0.08, and 1.76:0.05 for the three resonances states are no longer purely spin up or spin down in the pres-
in Fig. 2(@). The second difference between this sample an@énce of spin-orbit interactions, they respond more weakly to
past measurements concerns level crossings. In pure Al paan applied magnetic field than pure-spin states. Next con-
ticles with g factors approximately equal to 2 we have notsider the nature of the matrix elemerf#,,|HsdAn)[%.
observed departures from linear Zeeman splittings wheDue to the chaotic and strongly fluctuating character of the
spin-up and spin-down levels corresponding to different orwave functions in a metallic nanopartiéiéhe magnitudes of
bital states cross as a function®fFor a sample without SO these factors will be strongly varying for different values of
scattering, this must be the case, for then there is no couplingt andn, depending on the details of the wave function over-

()
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laps at the positions of the SO scattering defects. Thereforéhat these terms will not be equal to 2. Instead, from Bg.
from Eq.(3), it can be seen that different energy levels in thewe should expect thaly;, and geyp, will be related to the

same sample may have different valuesggf, as we ob- total effectiveg factor by the relationship
serve. Because of the form of the denominator in the second

term of Eq.(3), we can also expect that matrix elements , 4|<al|HSO|bT)|2 .
which couple eigenstates nearby in energy will produce the Yeir = et (Ea—Ep)? 6)
strongest influence og.;. We will demonstrate an example ) ) o )
of this below. With d=0, Eq.(4) gives a very simple Hamiltonian, consist-

Let us now begin to analyze the variations in the levelind Of two separate 22 matrices couplingal ) to[bT), and
energies and the currents carried by the particular levels dial) to[bl). ) _
played in Fig. 2. To do this we will write explicitly the form _For a weak SO interactiof(a| [HsdbT)|<Ep—E,, the
of the effective Hamiltonian matrix for just the four energy €ffects of the interaction are easy to understand. Away from
levels associated with the first two orbital states, which weany degeneracies among the diagonal terms, the energy ei-
label agal), |aT), |bl), and|bT). The most convenient set genvalues will pe_apprommat_ely equal to the diagonal terms,
of basis states are those which diagonalize the spinfXCept for a shift in the effec_t|vg factor. When the Zeeman
independent part of the Hamiltoniah, together with all of ~ €nergies are such that two diagonal energies approach degen-
Hso except that term which couples statasand|b) to each ~ €racy, they will exhibit a simple av0|ded_ crossing of magni-
other. (With this choice, the basis states are already nofude equalto Ra||HsdbT)|, because this term couples the
purely spin up or spin down, so the arrows should hencefortWo states. Solving the Hamiltonian explicitiyith d=0),
be understood to mean predominantly spin up or predomithe model produces an t_axcellent fit fpr tBedependence of
nantly spin down. The SO interaction is invariant upon time the measured leveldFig. 2a], with the parameters
reversal. The most general Hamiltonian satisfying this sym@l[HsdbT)|=73%4 ueV, g¢;,=1.90+0.04, gg,=1.74
metry, including both ordinary potential scattering and SO* 0.04,Jgorpa= —0.03£0.04, andgopp= —0.10£0.06. The
scattering, and describing two Kramers doublets in the abdifference between the directly measurgdvalues ges 1
sence of an applied magnetic field (isith the above basis =1.84+0.03,gf,=1.68+0.08 on the one hand and the fit-

choice represented by the mattix ting termsges », Jefrp, ON the other is consistent with E6),
since 4(at|Hsdb|)|?/(E,—Ep)?=0.06. From this we can
E,, O d c see that the SO coupling between stdgsand|b) contrib-
0 Ey —c* d* utes approximately 40% of the reduction frayg;=2 for the
H=| ., ) (4)  orbital state 1, and 20% for state 2. SO coupling to other
d —c By 0 states must account for the remainder. The fact that we do
c* d 0 Ept not have the sensitivity to resolve any avoided crossing be-

tween the statesf2and 3 [Fig. 2(a)] indicates that the SO
The placement of the zero elements and the arrangement gfatrix element coupling these states is smaller than

the elements involving andd are required so that the Kram- (g | |Hgb1)|.

