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We propose a simple phenomenological model for an ultrasmall ferromagnetic grain, formulated in terms of
the grain’s discrete energy levels. We compare the model's predictions with recent measurements of the
discrete tunneling spectrum through such a grain. The model can qualitatively account for the observed
features if we assum@) that the anisotropy energy varies among different eigenstates of one graiii,) nait
nonequilibrium spin accumulation occurs.
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What are the properties of individual quantum states instudied nonmagnetic Al and Au graifts:
the electronic excitation spectrum of a nanometer-scale fer- (P1): Many more low-energy excitationsare observed
romagnetic particle? This is becoming an increasingly importhan expected: For all values of the magnetic field, the mean
tant question, since the size of memory elements in magnetigye| spacing isdy,e<0.2 meV. This is muctsmaller than
storage technologies is decreasing extremely rapidigd expected from the naive single-particle estimaﬁ,ﬁaj

particles as small as 4 nm are coming under investigation. _ - .
this size regime, the excitation spectrum becomlissrete ~4.6 eVisy or dmin~1.2 eV, (With $o=1250) for the

indeed, Gueon, Deshmukh, Myers, and RalpiGDMR),® majority- and minogitsy-spin mean level spacings near the
have recently succeeded in resolving individual quantunFerm' (.anergy of C3* _ . .
states in the spectrum of ferromagnetic Cobalt nanograins, (P2): In the s_mall-ﬂeld_ regime oH<0.2 T) ! d|scpn-_
using single-electron tunneling spectroscopy. They foundinuous hystere_tlc switching occurs at a certain switching
complex nonmonotonic and hysteretic energy level shifts 11€ld #oHsy (typically 0.1-0.2 T), due to a sudden change
an applied magnetic field and an unexpecaindance of " direction (henceforth called “reversa)’ of the magnetic
low-energy excitationsvhich could not be fully understood Moment. Moreover, thé4 dependence of tunneling reso-
within the simple models used for ferromagnetic nanograind2Nce energies has continuous nonmonotonic variations,
so fard? yvh|ch differ seemingly randomly from level to levéFig. 3

In this Communication, we propose a phenomenologica|n Ref..3, and Ref. J ! )
model for ferromagnetic nanograins that is explicitly formu- (P3: In the large-field regime |t[>[Hy,), the reso-
lated in terms of the discrete states occupied by the itinerarf}2Nce energies depend roughihearly on H, with _H.s_lopes
conduction electrons and capable of qualitatively explainingat aimost all have theame sigrfor a given grain; in par-
the observed features. The model is similar in spirit to thaticular, slopes of opposite signs due to Zeeman splitting of
advanced independently by Canali and MacDorldddt our ~ SPin-up and spin-down levéls are not observedFig. 4 in
analysis includes two further ingredients beyond thelirs:

Ref. 3, and Ref.
mesoscopic fluctuations of the anisotropy endigy, it may Point (P2 indicates immediately that an independent-
vary among different eigenstajesand (ii) nonequilibrium

electron approach to the energy levels is not sufficient, be-
spin accumulation.

cause the energy of a given state depends on the orientation
Experimental ResultsGDMR studied Co particles 1-4 of the magnetic moment produced by all the electrons within
nm in diameter. Assuming a hemispherical shape, the nunfh€ particle. We shall argue that also poiff) and(P3) are
ber of atoms in such grains is in the rang~20—1500 related to the many-electron spin structure within the par-
and the total spinsy~0.83N,,% thus is sy~17-1250. In ticle.

GDMR’s devices, a grain is connected to two aluminum Model Hamiltonian.We propose to model a nanoscale

electrodes via aluminum oxide barriers. Its tunneling conMagnet with discrete excitations by the following “minimal”

ductance consists of a series of distinct pe@ee Fig. 2 in Hamiltonian:H="o+ Hc+ Hexcrit Hzeet Hanis: WhereHc
Ref. 3, whose positions yield a set of tunneling energies of the Coulomb charging energy for a nanoparticle containing

the forn? AE;=EN“1—EN, each corresponding to the en- N €lectrons, and
ergy cost of some rate-limiting electron tunneling process U
[iYN—|f)N=1 onto or off the grain. Herdi )N denotes a dis- Ho=2, £iClsCior  Mexcr= — >
crete eigenstate, with eigenener&?‘, of a grain with N 7
electrons, etc.

