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We use a microscopic Slater-Koster tight-binding model with short-range exchange and atomic spin-orbit
interactions that realistically captures generic features of ferromagnetic metal nanoparticles to address the
mesoscopic physics of magnetocrystalline anisotropy and hysteresis in nanoparticle-quasiparticle excitation
spectra. Our analysis is based on qualitative arguments supported by self-consistent Hartree-Fock calculations
for nanoparticles containing up to 260 atoms. Calculations of the total energy as a function of magnetization
direction demonstrate that the magnetic anisotropy per atom fluctuates by several percent when the number of
electrons in the particle changes by 1, even for the largest particles we consider. Contributions of individual
orbitals to the magnetic anisotropy are characterized by a broad distribution with a mean more than two orders
of magnitude smaller than its variance and with no detectable correlations between anisotropy contribution and
quasiparticle energy. We find that the discrete quasiparticle excitation spectrum of a nanoparticle displays a
complex nonmonotonic dependence on an external magnetic field, with abrupt jumps when the magnetization
direction is reversed by the field, explaining recent spectroscopic studies of magnetic nanoparticles. Our results
suggest the existence of a broad crossover from a weak spin-orbit coupling to a strong spin-orbit coupling
regime, occurring over the range from approximately 200- to 1000-atom nanopatrticles.
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[. INTRODUCTION quantum statesn the discrete many-body excitation spec-

trum of single ferromagnetic metal nanograins with sizes in

Interest in the properties of magnetic nanoparticles haghe range from 1 to 4 nm. As in bulk ferromagnetic metals,
grown recently, partly because of advances in synthesis aritie low-energy excitations of the nanoparticles that were
measurement techniques and partly because of potential aprobed in these experiments involve both particle-hole exci-
plications for high-storage-density magnetic media and spiiations of the electronic quasiparticles and quantized collec-
electronics. Ferromagnetic nanoparticles with diameters of Hve excitations of the magnetization-orientation field that ap-
few nanometers containing of order of 1000 or fewer atomd€ars in the classical micromagnetic theory. In an initial
can now be reliably fabricated and studied with a variety of2{tempt to achieve an understanding of the novel physics
different methods:3 Small monodomain magnetic particles eV|d_en_t in the external field dependence of the expe_nmental

have traditionallf® been described using classiaaicro- ~ €Xcitation spectra, two of us receritignalyzed a simple

magnetictheory, in which the total energy is expressed as fuantum model with long-range exchange interactions. We

function of the magnetization orientation. Shape and magnev-\{ere able to demonstrate' explicitly that thg low-energy ex
Gitations of a ferromagnetic metal nanopatrticle are specified

tocrystalline magnetic anisotropy leads to a dependence ; - S ; i
energy on orientation, to barriers that separate minima thggy the occupation numbers of its qga3|part|cle orbltal_s, asin
S . . ! Fermi liquid,and by the global orientation of the aligned
occur ateasymagnetization orientatiorfsand to hysteretic spins of all single-occupiedand therefore spin-polarized
discontinuous changes in orientation as a function of they ;s This model is not, however, able to account realis-
strength of an external magnetic field. When the size of gicqy for the influence of spin-orbit interactions, which play
magnetic particle is only a few nanometers, the discrete nane essential role in controlling the complex hysteretic be-
ture of its quantum energy spectrum can be directly observhayior seen in these experimenhtsKleff, et al®°have pro-
able at low temperatures and starts to affect the magnetigosed that the single-electron tunneling spectroscopy experi-
properties of the particle. ments can be explained by accounting for nonequilibrium
A milestone in the experimental study ioidividual ferro-  spin accumulation and by assuming that the magnetic anisot-
magnetic metal nanoparticles was achieved recently byopy energy of a small magnetic particle has surprisingly
Gueon et al! Deshmukh,et al.” using single-electron tun- large fluctuations as a function of the number of electrons on
neling spectroscopy. By exploiting the Coulomb blockadethe particle. This assumption leads to a nontrivial magnetic
effect, these experimentalists were able to resoldévidual  field dependence of tunneling resonances that resembles ex-
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perimental behavior. More critically, these authors point outtions of the micromagnetic energy functional which appears
that if nonequilibrium spin and quasiparticle excitations bothin the classical theory of a magnetic nanoparticle.
occurl? the low-energy spectra are characterized by many Our paper is organized in the following way. In Sec. Il we
closely spaced resonances, consistent with experitient. introduce the model and describe the formalism. In Sec. IlI
Ref. 11 we presented a possible approach toward achieving¥e analyze the qualitative change in quasiparticle energy-
unified and consistent quantum description of both collectivdevel statistics induced by spin-orbit interaction, and discuss
and quasiparticle physics in magnetic nanopatrticles. the_conn_ecuon between the quaS|pgrt|c|e properties and mag-
The attempts put forward in Refs. 8—10 to develop anefic anisotropy of a ferrqmagnenc nanopample. Fluctga—
quantum description of ferromagnetic metal nanoparticles d§ons of the magnetic anisotropy as a function of spin-
not address the microscopic origin of the magnetic anisotSPlitting field, atom number, and electron number are
ropy and the fluctuations of this quantity that are a necessa?'ves"'gated in Sec. IV. Magnetic hysteresis and the external
consequence of spin-orbit interactions in mesoscopic sydleld dependence of quasiparticle energy levels are discussed
tems. This article addresses these issues and, more in gdR-Sec. V. Finally, in Sec. VI we summarize our findings and
eral, investigates the changes in magnetic properties of smalf€sent our conclusions.
metallic nanoparticles that occur because of the finite spac-
ing between quasiparticle levels near the Fermi energy. Our Il. MODEL
conclusions follow from qualitative arguments based on per- )
turbation theory expressions for the influence of spin-orbit W& model the nanoparticle as a cluster/éf atoms lo-
interactions on quasiparticle energy levels and on numeric@t€d on the sites of a truncated crystal. The numerical re-
studies of a simplified model that we believe is sufficientIySU“S we present here are for a cobalt cluster whose truncated

realistic to describe generic aspects of the interrelated meséEC Crystal is circumscribed by a hemisphere whose equator

scopic physics of quasiparticle energy levels and magnetili€S in thexy plane of the fcc crystdf:

anisotropy energy in ferromagnetic metal nanoparticles. We

are particularly interested in the variation of quasiparticle A. Tight-binding Hamiltonian and Slater-Koster parameters
energies with fields on the scale of the coercive field, which
is trivial in the absence of spin-orbit interactions, but entirely
nontrivial in their presence. The model we study is based o
a Slater-Koster tlght-blndlng H_amlltonlan _a”P' a me"’m'f'mdorbitals, with 18 orbitals per atom including the spin degree
treatment of exchange Interactions. Our aim is to und_erstan freedom. Nine orbitals per Co atom are occupied for in
the dependence .Of magnetic_anisotropy .and quasiparticlge ) nanoparticles. The full Hamiltonian is
energy-level-spacing statistics on particle size and shape, ex-

ternal magnetic field, and, with single-electron-transistor sys-

tems in mind, also on electron number. We find that, because H="Hpandt Hexcht Hsot Hzee- (1)

of the absence of strong correlations between angular mo-

mentum operator matrix elements and orbital energy differere 71, is a one-body term describing the orbital motion

ences, the sizes of spin-orbit-induced energy shifts in nanqyf the electrons. In second quantization, it has the form
particles and bulk perfect crystals are similar. On the basis of

estimates for energy shifts and for avoided crossing gaps, we

predict that a crossover from weak to strong quasiparticle _ i t .

spin-orbit scattering will occur over the range from approxi- Hba”d_iE,i 25 E DR RIS )
mately 200-atom to approximately 1000-atom nanoparticles.