ers doublets are in fact degenerateBat0. The matrix ele- The changes in the amount of current carried by the reso-
mentd=(a||Hsgb|) couples states of the same spin, sopancedFig. 2(b)] can be understood by examining the man-
that it is equivalent to ordinary potential scattering for ourner in which the energy eigenstates are composed of linear
purposes. Without loss of generality, we can pick the orbitakyperpositions of basis states. Consider the two energy
basis statesla) and [b) so thatd=0. We identify ¢ gigenstateglowen and|uppeb) formed from superpositions
=(al|HsdbT). Because we are assuming that the orbitalof the avoided-crossing basis states) and|b|). By di-

states are not modified by a magnetic field, we take the maggonalizing the HamiltoniafEq. (4) with d=0], it is simple
trix elementc to be independent oB. The only B depen- g demonstrate that these have the form

dence then left in the problem is due to the influence of the

Zeeman energies in the diagonal terms of the Hamiltonian. [lowen = y(B)|al)+ n(B)|bl),
We write these Zeeman energies by including effective
factors,gL, for the spin and, simply for convenience in the lupped=—7*(B)|aT)+ y*(B)|b]), (7

fitting, we also allow a linear term,,ugB (Whereug is the
Bohr magnetonto model any shift in the average energy of
the Zeeman-split pairgWe will see that the fits givey,
~0.) With these assumptions, the diagonal terms as a fun

where the coefficientg(B) and »(B) depend orB as shown

in Fig. 3@. The key point is that, as the magnetic field is
varied in the avoided-crossing region, the relative contribu-
Sions of |aT) and|b|) to each eigenstate will change, and

tion of B are consequently the tunneling currents can be altered. This
, simple conclusion will be the topic of the next several pages
E. =Eat+|g +_geﬁ'a) B of discussion. The reason for an extended analysis is that the
al,| a orba— 2 BPs . .

magnitudes of the currents are determined by a process of
sequential tunneling across the two tunnel junctions in the
+géﬁ,b device, so that the measured current values are not simply a

Ebr,1=Eot| Gomp* 2 meB. (3 function of the tunneling rate into an individual energy

eigenstate. Instead, the current will be affected by all ener-
The termsgey, and geyp, Must take into account the SO getically allowed transitions within the device. In order to
coupling of statga) or |b) to all states except each other, so deal with this complication, the plan of our discussion is that
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2
1—‘L,upper:? 2 {|<¢electrodeT|HT|uppeb|2
¥ oin left
electrode

+ |< ‘/’electrodeilHT|uppeN2}- (8)

These expressions can be given in a more illuminating form
by writing |lower) and |uppe} explicitly as linear superposi-

B (Tesla) _ tions of the basis statdal) and|b|) [as in Eq.(7)]. The

. tunneling rates become

T T
(b} Slow relaxation assumption

2 1 FL,Iower:|7(B)|2rL,aT+|77(B)|2FL,bl1

5]

5

£ A FL,upper:|77(B)|2FL,aT+|7(B)|2FL,b1r 9
£ where theB-independent tunnel-coupling strengths for the

0 | l : basis states are

T (c) Fast relaxation assumption

.. 10 4 20

r FL,aTZTE |<¢electrodeT|HT|aT>|2a

© 4

g 5 1

TE) 21 )

2 0 FL,bLITE |<‘/’electrodei|HT|bl>| . (10

0 2 4 6 W
B (Tesla)