As the magnetic field is swept, the resonances for Co Hzeem —NS,  Hans=— 2 2 KIS, )
grains undergo energy shifts and crossiffgig. 3 in Ref. 3, ab
and Ref. 7. The resulting tunneling spectra have severalwith h=g.xuguoH. HereHy describes the kinetic energy of
properties that differ strikingly from those of previously a single band of single-electron statgso), labeled by a

S-S, (1)
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discrgte i_nde>q' _and a spin. inde>q=(T_,1), with the spin 401 N — T T Skk=003] ! 530
quantization axis chosen in tredirection. The exchange, 30p-.... S |— Bky/ky=0.00 SRS
Zeeman, and anisotropy terneycn Hzeo and Hans are ok e T e Bkifk=003 | T T 20

functions of the level- spin operators S 210\./_' F 410
=13 ¢l o° /Cj, (Whereo® are Pauli matrices, witfa = ol 1 —o

<
o7 oo 1 ~ Lj': Fe o __
=X,Y,2), so thatS=%;S; is the total spin vectorHe,chis a < ok \\\ : /\—-10
rotationally invariant term which models the effects of an I RN 1 F i 10
exchange field and forces the system to adopt a nonzero tota §=1000 N 1L.---"""7" N7 20
ground state spin, sago. On account of this term, spins ) _30°=45_20 T e o S |
aligned parallel or antiparallel t¢S) may be thought of as hik, hik,,

forming “majority” and “minority” bands, which effectively
rotate rigidly together with the magnetization direction. We  FIG. 1. Tunneling energiedE; for Hzeet Hyni, plotted as

shall take the mean level SpaCingganEmm) near the re- functions of h/ky sweeping positive to negative, illustrating the
spective Fermi energies, and the exchange splitting of theffects of anisotr?\‘py fluctuationsk.. :fNerl— ky) for the transi-
Fermi energies,Ar=er ma—er.min (=2 €V for Co, as tlo?sNIrlom |si,s)™ to (A) [si—32,5—3)""" and (B) [si+3,5;
characteristic parameters of the model. The magnitudd of +3)

may then be estimated &$~Ar/sy, since stability of the
ground state spirs, implies' the relationAg=U(sq+1/2)
+dg, wheredy(~1/sp) is a small, grain-dependent energy

satlsfy|.ng (dmgj U/2)<d9<dm"‘ U/72. Hzee descr|b§s the spin wave multipletsince each can be viewed as a ho-
the spin Zeeman energy in an external magnetic fleld ,o0eneous spin wave. By creating additional single-particle
=Hz. Finally, Hanis models the combined effects of crystal- excitations, other, higher-energy multiplets can be built.
line, shape, and surface anisotropies, etc., in terms of a HeHowever, their eigenenergies lie higher than those of the spin
mitian, traceless tenspE . {;*= 0], which describes the en- wave multiplet|s,m)N by an amount which is at least of
ergy cost for rotating the various spirfﬁ. We split the order the_single—electron level spacing, i.e., rather large com-
tensor into an “average” and a “fluctuating” part by writing pared tod, [cf. (P1)]; thus the mechanism causing the ob-
Kf}bz Kab+ kf}b. The K23 part dominates since all levels served abundance of low-energy excitations, whatever it is,
contribute coherently, and, assumikig®x 1/Vol, it makes an  must have its origin in spin excitations, not purely in single-
extensive ¢\ol) contribution to the total energy. The sim- particle excitations.
plest nontrivial form that this term might take is a uniaxial ~ Anisotropy fluctuationd.et us first turn to the behavior of
anisotropy the tunneling resonances for small magnetic figtde(P2)].

The jumps at the switching field have been attributed to a

Huni=—kN(§'ﬁ)2/So. ®) sudden reversal of the nanoparticle’s magnetic morhent,

which occurs when the energy barrier between a metastable
wheren is the unit vector in the easy-axis directitat, say, State and the true ground state is tuned to zero by the applied
an angled from z) and ky(>0) is a volume-independent field. To illustrate how such jumps arise in our model, let us

constant. The fluctuating terkf” causes the total anisotropy (for simplicity) take the anisotropy to be uniaxigtq. (3)]

energy to depend on which single-particle levels are occudnd consider the case in which the changing magnetic field

pied. It is a different ingredient relative to previous models®Y r_otatéazs thehtotal Spin 'molznen.t, W'thIQUt changing its
of magnetic switching, which required only a single anisot-Magnitude” We have numerically diagonalizetdzeet Hun