We find that for small particles the contribution of individual
quasiparticle orbitals to the magnetocrystalline anisotrop

energy has a wide distribution, characterized by a varianc
comparab[el to the spln-orblt-sgatterlng lifetime broadenin st neighbors. The indiceg,, s, label the nine distinct
energy,itsg, and a mean that is smaller by more than twoatomic orbitals(one 4, three 4, and five ai). The spin
orders of magnitude. Surprisingly, we find no measurabledegrees of freedom Iébeled by ,the inde)doublie the num-
correlation between the contributions to magnetic anisotrop%er of orbitals at eéch site. It is useful for us to vary the
from quasiparticles that are close in energy in this limit. As a :

result of the statistical properties of the quasiparticle magipln-quantlzatlon axis, which is specified by a unit vector

netic anisotropies, the total magnetic anisotropy per atoni}(®,®) where® and® are the usual angular coordinates
fluctuates by several percent when the number of electrons i‘ﬂle.f'”ed with respect to the fcc crystal axes. The parameters
the nanoparticle changes by 1, even for particles containin,.«,s are Slater-Koster parametétoobtained after per-
260 atoms. Finally, in agreement with experiméhtye find ~ forming a Lovdin symmetric orthogonalization procedtfre
that the quasiparticle excitation spectrum exhibits a complexn the set of Slater-Koster parameters for nonorthogonal
nonmonotonic behavior as a function of an external magnetiatomic orbitals of bulk spin-unpolarized Cb.

field, with abrupt jumps when the magnetization orientation The electron-electron interaction term in Edj) is simpli-

of a nanoparticle changes discontinuously in response to thieed by introducing explicitly® only the ferromagnetic ex-
field. Our analysis provides insight into mesoscopic fluctuachange interactiori,,., between the electrons spins df

The model we use is intended to qualitatively capture the
hysics of a transition-metal, itinerant-electron ferromagnet.
e use as-p-d tight-binding model for the quasiparticle

M1 M2

wherec' andc are Fermion creation and annihilation opera-
ors for single-particle states labeled by:,s. The indices
j are atomic site labels, arttl’ couples up to second near-
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orbitals on the same atomic site. These interactions are R .
largely responsible for magnetic order in transition-metal fer- Hzee= _/'LBEi E , (m,8|(L+9gsSu',s"))
romagnets: oSS

>

+
'Hextci,,u,sci,,u',s’

Hexch:_ZUddZ Su.iSd,i» 3 Z_MBEi Hext'[ 2 (sl 9)el s
w8
Os +o-
where +72 Cl b sTssCius | - (6)
.88’
. . 1 . The extreme sensitivity of magnetization orientation to
S6i= 2 Su=2 52 G TesCius . (9 exteral tic field i bined effect of the collecti
d,i T 12 i,,57s,5'Ci s external magnetic field is a combined effect of the collective

e ped = ss! behavior of many electrons in a ferromagnetic nanoparticle
and the smallness of the magnetic anisotropy energy relative

The parametet) 44 in Eq. (3) determines the strength of the t0 the overall energy gain associated with ferromagnetic or-
exchange interaction and is set equal to 1 eV. This value off€"- The most delicate physics of a ferromagnetic nanopar-
Uqgq gives rise in our finite clusters to an average magnetidicle, and in our view the most interesting, is that associated
moment per atom of the order of«g, which is larger than With magnetization direction reorientation by weak external
the bulk value in Cd®in agreement with other calculatioris ~magnetic fields. Thus the interplay between the Zeeman term
and experimental resulfs'® for Co clusters. This value of and the magnetic anisotropy produced by spin-orbit interac-
Ugq is also approximately consistent with a mean-field relaions is at the heart of the physics we intend to address.
tionship, derived below, between band spin-splitting and

magnetization, using bulk valuesfor these two quantities. B. Mean-field approximation
In Eq. (4), 7 is a vector whose components, a=x,y,z are We seek a ferromagnetic solution to the mean-field equa-
the three Pauli matrices. tions for this model, decoupling the quartic term in the ex-

The third term in Eq(1), Hse, is a one-body operator, change interaction using the ansatz
essentially atomic in character, representing the spin-orbit
interaction. It can be written &% S.i=(Sai)+ 8, @)

ignoring terms that are second orderéiéd,i and determining
_ c &, o\t ground-state expectation valugs. . ) self-consistently. This
Hso=ta2 2 (wslL-Su’s)cl, s (O standard procedure leads tolg HarZ\iItonian that can be diago-
nalized numerically and to a self-consistency condition that
can be solved iteratively to determine the mean-field order
The atomic matrix elemenl(sﬂ,s“:-§|,u’,s’>z<i,,u,sllf parameters. For the present calcglation we _have_simplified
this procedure further, by averaging the spin-splitting ex-
change mean field,

o’ ss!

~§|i ,u',s") can be been calculated explicitly as a function of

the direction of the magnetizatidd.?* The energy scalé,,
which characterizes the coupling between spin and orbital . ~ Ugd =

degrees of freedom, varies in the range from 50 to 100 meV hi=hQ)=—-2(S; ), 8
in bulk 3d transition-metal ferromagnétsFor our calcula-

tions we have usedy=82 meV, taken from Ref. 23. Spin- gver all sites. Our motivation for doing so is to simplify the
orbit coupling gives rise to a dependence of the total energyhagnetic anisotropy energy landscape discussed below, forc-
of a ferromagnet on the direction of its spontaneous magnéng all spins to change their orientations coherently. We rec-
tization, an effect known as magnetocrystalline anisotfpy ognize that complicated noncollinear spin configuratiti%
with spin-orbit coupling the magnetization is partially orbital commonly occur in magnetic nanoparticles and that under
in charactét?°and is sensitive to orbital anisotropy due to the action of an external field small groups of atoms can
crystal-field interactions on an atomic site, due to the spatiathange their orientation relative to other parts of the nano-
arrangement of the atoms neighboring that site to which elegarticle. Complex magnetization reorientation processes are
trons can hop and due to the overall shape of the full nanoppyious in addition spectroscopy experimehBy forcing
particle that becomes available to an electron after manytoms to change their magnetic orientations coherently, we
hops?” We will see below that the hemispherical shape of theare restricting our attention to relatively large nanoparticles
nanoparticles we have studied plays the dominant role irqj\/a>5o) in which most atoms have parallel spins and to
determining their magnetic anisotropy energy. nanoparticles with simple bistable hysteretic behavior in
The last term in Eq(1) is a local one-body operator, which the physics we address will be easier to study. The
representing the Zeeman coupling of the orbital and spibeautiful series of detailed superconducting quantum inter-
degrees of freedom to an external magnetic flé|g;: ference device(SQUID) magnetometry experiments by
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Wernsdorfer and colleagus demonstrate that nanopar- than 10% of thel-band widthWy in bulk materials? allow-
ticles can be prepared that do have simple coherent magnig the energy shifts they produce to be estimated perturba-
tization reversal properties. tively. Because of angular momentum quenching in the ab-
By using a simplified model Hamiltonian we are able to sence of external fields, the expectation valuélgf is zero,
deal with larger nanoparticle systems than would be possibleven in case of ferromagnétsThe quasiparticle energy shift
with a first-principles calculatidi**2%3! since we are inter- due to spin-orbit interactions is given by second-order per-
ested only in generic aspects of the ferromagnetic nanopaturbation theory as
ticle physics, there is little to gain from the additional realism

that could be achieved by performing self-consistent spin- €s0=€ns— eg’S
density functional calculations.
i in-splitting fielt i 2 o KumolLlung - 7o o2
Given the averaged spin-splitting fiefld the mean-field (&) 3 WmsE1ns Ts' s 10
Hamiltonian is now a single-body operator T4 < 0o _ 0 '
ms#n €ns” Ems
a h-h 0 0 : : :
HMF(h):Hband+HSO+HZee+W(gsMB)2Na where |y, ) and €, ¢ are, respectively, the single-particle
dd

eigenstates and energies in the absence of a spin-orbit inter-
action. In small particles, the importance of the spin-orbit
—gs,uBﬁ- E 2§d'i . 9 interactions can be assessed by comparing the spin-orbit en-
! ergy shiftegg with the single-particle mean-level spaciag