For values ofB well below the avoided-crossing range,

FIG. 3. (a) Magnetic-field dependence of the coefficients in Eq. ¥(B)~1, 7(B)~=0, and the rates for tunneling into the en-
(9), for the superposition of predominantly spin-up and spin-down€l'dy eigenstates are equallfg ,; andI', . Since in this
basis states occurring in the avoided crossing of levéladd 2/.  regime the total current passing through b resonances
(b) and (c) Markers: Tunneling rates for the energy eigenstates i Orbital state no. 2 in Figs.(t), 2(b)] is very small compared
the avoided-crossing region, estimated as discussed in the text usiit@ the [a) peaks(orbital state no. )i clearly these two rates
either Eq.(11) or Eq. (12), assuming that the relaxation rate of must be very different. A8 is swept through the avoided
nonequilibrium excitations within the particle is either slower or crossing region, the admixture of the two basis states within
faster than the tunneling rates. Lines: Fits using the predictions ofhe eigenstates changes, wit{B)| evolving gradually from
the spin-orbit Hamiltonian. Regardless of the energy-relaxationl to O, and #(B)| going from O to 1. This means that there
rate, the magnetic-field-dependent changes in the currents flowinghould be a gradual exchange of tunneling weight between
via the levels in the avoided-crossing regifffig. 2(b)] can be llowen and |uppep, with T'| jower €Volving from ', a 10
explained qualitati_vely_ by the change in tunneling rates expecteq~L by, and T’ per doing the reverse. Qualitativély, this
from the SO Hamiltonian. crossover behavior is apparent in the currents in Fiig). 2
we will focus first on the bare tunneling ratd, e, In order to attempt.a more guantitative treatment qf thel
r T andT for tunneling of an electron measured currents, it is necessary to analyze the relationship

L,upper R, lower: R,upper
between the energy eigenstatiswen and|uppeb) and the between the bare tunneling ratésliscussed aboye, and th_e
left (L) and right(R) electrodes. Later we will examine two value of the current that fesults from sequennal tunnglmg
different limits for calculating the total current through the across the two tunnel barriers. This requires a full consider-
device in terms of these bare tunneling rates. In either cas@lion of all the processes that can occur during current flow.
we will see that, despite the complications, the changes iNVhen the applied bias is larger than the level spacing, non-
the total current carried by a particular tunneling resonancéquilibrium electron distributions are produced within the
as a function of magnetic field can be related to the changinganoparticle during tunneling, and these can open new chan-
composition of the energy eigenstates in the avoidednels for electrons to flow?° The idea is shown in Fig. 4. In
crossing regiofEq. (7)]. Fig. 4@ we show the simple process of an electron tunnel-

For the high-resistance barriers used in the experimening from the left electrode to an empty level on the particle,
the bare tunneling rates between either of the electrodes anhen the voltage across the device is sufficient to supply the
energy levels in the nanoparticle can be written in terms othreshold tunneling energy. Due to electrostatic interaction
matrix elements of a tunneling HamiltoniaHt which  with this additional electron upon its arrival, the lower-
couples states in the electrodes to the energy eigenstatesergy electronic states already filled within the particle can
Since tunneling of a spin-up electron from the electrode ige shifted up in energy to the positions drawn. If the applied
necessarily incoherent with respect to tunneling of a spinvoltage needed to initiate tunneling is larger than the level
down electron, we have for the left junctigfor the right  separation between states, one possibility for the next step in

junction the equations are simijar the tunneling process might be as shown in Fidp) Awhere
5 an electron tunnels out of one of these lower-energy states to
7T B . - .
r - H-llowen 2 the right electrode, leaving an electron-hole excitation on the
Lilower™ 7 wl%eét tKetectoger [ Hl ) particle. After this, the excited electron might relgiig.
electrode

4(c)] before the next electron tunnels onto the particle. Al-
+ [ Yelectrode | H | lowen) 2}, ternatively an electron may tunnel from the left electrode
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simplification, because the probability for occupation of any
quantum level accessible by tunneling will be the same. If
the voltage bias is such thithidden levels an¥l originally
empty levels participate in tunneling, the total current that
results atT=0 is, by solution of an elementary set of rate
equations, for positivé+) and negativeé—) bias,

| eM(N+1)(NT_ ,+=M T )
MNET (N+M)(N+1+xM)

eM(N+1)(NI' p+=M,T )
N = T N MY (N 1 M7

(11)