ropy energy function for the whole system, as is appropriat@S @ function oh/ky for s;=1000 ands;=s;=1/2 to deter-
when only the ground state magnetic properties ard"ine the groung sta}te energies and_the correspond_mg tunnel-
pertinent'! ing energieAE;; (Fig. 1). The latter indeed show a jump at
Basis stateslt is convenient to use the eigenstates ofNsw. However, if we neglect anisotropy fluctuations by
H(K=0) to construct a set of “bare” basis states. SinceCh0o0singky=Kky. (Fig. 1, solid lines, the AEj; lines also
[1,5]=0, these states can be grouped into spin multipletfiave two urlsausfactory' featurgg; An upward(downward
jump in AEf;(h) as|h| increases paghg,/| is always fol-
lowed by a positive(negative largeh slope, whereas it is
observed experimentalle.g., Fig. 3a) in Ref. 3] thateither
upward or downwardumps can occur for states having a
n n given largeh slope; and(ii), beyond the switching field, the
B S>NEH cf H cf vac (4) depend_ence oh is monotonic(close to lineay, in disagreef
0T I T ’ ment with recent datéP3).” All attempts we made to explain
. ] ) y  suchbehavior by choices &P corresponding to more com-
is @ member of a spin multiplet ofs2-1 states,|s;m);  plicated than uniaxial anisotropies, or by higher order terms
x(S)*"M|s,s)y. Hereny, =N/2+s, andS_=S,~iS,is  such ask@"¢9s,S, S, Sy, 3 were unsuccessful.
the spin-lowering operator. F&t2°+ 0 (but still ki"’}b=0) the Now, the very fact that the field dependence of each reso-

true low-energy eigenstatgs,myN, are linear superpositions
of the bare states in the multiplés,m)d (with |s,m)N
—|s,m)} as|Ka|/h—07"). We shall call the statels,m)"

that are labeled by thei- S and S, eigenvalues, sag(s
+1) and m. For example, the bare ground state 7{/C
=0) for givenN, s, andh (>0), say
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nance in Refs. 3 and 7 differs so strikingly from that of all 5 5,713/2 B
others implies that the anisotropy energy fluctuates signifi- o6 L L ! 14
cantly from eigenstate to eigenstate, which we associate with — _
kii#0 in our model. Although the contribution of such ran- . Sy 1172 =
dom fluctuations to the total energy is nonextensive, their __ S5 5
effect on energylifferencesn which extensive contributions 5y°9/2 N
largely cancel, can be very significant. A detailed statistical sp4 <72 2 %
analysis of anisotropy fluctuations is beyond the scope of this 4 . =
. . $p3 s,-5/2 3
paper. Instead, we shall mimic the effectskﬂ?aﬁo by sim- <o 3 . s . 7
ply using two different anisotropy constants7,,, sayky ’%3/2 AW A A JGL 0
andky-,=ky+ k., for N- or (N=1)-electron statesky sl & 68 7 72747678 8 82

can be estimated from the switching fiddg~ wougH sy (Cf. Energy(meV)

Fig. 1) Y'e"?"”g kN%O.OlmeV?‘l Now, as |IIlustr.a.ted in Fig. FIG. 2. Nonequilibrium spin accumulation in a ferromagnetic
1, ok /ky in the range of a few percent sifficient to re-  panoparticle(A) Tunneling transitions can cause an energy ladder
verse the sign of the energy jumps agji Note thaték.  of states with different total spins to be populateg ¢lenotes the
#0 also causes the spectral lines to exhibit rather stronground state of the spis; multiplet, etc). (B) The corresponding
nonmonotonic “kinks” nearhg,,, whose amplitudes are of differential conductance as a function of energy, normalized by its
order sydk.. . Qualitatively similar nonmonotonicities have first maximum and calculated by standard meth(Rief. 21. [Pa-
indeed been observed recerthyith kink amplitudes on the rameter choices:h=0, Hays=0, s,=1000, AEgf=0, T

scale of a few 0.1 meV, in rough agreement veigdk .. for =80 mK, By,=0.4, a tunnel junction resistance ratio Bf /Rg
Sp=1000. - =0.1, and a Coulomb blockade threshold of 7 mg¥e sample 3

in Fig. 2 in Ref. 3; we neglected energy and spin relaxation and

Anisotropy fluctuations in the range of a few percent are ) ” .
not unreasonable in nm-scale devices. Calculations fozflssumed that charging transitions add minority electrons, so that

transition-metal clusters show that single spin flips can pro®Eres=dmn—U/2] No significance should be attached to peak
duce a significant change in the magnetic anisotropyi€ights here, since they depend @mknown tunneling matrix

energy'® and measurements of Gd clusters indicate that ang'€ments, which for simplicity were all taken to be equal.