The self-consistent spin-spitting field is also the field, de- In an infinite periodic solid only states at the sakare
noted byh* below, at which the total ground-state energy c0UPled and these are separated energetically by an energy
function E(ﬁ)z(HMF(ﬁ)) is minimized. Notice thag.sh* comparable to the bandwidiVy. In a nanoparticle a given

has the dimension of an enerav. In fact. in absence of state will be coupled to many other orbitals, but the coupling
; L . R 9y- N, . fhatrix elements will be reduced in accord with the following
spin-orbit interaction, @sugh* can be identified with the

band spin splitingh = €2, — €%, wheree2, and €2 are the rule:
majority- and minority-spin quasiparticle Fermi energies.
Diagonalization of the quadratic Hamiltonian yields a set of >\ |(y2 _[L|y0o)- 7o o >=(y2JL- L]yl H~4. (12)
quasiparticle energiede, s}, n=1,2,..., which in the s’ ’

ground state are filled up to a Fermi energy determined by
the number of valence electrons in the nanoparticle. Strictlyrhe estimate for the right-hand side of E@1) is based on
speaking, because of the spin-orbit interaction, the spin chathe atomic character of the angular momentum in our model

acter of the corresponding eigenstaltgg ;) is not well de- 514 uses thak - L~[5X6+3X2+1X0]/9, with the esti-
fined. For small nanoparticles, most eigenstates haree

dominantly spin-up or spin-down character and we
sometimes use this property to assign spin lalsel§ for
spins along the order direction aser | for reversed spins.

m#n

mate of the typicaII:~I: expectation value representing an

average oved, s, andp orbitals. It follows that, unless there

are important correlations between angular momentum ma-

trix elements and quasiparticle energy differences, the typical

shift in energy caused by the spin-orbit interactioneig,

I1l. SPIN-ORBIT INTERACTIONS AND THE MAGNETIC ~(§d)2/Wda in both bulk crystals and in nanoparticles,
ANISOTROPY ENERGY which is in the range between 1 and 10 meV. For example, in

The magnetic anisotropy energy of small ferromagneticc_o’ using&q=82 mgV andwWy~5 e\/, th|§ rough esnmate
particles has two fundamentally distinct origins: long-range 91ves for the magnitude of the spin-orbit energy skif,
magnetic-dipole interactions which cause a dependence ori1-3 meV. The sign of the shift might be expected to be
overall sample shape and short-range exchange interactioRgnSitive to the spacing of nearby quasiparticle orbitals. The
that, because of atomiclike spin-orbit interactions, are sens@nISOtropy energy—that is, the dependence of the total band
tive to all aspects of the electron hopping network includingEn€rdy on the magnetization orientation—is given to a good
bulk crystal symmetry, facet orientations, and also overalPProximation by a partial canceling sum of spin-orbit-
sample shape. We concentrate here on spin-orbit-inducdgduced energy shift dependences on magnetic orientation. In
magnetocrystalline anisotropy which gives rise to the mosth® approximation that the exchange field is orbital indepen-
interesting physics in ferromagnetic nanoparticles. Wherfl€nt, majority-spin and minority-spin orbitals are identical
magnetostatic shape anisotropy is important, it can be addeyd differ only in their occupation numbers. In this approxi-
as a separate contribution. We begin our discussion witf1ation there is no contribution to the anisotropy energy from
some qualitative estimates of the effect of spin-orbit interacdoubly occupied orbitals. Because of the cancellations, the

tions that are based on perturbation thegi# anisotropy energy per atom is mgch smaller thag. For .
example, the zero-temperature anisotropy energy per atom in

bulk is 60 weV for hcp Co and=1u eV for bcc Fe and fcc

Ni.® In a finite or disordered system, there will always be
In bulk 3d transition-metal ferromagnets, spin-orbit inter- perturbative coupling to quasiparticle states close in energy

actions are relatively weak. Their coupling strength is lessn Eqg. (10), but the matrix elements, which satisfy the sum

A. Perturbation theory considerations
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rule of Eq.(11), will be distributed among many states and
typical energy shifts in nanoparticles should generally be
comparable to those in bulk perfect crystals. Typically net
anisotropy energies per atom in small magnetic particles are
larger than the bulk because of the loss of symmetry at the
surface.

An important quantity used to characterize the strength of

20

[meV]

0
n,s

N i
<le, - & J>=2.7me

0 1000 2000
n

[meV] €,.-€
=]
(=]

spin-orbit interactions in bulk systems and large nanopar- Lz O . ke v
ticles is the spin-orbit scattering timey.>6~3%In the weak- T 20 T, - €0 J>=2.0meV:
coupling regime, it is given by Fermi's golden rule o T o0 200
n
2
ﬁ@é;@}) |<¢,21 S/||:| lﬁg o ;-S, 280 62 — 621 ol FIG. 1. Single-particle energy shifts caused by spin-orbit inter-
4 7 ' ' ' ’ ' actions in a ferromagnetic cobalt nanoparticle of 143 atoms. The
m#n single-particle mean-level spacing at the Fermi energySdis

12 ~4.3 meV.(a) Magnetization in the direction.(b) Magnetization
where thes function is understood to be broadened to ain thex direction.
width much larger than the level spacing. Assuming that
there is no correlation between angular momentum matrixetization is in thexy plane, consistent with the rough esti-
elements and orbital energy differences, it follows from themates above. We also note that there is not a strong correla-

sum rule mentioned above that tion between the sign of the energy shift and the energy of
the orbital.
. & Because of the spin-orbit interaction, each individual
ﬁTso’VEso’VWd- (13 eigenlevel has an energy dependence on the spin-splitting

field (or magnetization direction Q). To illustrate typical
The absence of strong correlations between energy diffefproperties of these dependences, we plot in Fig. 2 the varia-
ences and angular momentum matrix elements, a propertjon of a few energy levels around the Fermi level for cases
that we find somewhat surprising, has been verified numerin which the magnetization rotates in ta& andxy planes,
cally as we discuss below. The character of the nanoparticleespectively. In the absence of spin-orbit interactions there
quasiparticle energy spectrum changes when these intensiuld be no dependence of any of these orbital energies on
energy scales become comparable to the nanoparticle leveiagnetization orientation.

spacingo. Notice that the angle dependence in theplane is con-
siderably weaker than in thex plane, for the hemispherical
B. Numerical results for a Co nanoparticle nanoparticle we consider. This trend indicates that for our

nanoparticles, it is the overall shape which dominates the

. S ; ~spin-orbit-induced anisotropy physics. For this size cluster,
yut:ie a I_ramev(v)ork fqr thmkmg abogt lthe ef;fhectstﬁf S‘;"n'%rb'tlthere are many narrowly avoided level crossings, a point to
Interactions. Jur microscopic model, on the other Nand, al,picy we return below. The difference in eigenvalue sensi-

lows us to.explore realistic_magnetic.nanoparticle systems Ilﬂvity to magnetization rotations in the two planes is clearly
great detail. We have studied numerically nanoparticles CONisible in Fig. 3, where we plot the single-particle level

taining up to 260 atoms. Most of the results presented below " . o~ A A A
are for hemispherical 143-atom nanoparticles. The calcula@niSOtropiesen s(h;2) — ey o(n;X) and e, s(h; ) = en s(NYY)
tions have been performed with a R12000 300-MHz procesversus the eigenvalue index Hereh;*( andh; are the mag-
sor on an SGI Origin 2000 computer. Diagonalizations relynitudes of the self-consistent spin-splitting field when its di-

on LAPfACK drivers. A Slingle (:]iagonalization of thef Hamil- rection is alongx andZz, respectively. We note that the typi-
tonian for a 143-atom cluster has a running time of approxi- : . - A
mately 1 h, and requires around 750 Mb of internal memory.Cal change in orbital energy betweenand z direction

In Fig. 1 we plot the energy shifts caused by a spin-orbit

The qualitative considerations of the previous section pro

interaction for a hemispherical cobalt nanoparticle of 143 107 07 56:(\1)
atoms with a fcc crystal structure. For this nanoparticle size, = = A A
the minority and majority single-particle mean-level spac- 21065 A ————
ings at the Fermi level aré;~4.9 meV ands;~50 meV, & s ] g
respectively, when spin-orbit interactions are absent. The 1