Within the model, we can determine the values for the four
free parameterdl, x, I' ,, andI'| ; (the tunneling rate into
the lowest-energy initially empty orbital state at low field

: : from the four low-field 8=2 T) values of the total, cumu-
nto the holeg Fig. 4(d)]. All of these processes, and all other "~ . ;
! &Fig. 4d)] b lative currents flowing at thefland 1 thresholds, for posi-

energetically allowed transitions, will contribute to the value : . - > )
of the current that results when the voltage is turmned abovive @and negative b'a5-|1,N,+jﬁ)|ll,+_9-6X 107 A,
the threshold required to initiate tunneling in Figay4 The IZVNY+:A|}1Ti++AI 15,+=1.41x10 A TN =40y -
lower-energy, initially filled states can contribute to the cur-=6.6x10 _mA' and . lon,~=Alyy, - +Al -
rent even though they are hidden in the sense that they do ngt1-19<10 ™ A. Because of time-reversal symmetry we
produce tunneling thresholds of their own. In general, to cal€@n assume thdt =TI | for smallB. The results for the
culate the total current, one must solve a full master equatiofPUr  free parameters ~areN=24, x=2.0, '\ y=9.4
which takes into account the rates of all the allowed transi-< 10°S %, andl’, ;=1.01x10s™%. The fact thaN is not an
tions, including the hidden levels. The parameters enterindlt€ger may reflect the weaknesses of the assumption that the
the calculation are the number of hidden levels, the tunneling@lio X=1"_/I'r is the same for all the quantum levels and/or
rates between each level and the left and right leads, and tfiB& assumption of slow relaxation. Employing these values
relaxation rates for the different allowed excitations within@nd the measuregpositive-bias current increments for the
the particle. avoided-crossing states shown m_Flgb)Z we can then in-
For samples of the sort investigated in Figs. 1—3, whichvert Eq.(11) (for M=2 and 3 to estimate the bare tunneling
do not have a gate electrode that can be used to adjust thateSl' iower@NdI'L pperover the whole range d from 1 to
number of hidden states, the measured data are not sufficieft!, With the results shown in Fig (8. o
to fully determine all of the parameters required to describe [N the same way we can consider the fast-relaxation limit,
the currents quantitatively. However, progress can be mad® Which the electrons in the nanoparticle relax to their
with some simplifying assumptions. One particular difficulty lowest-energy state between all tunneling events. The solu-
is that we do not know how the relaxation rate for excitationstions to the rate equations are
within the particlefe.g., Fig. 4c)] compares to the tunneling M
rates in this sample. The predicted order of magnitude for the e(l' 1+ NI p)(Zi2,0 )

FIG. 4. (a)—(d) Some of the allowed transitions contributing to
the magnitude of the current flowing at a tunneling threshold.

relaxation rate due to electron-phonon scattering fss18° M’N'+:FL,1+ NI +x(SM T )]

less than the tunneling rates we will determine, but only by

about a factor of 10. Allowing for some uncertainty in the | B e(l' ;+ NFL,h)(Ei'Vl:lFL,i) 1
theory, we will consider both of the two simple limits—that M,N,——X[FL1+ NFL,h+(2i'\A:1FL,i)/X] . (12)