isotropy energies can vary significantly for clusters differingenergy-increasing transition requires more energy than the
only by a single atom? applied voltage provides. As the voltage is increased, the
We now turn to the low-energy excitations observed intotal current(conductance may increase stepwiséshow
Refs. 3 and TPY). It is natural to ask® whether these might peaks when thresholds are crossed to allow higher-energy
correspond to spin wave transitions of the fofs,s;)y  transitions up the nonequilibrium ladder, thereby changing
—|s¢,ms)n= for different m; values. However, this does the occupation probabilities of the ensemble of nonequilib-
not seem to be the case, for three reas6indt can be shown rium states and opening new tunneling channels.
that only two transitions(namely |Sq,So)—|So* 1/25S0 In a ferromagnetic particle, in addition to the nonequilib-
+1/2)) have significant weight!” Resonances associated rfium occupation of single-electron states discussed previ-
with final states|s;,m;) that differ only in m; would (i)  ously for nonmagnetic particlé§ nonequilibrium spin exci-
have a spacing of orddq,(~0.01 meV), which is signifi- tations are possible, too, if the spin-flip raltg; is smaller
cantly smallerthan observed, and wouldi) exhibit asys- than the tunneling rat€y,,.*° In this case, a ladder of tran-
tematic increase in the magnitude of their slope|$; sitions [illustrated in Fig. 2A)] will occur between states
—my|) for high magnetic fields that was not observed inWwith different total spins, causing each to have a finite oc-
experiment. cupation probability and thus leading $pin accumulation
Nonequilibrium. Since the large density of resonanceson the grairf! Figure ZA) illustrates this for the simplest
(P1) cannot be explained by equilibrium transitiofreither ~ nontrivial case, namely a ladder of spin multiplet ground
single particle excitations nor spin wave excitatipnse  Statess,s).?” Figure 2B) shows the corresponding differen-
must explore nonequilibrium effects: In genenslielectron  tial conductance, calculated by solving a master equation for
states other than the ground state can be populated during tHee population of the states of the ladder. The resonance peak
process of current flow, and this may affect the experimenta$pacing 6E,.) and the number of peaks1£) for such a
tunneling spectrun®® Figure 2 illustrates the consequencesladder can readily be calculat¢dsing Eq.(2) of Ref. 4].
as applied to a ferromagnetic grain. Even if a first tunnelinghes depends on whether the charging transition adds/
event causes a “charging” transition from tHé-electron removes an electron to/from the grdio be distinguished by
ground state|G)N to the (N+1)-electron ground state an indexp==1), and on whether it is a majority/minority
|G)N=1, it may be energetically possible for the subsequenglectron(to be distinguished by an index=+1). One finds
“discharging” tunneling transition to return the particle to an 5EreS=Emm—U/2 fora=—1, andamaj— U/2 for «=1. Us-
excitedN-electron statda)™ instead of|G)™, provided the ing the model parameters estimated above \sifk 1000,
applied voltage is sufficiently largeV=EN—EX .2 Like-  the first quantity gives a spacing ef0.2 meV, as is ob-
wise, further charging and discharging transitions may allowserved. The second quantity is larget3.6 meV. A detailed
any of a large ensemble of states to be occupied at higher arzhalysis’ shows thatn..—1 equals the smallest integer
higher levels of an energy ladder, terminating only when arlarger or equal to
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2Etchresh_28 AEEP model for nanoscale magnets that treats magnetic interac-
A — o , (5) tions within a many-electron picture. Its parameters were es-
(Bp=B_p)(dmajt dmin— U) — a(dmaj— dmin) timated from bulk properties of Co or experiment, except for

. ) i ) . the total spins, and the strength of anisotropy fluctuations,
where B,=[1+C,/C_,]"" contains the ratio of junction \yhich were used as free parameters. The model offers a
capacnanges involved in procesgeand —p, AEgh, is the  framework for understanding recent experiments measuring
energy d|ffer$nchel between statéso+ap,So+ap) and  the discrete excitations of magnetic nanograins, provided
|S0.,S0), andE¢"**"is the threshold charging energgnergy  that we assume) anisotropy fluctuations of a few percent

of the first peak in the differential conductajcéhe predic-  peqyeen different eigenstates within the same nanograin, and
tion that nyes increases linearly withEc™" (Ref. 22 is in (i) nonequilibrium spin accumulation.

gualitative agreement with Fig. 2 of Ref. 3, and could be
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