0.6 10.6
0123456 0123456

single-particle mean-level spacing averaged over all states ® [rad] O [rad]
(i.e., without distinguishing between majority and minority
level§ is 6~4.3 meV at the Fermi levéf The spin-orbit- FIG. 2. Variation of a few quasiparticle energies of a 143-atom

induced shifts are both positive and negative and their absd}o nanoparticle as a function of the diArection of the magnetization
lute values go from 1 meV up to 10 meV. The average ab{}. The Fermi level is the dotted linéa) (} lies in thexy plane and
solute value of the energy shifts is 2.7 meV when thed is the angle with thes axis. (b) {) lies in thezx plane and® is
magnetization is in the direction and 2 meV when the mag- the angle with the axis.
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0.08

53
=

20} e ) -ensl D=2.0meV
0 1000 2000

Ens(B'E)- £n5(h*%)
el

-10

OO 0 10
a 3¢,  [meV]
<Jen s(h*K)-gn s(H )[>=0.4meV ’
0 1000 2000 FIG. 5. Distribution function of single-particle anisotropies in
the zx plane, de, =[ €, {(h*Z) — €,,s(h*X)], for a 143-atom nano-
FIG. 3. Single-particle level anisotropies in tkg andzxplanes  particle. The mean value (e, ) =15 neV; the width of the dis-
for a 143-atom nanoparticle. tribution (enclosed by the vertical dashed lines A(de, )
=2.9 meV.
magnetizations is only-30% smaller than the typical total

shifts induced by spin-orbit interactions. On the other hand _ . . . -
) ) ] ) - ~ to thek=0 value of the correlation function displayed in Fig.
the typical difference in orbital energy betweerandy di- 4 gjpgle particle anisotropies of groups of orbitals over

q/'vithin a specified energy range tend to be anticorrelated,

ing gpin-qrbit-indgced energy Shift'. A”. Ofb"‘?" engrgies_ areleading to typical averages smaller than the variance of the
relatively insensitive to the magnetization orientation W'thmdistribution. The large difference between the distribution

the xy plane. In both cases the correlation between posﬂmrgnean and variance will play an important role in Sec. IV B,

within the band and the sign and magnitude of the energ h di fluctuati f th isot
shift is weak. In addition, energy shifts at nearby energies ar? ere we discuss fluctuations of the anisotropy energy as a
unction of electron number.

weakly correlated. That is, the correlation function X e ,
The width of the distributionA(de,, s), gives a measure

£ns(h"%)- £0 5 (0" )

(Sen sOenins ) —{Oen o) of the average magnitude of the single-particle level anisot-
’ o ' A ropy, and the ratia\ (e, 5)/ 8 characterizes the strength of
Sens=€ns(N1€Q1) — €, 4(h505), (14 mixing between quasiparticle orbitals that results from spin-

orbit interactions. As mentioned previously, this identifica-
tion of weak and strong spin-orbit interaction regimes is
equivalent to the usual offe**based on a comparison of the
spin-orbit scattering timegg and the mean-level spacing
Whenérgpo/h>1, a limit achieved for small enough particle

where the averagg - - ) is over the occupied levels drops
to zero very rapidly withk, as clearly shown in Fig. 4.

It is useful to consider thdistribution of the quasiparticle
anisotropiesP(de, s). As an example, in Fig. 5 we plot the

distribution of - anisotropies in _ thezx plane, dep,s size for any value ofy, spin-orbit coupling is a relatively
=[ens(h*2) — €, s(h*X)], constructed with theN=9X A, d» SETITDR g
=9X 143 occupied single-particle states of a 143-atom nanoWeak effect and there is little mixing between spin-up and

particle. The distribution has a width—characterized by thespln-down states. As a consequence, the level crossings be-

root mean square—ai(éenvs)~2.2§§/Wd~2.9 meV and a twee_n states of predgmlnantly op_posng sans Ithat occur as a
_ 2 function of the magnitude and orientation lofwill be only
much smaller mean value of(de,s)=(e,s(h*2) . A . . :
h*s 1546V, N hatA( s o IY | weakly avoided. With increasing particle siz&,decreases
~ €n,s(N"X))~15ueV. Note thatA(de, ) is exactly equa and we enter the regime of a strong spin-orbit interaction and
strong level repulsion. The single-particle spectrum becomes

E 3 @ ) relatively rigid, level crossing will be strongly avoided, and
= 2| 6 will limit the variation of individual levels as a function of
- Mean value=0.45meV
“h1 the magnetization direction. Within our model we have
& 0 found that the crossover between these two regimes is very
X 0 5]? 100 broad, it starts for nanoparticles containing of order 200 at-
12 oms, and as we argue below, it will be completed when the
& ® nanoparticles contain approximately 1000 atoms. For a 143-
G 1 Mean value=0.29meV atom nanoparticle, we are already approaching the crossover
¥ 0 regime; we findA (e, ) ~2.9 meV while the single-particle
Z 70 50 100 mean-level spacing at the Fermi levelds-4.3 meV. In this

k regime level crossings will be moderately avoided.

FIG. 4. Correlation function of single-particle anisotropies as  1he typical size of avoided crossing gaps between oppo-
defined in Eq. 14. The correlation function drops immediately toSite spin orbitals in small nanoparticles can be understood by
zero fork>0. Note that thek=0 value of the correlation function the following argument. We first note that the unperturbed
is equal to the width of the anisotropy distribution, plotted in Fig. 5. orbitals satisfy the following sum rule:

094430-6



MAGNETIZATION ORIENTATION DEPENDENCE OF THE . .. PHYSICAL REVIEW B 66, 094430(2002

0.03 0.03 1
(a) (b) — = down-down
L 0.025 0.025 o === down-up
- = 05
o~ 0.02 0.02
—_ N o e,
A un BT T
2 0015 0015 >0 = '
Eg - 0 500 1000 1500 2000
% 0.01 A 0.01 R . = . .
) \ ¥ z — -
G 0005 0.005 = pgpteda (b) up-up
1 Im . === up-down
0 ol - 0.5 .
12 8-642 12 8642 & ..
2,2 o g .
|<n,s|H, |n';s">| “/ &, logarithmic scale ~ AL LTS,

. . . . . 0 500 1000 1500 2000
FIG. 6. Distribution function of spin-orbit matrix elements for a |s |/5

spin-polarized 143-atom nanoparticla,s) and|n’,s’) are single-

particle levels in Fhe ab_sence of a spin-orbit interacti(<m)1.|n,s_> FIG. 7. Average squared matrix elements of the spin-orbit inter-

anq n",s) .have like sp|n§;(b) n,s) and|n,—s) have opposite action vs energy difference for a polarized 143-atom nanoparticle.