the relaxation rate is either much slower or much faster than
the tunneling rate. The following discussion should not beln this case there are just three parametéls;, x, and
considered a quantitative determination of tunneling paramNI", i, which can be determined from tie=2 T values of
eters, but it will serve to illustrate the way in which the I1n =41 +, lon+=Alg +Al ., and Iy -
measured changes in current increments as a functidh of =Al;; _ as I'| ;=9.3X 10°s™l, x=1.96, and NIy
can be linked to the bare tunneling rates. We also invoke=2.4x10°s 1. These parameters, together with E{2),
three other simplifying assumptionét) that the number of predict a value of 1.1810 A for I,y _=Aly
hidden states stays the same over the range of voltage anldAIla,_ , in good agreement with the measured value 1.19
magnetic field analyzed in Figs(d and 2,(2) that the ratios %10 ' A. We can then invert Eq12) using the measured
I i/Tr;, for the tunneling rates from quantum leveb the  current increments of the avoided-crossing states in Kig. 2
left and right electrodes, are all the same, &j)dthat for all  to estimate the tunneling ratd§ ouer and I' pper in the
hidden states the tunneling rates to the left electrode ardast-relaxation limit[Fig. 3(c)]. The differences between
identical=I" ,. We definex=I"_/I'g. These assumptions Figs. 3b) and 3c) reflect to some extent the degree of un-
reduce the free parameters in the problem to a tractable nungertainty with which we can estimate these bare tunneling
ber, but we make no rigorous claims as to plausibility. rates.

We first consider the slow-relaxation limit, in which we  We see from both Figs.(B) and 3c) that the crossover
can ignore all processes of the sort pictured in Fig).4n  observed in the magnitude of the current increments for the
this limit, the second assumption listed above leads to a gre@ivo avoided-crossing states can be related to a crossover in
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This is characteristic of odd-to-even tunneling in a supercon-
ducting particle. The energy gap reflects the large difference
in energy(approximately twice the superconducting gap
required for the tunneling of an electron to reach the ground
state of an even-electron superconductor in which all elec-
trons are paired, versus the first-excited state containing two
unpaired quasiparticlésThe two samples display qualita-
0.03T tively different behavior in a number of respects, however.
. One difference is that the resonance peaks in the Au-doped
0.5 10 15 50 25 sample are somewhat broader. We believe that thisots
energy (meV) related to the impurities, but is instead an effect of nonequi-
librium distributions of electrons on the islafid excited by
2.0 (b) 7T a source-drain voltage three times larger than what is needed
to overcome the Coulomb blockade and initiate tunneling in

1.5W Fig. 5(a). Similar broadening could also be observed for the
W particle in Fig. %b) (see Ref. 5, Fig. ¥ when a gate voltage
1 OW was used to shift the tunneling spectrum to comparable val-
' ues of the source-drain voltage. The device in Fig) Bad
os W no gate.
' W[\//\/\/\/\\m We will focus instead on the differences in the magnetic-

el 0.03T field dependence of the data in Figga)5and 3b). For the
0.0  JE Lt ] 1 . . .
0.0 0.5 10 15 20 pure Al superconducting nanoparticle, the primary effect of a
energy (meV) magnetic field is to produce linear shifts corresponding to a
Zeeman spin splitting withy.s=2+0.05%? The gap in the
FIG. 5. (a) Tunneling spectrum for an Al particle containing 4% spectrum decreases linearly due to the difference in Zeeman
Au impurities, for a sequence of magnetic fields from 083 in  energies for the ground and first-excited states of the super-
1 T incrementsT= 15 mK. The particle exhibits a superconducting conductor, until it goes to zero at about 4 T. Models of
gap for odd-to-even electron tunnelingp) Comparison data for a superconductivity in small particlé%z“ relate this crossing
pure Al particle, from Ref. 5. The curves are artificially offset for \ i, the superconducting critical field, because the extent of
visibility. electron pairing correlations drops abruptly at this point, al-