SD'QS' S(?I'd and dotted Ilnes.are for the cases of nearby leve'Fh,s) and|n’,s’) are quasiparticle states without spin-orbit interac-

(lens—€n o|/6<3) andany pair of levels, respectively. tions. The four curves correspond to the four possible spin combi-
nations.

n,s'gn's'

> [(n',LIL-SIn, 1)2=(n|L_L|n))/4~2/3. (15  on external fields discussed below, to change in character
n’ when the typical matrix element becomes comparable to the
level spacing, i.e., when
The estimate for the right-hand side of Ed5) is based on 5
the same considerations leading to Efjl) and uses that 0.1455

L_L,~2/3 -L~8/3. If angular momentum matrix ele- SN,
ments between orbitals are not correlated with _the ENCT9% ur numerical calculations of guasiparticle spectra are con-
differences between these orbitals and the matrix elements'sistent Wwith using the conditiohr=1~ <= 8 as a criterion
are reasonably narrowly distributed, this sum rule can b g 7SO0 €50

used to estimate the typical matrix element. Expectation vaefor thestart of the crossover fo the strong-coupling limit and

ues of the angular momentum operators are zero because %‘F condition that the prical avoide_d crossing gap estimate
angular momentum quenching, and a finite fraction of thebe equal to> as a criterion fp:_:ompletmnof the crossover to
matrix elements vanish because of symmetries present in OfFrong—coupllng reIauye_Iy r|g|d spectra. For cobalt rl1anopar-
rather regularly shaped nanoparticles. Aside from these fe icles the later c_ondltlon IS reaghed_ for/,~2000; for
tures, we find numerically that correlations between matrixSmaller nanopartlt_:les, th_e quasiparticles ger_lerally have
elements and energy differences are too small to be clear Ome‘”hiﬂ weII-defmed_spln character, some Poisson charac-
observable. Figure 6 shows the distribution function we hav erin th_e|r spectral statistics, and complicated evpluyon pat-
obtained for matrix elements between opposite- and like-spife™S with external field and order parameter variations. For

states. We have considered both the matrix element distribl.ll"flrger nanoparticles, which we are not, however, able to

tion for closely spaced levels and the distribution for any pairStucjy numerically, we expect that quasiparticles will have

of levels, not necessarily nearby. The distributions are foun&trong_ly mixed spins and more rigid spectra with _smoother
to be very similar. Approximately 50% and 70% of matrix evolution patterns. All the ferromagnetic nanoparticles that

elements are zero for opposite-spin and like-spin cases, rdi€ are able to study here and many nanoparticles studied

: ; erimentally, are in the crossover regime. Note that since
spectively. Based on these numerical results and the suffP 5 t - :
rule, EqQ. (15, we estimate the typical value of °*Wa/MNa (£/(0N)*h7s5; the two conditions  differ

l(n',||Hsdn,1)|? as2 &3 divided by half the total number of quantitatively not parametrically. A
s, p, andd orbitals, 9V,/2. This implies a typical nonzero ~ The total ground-state energy of the partiéi¢h;, 1),
matrix element equal te- £41/0.14/\. In Fig. 7 we plot the ~Obtained by summing over the lowelstoccupied orbitals,
average square matrix element versus energy difference fordgpends on the direction of the self-consistent spin-splitting
143-atom cluster, obtaining remarkably precise agreemeriteld Q). In Fig. 8 we plotE(h3z) —E(h; Q) versus the angle
with this estimate provided that_ the energy differences argy patweenQ) and 2 (when Q) lies in the zx plane and
much smaller than thel-band width. The average square E(h'5) — E(h%O) h l&b b A and X
matrix element for like spin orbitals is approximately a factor ( xX)A (h3}) versus the ang etweens} and x
of 2 smaller, consistent with the type of argument presentefwhen () lies in thezx plang. From the figure we can see
above which would imply proportionality t(:n|L§|n> inthat that thexy plane is almost arasyplane for the model nano-
case. particle, except for a weak energy dependence which gener-
We expect the dependence of quasiparticle energies on thages four easy axes in the directionsX=y)/2. Again this
magnitude and orientation of the order parameter, and alsproperty reflects the large significance of the overall sample

(16)
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FIG. 8. Magnetic anisotropy energies for a 143-atom hemi-

spherl*ca}I nanoparticle. The dotted line rep[e§e!ﬁ1§(hiz) FIG. 9. Change of quasiparticle energies with increasing spin-
—E(hq )] vs the angled betweenQ*Aandz, V‘ih?”ﬂ isinthezx  gpjitting field || nearh* for a 143-atom nanoparticle. Here 200
plane. The black line represerftg(h;x) —E(h;()] vs the angle  |evels are shown. The Fermi level is the thick black line. The ver-
® between() andx, when(} lies in thexy plane. tical white dashed lines indicate the positions of the charge redis-
tributions displayed in Fig. 10. The vertical black dashed line cor-

shape. The four easy axis directions are remnants of the mabe_sponds to the self-consistent spin-splitting field.

netic anisotropy symmetry in bulk fcc ferromagnets. Group

theory considerations demand that a bulk fcc ferromagnet
have an easy axis in one of the directions perpendicular to So far we have considered only average values of the

the eight ¢c1,=1,+1) (Ref. 6 planes. In a hemispherical anisotropy constants. In ferromagnetic nanoparticles, how-

nanoparticle the fcc symmetry is partially lifted and the mag-ever, these quantities are also characterized by large fluctua-
netization is forced to lie in they plane. We can define the tions as a function of experimentally relevant parameters.

following two anisotropy-energy-per-atom constants: Anisotropy fluctuations are the topic of this section.

IV. FLUCTUATIONS OF MAGNETIC ANISOTROPY

*2 *n A. Charge-induced fluctuations as a function of the
E(h;2)—E(hix) 17) spin-splitting field

k(z,X)= v

~0.13 meV,
When spin-orbit interactions are included, all quasiparti-
cle eigenstates have mixed majority-spin and minority-spin
character. Our specific calculations, however, are for small
enough particles such that most eigenstates still have pre-
dominantly one spin character. It is convenient to use this

“predominant spin” to label the states when discussing their
c)(%ependence orhﬁ| or on an external magnetic field. In a

h Paramagnetic systenﬁ’(:O) in the absence of an external
field, there is a Kramer degeneracy that pairs up eigenstates
with opposite predominant spin character. The degeneracy is
(infted in the ferromagnetic state. Majority-spin states will
above. move down in energy while minority-spin states will move

We notice thak(2,%) for our nanoparticle idarger than ~ UP as|h| increases. Because of spin-orbit-induced level re-

the bulk anisotropy per atork, =60 weV, as one would pulsion, all of the level crossings are avoided; the levels
u ' . . ¢ . . .

expect because of the hemispherical shape of the samplevolve continuously withh|, gradually changing their spin

However, k(X,9) is actually smaller than ky,,. This com- and orbital character. In Fig. 9 we plot the variation of 200

parison should be regarded with caution, since it is knowrlévels as a function ofsug|h| neargsugh*=2.2 eV, for a
that accurate theoretical estimates of the magnetic anisotropy3-atom nanoparticle. The Fermi level is the thick black
for bulk crystals are very delicate and agreement with experilin€ lying in a region of predominantly minority-spin quasi-
ment values even in the bulk is still not completely particles(lines with positive slope By increasingh|, indi-
satisfactor§; we have not evaluated the anisotropy energyvidual majority-spin quasiparticle energigsegative slopes
that results from the bulk limit of our nanoparticle model andcome down from regions above the Fermi level, creating
it may well not agree with experiment. Nonetheless, theavoided crossing gaps as they approach minority-spin quasi-
small value that we find for the anisotropy in thg plane particles moving in the opposite direction. Since a 143-atom
might be connected to the puzzling finding, in bothnanoparticle is still toward theveak spin-orbit coupling
tunnelind and switching-field experiments on single ferro- limit, the level crossings will be avoided only weakly. When-
magnetic nanoparticles, of anisotropy energies per atom e@ver one of the majority-spin quasiparticles crosses the
factor of 5smallerthan bulk values. Fermi level, there is a change in the spin character of one of

E(h;x)—E(h}y)

k(X,y)= v

~0.01 meV. (18

As expected on the basis of the qualitative considerations
Sec. Il A, the anisotropy per occupied orbital is muc
smaller than the average single-particle level shif (ap-
proximately 200 times smaller in both casesie to cancel-
lations between positive and negative shifts mentione
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B. Mesoscopic fluctuations as a function of electron number

it ::::::(b) oA The analysis of the field dependence of tunneling reso-
A e L nances in experiments on magnetic nanoparticles suggests
T SR that the anisotropy energy fluctuates significantly from
eigenstate to eigenstaté.In Refs. 7 and 9 the effects of
these fluctuations were mimicked by using two different an-
! isotropy energy constanky, andky-,=ky+ ok for N- and
N (N=1)-electron states. By assumiag-- /ky in the range of
. a few percent, it was possible to explain the nonmonotonic
LS S s behavior of the tunneling resonances seen experimentally.
(2 ug IRD [eV] ' Within our microscopic model, we have calculatgegdand
ky+1 a@s defined in Eq917) and (18). In light of results of
FIG. 10. Relation between charge fluctuations and anisotropy ifpe type summarized in Fig. 8, it suffices to compute the total
143-atom nanoparticlga) Total charge fluctuation defined in Eq. energy for two different directions of the spin-splitting field

(19)_. Cha_lrge fluctuatio_ns of_ the order of one electron re_sult in fluc-and take the difference. The total energy for Nwlectron
tuations in the magnetic anisotroggs) Anisotropy energy in thex ¢ . litting fiel | A
plane vs the magnitude of the spin-splitting field taken as a fre?YSt€M, for spin-splitting fields along directiof ,i=1,2,
parameter. is given by

=)
[ R ]
o O

1

E(hz)-E(h%) [1eV/atom)
(=]

15 2
(g ng i [eV]

e (a)
INNRTIRRN
INNRTIRRN

3p ()

the quasipatrticle levels and the total spin of the nanoparticle AL N AL (hi*)2 )

increases approximately by 1. Due to the exchange interac- E(h7 Q)= Zl e Q) +55-Nay 1=12, (20
tion, such spin flips bring about charge redistribution inside " ad

the nanoparticle, which in turns gives rise to fluctuations in

the anisotropy energy. In Fig. (# we plot the total atomic whereh? is calculated self-consistently for a given fixed di-
site charge redistribution, WhehE|ﬁ|=>h+Ah, for Ah rection. The anisotropy-energy-per-atom constant is then

=12.5 meV,

N

PN ~ 1 * A *x\ * ) *
_ onit ol | 3, i) =i
8p(h) =25 [pi(h+Ah)=pi(h)|~ X | == Ah, (W2 (h2)?
1) — Ul

(19 + Tdd(gs’uB)z’ (21)

where p;(h) is the total charge at atom It is seen that \here the subscrigi emphasizes the fact that the constant
p(h) changes by 1 in the small intervlh=12.5 meV refers to anN-electron system. It turns out that the value of
where majority-spin quasiparticles weakly avoid crossing theh* depends very weakly ofd. For example, in a 143-atom

Fermi level.(Note that this is a charge redistribution, not ananoparticlelh{—h§|/h1~10*3. This property reflects the

change in total chargeThis result is not unexpected, since X ) :
g ge P large ratio between the total magnetic condensation energy

the majority- and minority-spin orbitals should have uncor- dth isot ¢ ticles. The st
related spatial distributions. The charge redistribution jsand e anisotropy energy, even for nanoparticies. 1he strong

likely overstated by our simplified model, however, since itcoumeg dbe:)ween amplltu<|je %nd orlentﬁltlcr)]n qur;tugt|ons
does not account for long-range Coulomb interactions an entioned a Ok;/et oceurs on y.\t/v e”gsma (; ange e"ab? |
related screening effects. It is, however, still a relatively© & €roSSINg between majority= and minority-spin orbitals.

small ~1/N effect. The anisotropy energy fluctuations asso-EvaluatingE(h{};) ath=hj=h;+ sh*, expanding in pow-
ciated with the level crossings that occur as a functioh,of ers of sh*/hj, and remembering thd, minimizesg(h(}3)
shown in Fig. 1Qb), are much larger in relative terms. The yields

variation inh corresponds to the variation in the amplitude of

the magnetic order parameter. In micromagnetic modeling of

N
nanoparticles, it is implicitly assumed that the magnitude of AA * ) * * ) *
the order parameter is fixed and that this collective degree of Kn(€21,022)= { 2 en(hi0])- E”(hlﬂz)}
freedom can be ignored in modeling nanoparticle properties. )
N [ sh*
Wl e
tuations of the order parameter can be strongly coupled in 2
small magnetic nanoparticles. Related anisotropy fluctua-
tions as a function oélectron numbeare important in un-  for any N.
derstanding the addition-potential-spectroscopy single- Adding an electron to the system changes the magnitude

The substantial dependence of anisotropy energy omat
we find demonstrates that the amplitude and orientation fluc- +0

electron-transistor experimehtahich are the topic of the of the spin-splitting fieldh—h/", but again|h{ —h{|/h}
next section. <1. Thus we obtain
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FIG. 12. Anisotropy energy as a function of nanoparticle size
FIG. 11. Relative shiftok.. /ky=(kn+1—ky)/Ky Of the anisot-  for two values of the spin-orbit coupling, . A splitting field of 2
ropy energy constarity(z,x), when the electron number increases €V is assumed for all sizes.
by 1, N—N+1, as a function of spin-splitting fielda) 260-atom
nanoparticle.(b) 143-atom nanoparticle. The self-consistent spin-atom and a 260-atom nanoparticlEor a 143-atom nanopar-
splitting field ish*~2.2 eV for both a 143-atom and a 260-atom ticle the calculated anisotropy energy fluctuations are of the

nanoparticles. order of 20%. For a 260-atom nanoparticle the anisotropy
energy fluctuations are smaller, but still close to 5%.
kno1(Qq,05) We can understand the surprisingly large fluctuations in

anisotropy energy with particle and electron number by the
N+1/[sh*\? following observations. Our numerical resulsee Fig. 3 and
N h Fig. 5 indicate that the contribution of a given orbital to the
a 1 anisotropy energy is chosen essentially at random from a
(W2 Q%) — ey, 1 (h2003) distribution which, for zx-plane anisotropy, has a width
N+1 7 N+l 2 A(Sen ) ~2.264/Wy~2.9 meV and a much smaller mean
a

value (8€ns)={€ns(N*2) — € s(N*X)) = Nokn(Z,X)/N

sh*\ 2 ~15 peV, whereky(z,X)~0.13 meV. The relative change

h (23 in the anisotropy energy expected when one additional or-
1

bital is occupied |s~43§ /W, /[kn(Z,X)N,], which can
Replacing easily be larger than 1% fo¥,<1500.
We expect a strong level repulsion in the rigid spectrum
ent1(hiOD) —en1(hiQ3)  A[Sens1(0q,05)] of larger nanoparticles to be accompanied by a more regular
N, ~ N ) behavior of the anisotropy energy per atom, with smaller

(24) variations as a functioh*, and electron number. We note
L that fluctuations in the contribution of a given orbital to the

whereA[ dey.1(£21,(2,)] is the width of the distribution of  anisotropy energy should not exceed, which vanishes in
the single-particle anisotropies in plane containing the twahe limit of very large particles. We expect that the distribu-

N+1

E en(h1 Q) — e,(h1Q3)

+0

1
Na| 7

~ ~ €
=kn(Qq,Q,)+

N+1

+
ONa

directionsQ; and{},, we finally obtain tion function of contributions to anisotropy from orbitals
near the Fermi energy to become narrow wideis smaller
A A A[56N+1(Q1,Qz)] than the average anisotropy energy contribufiato ueV.
Kn+1(21,02) ~Kn(Q1,0Q5) + N : This condition is satisfied for particles containing more than
a 25 10° atoms.
The fluctuations oky due to an additional electron are there- C. Anisotropy energy dependence on particle atom
fore of the order ofA[ den.1(£21,Q2) /N, and are regu- number and shape

lated by the mean-level spacm@; which suppresses the We conclude this section with a few remarks on the de-

magnitude ofA[ dey.1({21,(2,)] at large nanoparticle sizes nendence of the magnetic anisotropy energy on nanoparticle
as we discuss below. For a 143-atom  dot,sjze and shape. In Fig. 12 we plot the anisotropy energy per
A[Sen+1(01,0,)]~2.9 meV in the zx plane, where atom for nanoparticles of different sizes. For a small number
kN(2,§)~0_13 meV. Therefore 5ki/kN(ZvX) of atoms(below 6Q the anisotropy per atom is very large
=(1/Na)A[5EN+1(Ql,Qz)]/kN(i,i)“ﬁ%- These esti. and decrease_s rap|dly Wlth_ size. In this regime, nonextensive
: . . ~a surface contributions, which are present because of the
mates are confirmed by a direct calculationkgf(z,x) and abrupt truncation of the lattice, are clearly playing a domi-
kn+1(2,X) for 143-atom and 260-atom nanoparticles, ShoWnating role. By increasing the size of the nanoparticle, we
in Fig. 11. Hereky(z,x) and ky.1(z,x) are plotted as a must eventually reach a regime where total magnetic anisot-
function of gsugh, taken as a free parametéhe self- ropy becomes proportional to the nanoparticle volume. Fig-
consistent value is close thugh*=2.2 eV for both a 143- ure 12 shows that this regime is not yet fully established
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_ ) ) - FIG. 14. “Uniaxial” anisotropy energy as a function of the di-
Fl%'}g" Magnetl.c anisotropy energy in tlze_x pla.ne[E(hiz) rection of the spin-splitting field}, for different magnitudes of the
—E(hy Q)] for spherical nanoparticles of two sizd3.is the angle  external magnetic field. The external field is in theplane at an
betweenz and (). By symmetry, the anisotropy energy in th¢  angled= /4 with thez axis.® is angle betweef) (lying in thezx
plane is now the same as in th& plane. The spin-splitting field is plane and 7
assumed to be 2 eV for both sizes.