) _ ~though fluctuation-induced effects of attractive electron in-
the bare tunneling rates, of the type predicted by the spingeractions may persiét.In contrast, all the resonance ener-
display fits to the SO model result, E(R), with only two  sjgnificantly less sensitive to an applied magnetic field. In-
adjustable parameters, ,;, andIl', , , which simply set  stead of Zeeman splitting with.s=2, the ground and first-
the B=0 values of the tunneling rates. For the slow-excited-state transitions move at Idvwith slopesges 1/2
relaxation limit theB dependence of the tunneling rates is g —0.41+0.03 and — Qe 2/2+ Jorp, .= — 0.27+0.03,
very well described by the SO formalism. In particular, ass ggesting values fage; in the range 0.5-0.8. Even at 9 T,
predicted by the model, the tunneling rates cross close 10 thge gap between these states has not gone to zero, indicating
same magnetic-field value, 5.4 T, where the avoidedy muych larger critical field for superconductivity in this
crossing levels have their closest approach. Also, the tunnekample than for pure Al. Similar increases in critical fields
ing rates well beyond the crossover regime are approXigye to the reduction in the effectiygfactor caused by SO
mately equal to theB=0 tunneling rates. Neither result scattering are familiar for thin films in parallel magnetic
holds for the current increments themselVB&y. 2b)], due  fields, and in other contexts where superconductivity is lim-
to the effect of the hidden levels. The agreement between theaq py spin-induced pair breakif§ At fields above 6 T, the
SO theory and the tunneling parameters estimated in the fas{iope of the energy vB curve of the ground-state transition
relaxation limit is not quite as close as for the slow-jn the Au-doped sample changes sigrith the energy de-
relaxation limit. This is consistent with the estimates in Ref.creasing with increasin@® at high field$, suggesting an

6 that the energy relaxation rate is®¥0*, an order of mag-  ayoided crossing with the higher-lying levels. The minimum

di/dV (uS)

di/dV (uS)

nitude less than the tunneling rates we determine. gap between the ground-state and first-excited-state peaks
corresponds to a SO matrix element of magnitude approxi-
27
Ill. EFFECTS OF SPIN-ORBIT INTERACTIONS mately 130ueV. , _
ON SUPERCONDUCTING NANOPARTICLES The presence of SO scattering must necessarily change

the nature of the superconducting transition in a magnetic

We next consider different samples, a larger Al particlefield. As we noted above for pure Al particles, the extent of

containing 4% Au impuritie§Fig. 5@)], compared to a pure superconducting pairing correlations is predicted to drop

Al particle of similar size showing no indications of SO scat- abruptly at the magnetic field for which the energy of the
tering [Fig. 5(b)].>* Because of their larger size, the meanfirst state that moves to lower energy with increasBg
level spacings in both samples are smaller than in the devic@neaning that it is a spin-1 tunneling stateosses below the
of Figs. 1-3, but nevertheless a large energy difference ienergy of the upward-trendingpin-0 ground state, so that

visible between the first and second peaks in both spectrét. becomes energetically favorable to break a Cooper pair. In
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contrast, in the particles with significant SO scattering, thesuperconductivity. However, the critical magnetic field for
existence of avoided crossings means that energy levels caihe destruction of superconductivity is increased. We also
responding to different spin states do not cross. Therefore thergue that with the presence of SO scattering, the supercon-
disruption of pairing correlations must occur gradually, asducting pairing parameter should vary continuously at large
the spin content of the particle’s ground state changes corfields, because SO scattering eliminates the simple level
tinuously in the avoided-crossing region. crossings which cause the extent of pairing correlations to

Notably, the magnitude of the superconducting gap at drop abruptly in pure Al samples. As a final remark, we note
=0 is not significantly affected by the presence of SO scatthat all of the results that we describe can be adequately
tering. Setting the difference between the ground- and firstexplained by treating the SO interaction perturbatively, and
excited-state energies equal td,2A~0.25 meV for the pure by ignoring the effect of the magnetic field on electron or-
Al particle of Fig. 5b), similar to previous value®€ and  bits. For samples with stronger SO interactions or with larger
A~0.26 meV for the particle with Au impurities. This simi- sizes such that effects of an applied field on the orbital states
larity is as expected, since SO scattering does not break timexe significant, a more sophisticated treatment would be
reversal symmetry and therefore does not interfere with sunecessary®

perconducting pairing. Note added in proofD. Davidovic and M. Tinkham have
recently observed factors reduced below 2 due to spin-orbit
IV. CONCLUSIONS scattering in Au nanoparticle§.
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