even for nanoparticles with hundreds of atoms, and fluctuaEﬁ*/|ﬁ*|, for several values oﬁext. Here we consider two
tions are still pronounced. In this regime the anisotropy pegimplified cases. In Fig. 14 we plot the total energy differ-

atom is still 2—3 times larger than the bulk value for cobalt, Sx0N I RE A . .
which is 0.06 meV. There is no regime in whithilk (pro- enceE(h;z) —E(ha (1) as a function of an external magnetic

portional toA) and surfacéproportional ta\'?3) contribu- ~ field Hex. Here() is allowed to rotate in thex plane. In this
tions to the anisotropy can be cleanly separated. picture we recognize the familiar features of a micromag-
It is clear that for small particles the shape of the nano-netic energy functional characterized by a uniaxial magnetic
particle plays an important role in the determination of theanisotropy: atH.,=0 there are two degenerate minima,
magnetic anisotropy. For example, as seen in Fig. 13, fogeparated by an energy barrier, representing two equivalent

spherical partigles we find anisotropy en_ergies which are ongasy directions: x. When a magnetic field is applied in the
order of magnitude smaller than tae anisotropy of hemi- plane, the degeneracy is lifted and the minimum in the

spherical particles, comparable instead to xlyeanisotropy —x direction becomes a metastable local minimum, until a

of hemispherical particles with the same number of atoms. A "~ . o . - .
. X : switching field is reached at which the local minimum dis-
140-atom spherical particle has an anisotropy energy per

atom of ~0.01—0.02 meV. It is interesting to notice that aPPears. This happens [#fe,{~1 T for a 143-atom nano-
both tunneling and switching-field experiments on single particle. _Th|§ simple modellcaptures th(_a essence of classical
ferromagnetic nanoparticles find anisotropy energies pefYSteresis in ferromagnetic nanoparticles. Quantum me-
atom which are of the order 0.01 meV. a factor cgrfaller  chanically, for sufficiently weak fields the system can still sit
than the bulk value. The nanoparticles in tunneling experiln theé quantum state characterized by a magnetic moment
ments are roughly hemispheri¢diwhereas the nanoparticle pm_ntmg alqng the classically metastable direction uptll the
shape in Ref. 3 is close to spherical. Further theoretical studWitching field is reached, the system relaxes to its true
ies that focus on the relationship between nanoparticle shag&ound state, and the magnetization orientation collective co-
and anisotropy could be helpful to efforts to engineer ferro-rdinate changes discontinuou$fyWith a further increase
magnetic nanoparticles whose shape, size, and crystal strugl the external field, the magnetization is gradually twisted
ture are tuned to produce desired magnetic properties. from the easyx axis toward the d|rect|one of the magnetic
field, as shown in Fig. 15. At low fieldgKl,4<1 T), the

V. HYSTERESIS AND VARIATION OF SINGLE-PARTICLE

LEVELS IN AN EXTERNAL MAGNETIC FIELD 2

- - Magnetic field
In the last section we shall investigate the effect of an ®  Calc. points
external magnetic field on the total energy of the nanopar- — Spline interp.
ticle. This will allow us to make a connection between our
microscopic model and more familiar classical micromag-
netic energy functional expressions which are normally used 1

to interpret the results of switching-field experimehtdle

shall also study the dependence of the quasiparticle energy

levels on external magnetic fields; this complex behavior has 0.5
been probed directly in recent tunneling experiméts.

© [rad]

5 .10 15 20
[H_| [T]

ext

A. Hysteresis FIG. 15. Variation of the magnetization direction of the stable

Ideally one would like to study the three-dimensional en-minimum of Fig. 14, as a function ¢fi,J. ® is the angle between
ergy landscapeE(h*,Hgy) as a function of Q(0,d) andz. Heyis in thezx plane atm/4 from thez axis.
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FIG. 16. Anisotropy energy in they plane for different mag- o o .
nitudes of an external magnetic field. The direction of the external FIG. 17. Variation of quasiparticle energy levedss(h®,He,)
field is (9= m/4,¢=m/16). ® is the angle betweefd (lying in the around the Fermi level in an external magnetic field. The levels are
' ' calculated assuming that the ground state of the nanoparticle

Xy plang andx. changes in the external field in the way described in Fig. 14.

direction of the magnetization corresponding to this localations is partly obscured by the effect of spin-orbit

minimum is very close to they plane. coupling** Sorting out this problem is particularly impor-
Because our hemispherical nanoparticles have a nearfynt in order to interpret current tunneling experiments in

isotropic easyy plane, the magnetization will rotate in the gjpgle-electron transistofsHere we examine only particle-
xy plane in response tweakapplied external field$ This is  pole excitations around the Fermi level, which are immedi-
exemplified in Fig. 16, where we plot the the total energy asely available within our Hartree-Fock treatment of the
a function of[H,{, when( lies in thexy plane.|He is  many-body Hamiltonian. In Fig. 17 we plot the magnetic
oriented in the directiond= m/4,¢=w/16). In the absence field dependence of a few single-particle energy levels
of the external field, the ground state of the nanoparticle isrround the Fermi energy. As a simplified illustration, the lev-
fourfold degenerate, with the degeneracy corresponding tels are calculated assuming that the ground-state dependence
one of the four magnetization directionsx*y, associated 0n the external field is as described in Fig. 14: at low field
with the four local minima of Fig. 16. As the external field the ground-state magnetization is oriented around -the
increases, three of these minima will become classicallyxis until the switching field is reached, whereupon the mag-
metastable with small barriers separating them from eacetization is reversed along a direction around thaxis.
other and'ltlhle "Ut?] g_roun(tj S:af_l-_tln gtedr!?frm ”:e dtlffereln;t'ltlngai- he corresponding field dependence of the quasiparticle is
minima will lose their metastability at different external fie . : .
strengths. In the case we considgr, the first switching field isqwte comple_x. In .the_small-fleld reglm¢Hex4<1 T) there

is a hysteretic switching at a certdiH . =Hg,~1 T, due

regch?d.atHexllmO.lST, when the m|n|mum or!gmally at. _to an abrupt change of the ground-state magnetic moment.
—x—y disappears. If the system starts out in this local mini-There s basically no correlation between single-particle
mum at zero external field, at the switching field it will jump states pefore and after reversal. Notice in particular that the
to the ground state with a corresponding rotation of the magpels can jump either up or down Hlt,,.%S Furthermore, the
netization in thex+y direction. Since everything takes place quasiparticle energies have continuous nonmonotonic varia-
essentially within thexy plane, where the typical anisotropy tions, which seem to differ randomly from level to level. In
energies are one order of magnitude smaller than inzthe {pe large-field regime|Bq,d>Hs,), the quasiparticle ener-

plane, the scale of the coercivity is also much smaller tharbies depend roughly linearly 0|'1:|eer and their slopes al-

}gres 2;2 Ianlstgaéspslﬁgrlls i'\:(\),\r/ﬁigﬁmbp“(;?;?t(ijnhyfsrfr:qegc d?;:g\gtmost all have the same sign. In the small-field behavior, the
P ' » OY g variation of the quasiparticle energies as a function of the

minimum at zero external field, the system jumps first fromexternal field is due to a combination of the rotation of the
one metastable to another metastable state and only at a S%%{rticle’s magnetic moment directio? and Zeeman cou-

ond switching field reaches its true ground state. pling. We have shown aboveee Fig. 3that the dependence

of the quasiparticle energies dn varies randomly from
B. Dependence of quasiparticle levels on external fields level to level. Thus the complex nonmonotonic behavior at
The hysteretic behavior that we have seen in the groun§ma“ fields can be understood within our model. At Iarge
state properties of a ferromagnetic nanoparticle has profounfields (Hee>Hg,),  is slowly twisted toward the field
implications for the magnetic field dependence of its low-direction and the Zeeman coupling plays the dominating role
energy elementary excitations. In ferromagnetic metals ther the field dependence. Moreover, because the Fermi level
exist two kinds of elementary excitations: collective spin ex-lies in a region of predominantly minority-spin energy levels,
citations associated with magnetization orientation degreeis is expected that almost all particle and hole excitations
of freedom and particle-hole excitations. In a ferromagneticaround the Fermi level have the same high-field sfope.
nanoparticle the distinction between these two kinds of excithe discussion above we have assumed, out of simplicity, that

094430-12



MAGNETIZATION ORIENTATION DEPENDENCE OF THE . .. PHYSICAL REVIEW B 66, 094430(2002

@] = 3 ® model we are only taking into account Hartree-Fock quasi-
10.66 F——r— E P particles, the expected level spacing of the low-lying excita-
;10.655 e = tion is approximatelys, , which is a few meV in our 143-
2 1065 o 4 atom nanoparticle and should be of the order of 0.5 meV for
fE o a 1500-atom nanoparticle considered in the experiment. This
1T 10.645 : SR
Yo S value is still larger than the valug<~0.2 meV observed
: 10.64 t*f 0 experimentally. We believe that a unified and consistent in-
10.635 '5%-2 clusion of collective spin excitations, and possibly also the
10.63 ] w“_4 nonequilibrium transport effects proposed in Refs. 9 and 10,
0.1 03 05 0 _10 20 could resolve this confusion.
IHCXI' [T] IH&XII [T]
FIG. 18. Variation of quasiparticle energy leveals(h*,Hey) VI. CONCLUSIONS

around the Fermi level in an external magnetic fiékl.The levels
are calculated assuming that the ground state of the nanoparticle In this article we have investigated the effects of spin-
changes in the external field in the way described in Fig(l)gFor ~ orbit interactions on the properties of ferromagnetic metal
magnetic fields larger than 1 T, the magnetization starts to developanoparticles. In particular, we have focused on their novel
a non-negligible component perpendicular to xlyeplane, while its ~ microscopic magnetocrystalline anisotropy physics and on
projection in thexy plane is parallel to the component Bf,,, in hysteresis in the quasiparticle excitations spectra of metallic
that plane. nanomagnets. Our analysis, based on qualitative consider-
ations backed up by numerical studies of a generic model for

the magnetization is arbitrarily constrained to rotate inzke ferromag_neuc transition metal nanopartlclgs, prowdgs an un-
derstanding of some emergent properties of their quasi-

plane. At weak external fields, however, the magnetization article states. We find two regimes separated bv a broad
will stay closeto thexy plane. For a weak external field in b ' g P y

L crossover and characterized by the comparison of several
the (0= m/4,¢=m/16) direction, the actual dependence of oy o teristic energy scales. For small nanoparticles with
the grognd—state energy on the magnetization d|rec_t|oq at d'ffewer than\,~200 atoms, the single-particle mean-level
ferent field strengths will be the one represented in Fig. 165pacing5 is larger than spin-orbit induced energy shiéts,
Consequently, the change of quasiparticle energies as a fungy the quasiparticle spectra. These shifts have the same typi-
tion of the external field will reflect this more Complicated cal size as the Spin_orbit Scattering lifetime broadening ener-
behavior. We illustrate this point in Fig. (@ where, as an gies of very large particles, 72 . The quasiparticle levels of
example, we assume that at zero field the magnetizatiogma|l nanoparticles in whicdrsg>% evolve in a compli-
points in the —x+y direction. As the magnetic field in- cated way as a function of magnetization orientation and
creases, there will be a first jump in the quasiparticle-levekbxternal magnetic field, with relatively small avoided cross-
dependence atl,,~0.15 T, when the magnetization reori- ing gaps and spin-orbit shifts of nearby orbitals that are

ents itself in the ¢ x+Y) direction. There will be a second nearly l_mcorrelated._ The size of the avo_ided (_:rossing gaps is
hysteresis jump in the quasiparticle energiesigi~0.3 T, determined by matrix element of the spin-orbit coupling op-

) i ) ~ erator between quasiparticle energy levels that are adjacent
when the magnetic moment finally switches to theX( i, energy. Surprisingly, even though expectation values of

—vy) direction, corresponding to the only metastable configuthese matrix elements vanish because of angular momentum
ration left at this field. For a different starting local minimum quenching, typical values between energetically adjacent or-
at|He, =0, the variation of the quasiparticle energies as &itals are comparable to those for orbitals at any position in
function of the external field will be in general different. By the spectrum. Eventually, for nanoparticles with more than
increasing the magnetic field beyond 1 T, the magnetization~ 1000 atoms, the typical avoided crossing gap estimated in
will start to develop a non-negligible component perpendicu{NiS way becomes comparable to the level spacing and we
lar to thexy plane, while its component in they plane will expect the crossover to the strong coupling limit is complete.

become essentially frozen along the direction of the compo'—\l"’mOD""rt'CI?’S with fewer thahfafv 1000 a}toms can easily be
prepared with current synthesis techniques and systems of

nent ofHey in that plane. experimental interest are often in the middle of the crossover
The quasiparticle-energy dependence on an external Mageqyeen small particle and bulkveak and strong spin-orbit

netic field presented here, has striking similarities with thecoupling limits. For example, the nanoparticles investigated
field dependence of the tunneling resonance energies By electron tunneling experiments contain between 50 and
single-electron tunneling experimeritsNotice that for the 1500 atomg:’

hysteretic behavior occurring as a result of the rotation of the For nanoparticles in the size range we are able to study
magnetization in the vicinity of the easy plane, the order numerically,\, smaller than a few hundred, we find that the
of magnitude of the coercivity that we find is close to theanisotropy energy per atom displays large changes of order
experimental value. The only discrepancy between the reseveral percent when the electron or atom number changes
sults of our theoretical model and the experiment is the meaby 1. Our analysis allows us to make a connection between
level spacings,es Of the low-energy excitations. Since in our the microscopic model of a metal nanomagnet and more fa-
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miliar classical micromagnetic energy functional expressionsiparticle configuratiort§ in the nanoparticle in order to un-
which are normally used to interpret the results of switching-derstand the size of the quasiparticle level spacing.

field experiments.The ground-state energy as a function of
the magnetization direction is characterized by minima sepa-
rated by energy barriers. The quasiparticle levels exhibit a
complex honmonotonic behavior and abrupt jumps when the It is a pleasure to thank Mandar Deshmukh and Dan
magnetization direction is reversed by an external magneti®alph for several discussions about their experimental results
field. The nanoparticles investigated by electron tunnelingand Jan von Delft for stimulating and informative interac-
experiments contain between 50 and 1500 atbfiEhe re-  tions. C.M.C. would like to acknowledge helpful discussions
sults that we have presented here are therefore particularlyith L. Samuelson and with the participants of the 2001
relevant for the interpretation of these experiments. In parworkshop “Spins in Nanostructures” at the Aspen Center for
ticular, we find that the anisotropy fluctuations inferred fromPhysics where part of this work was completed. A.H.M. ac-
interpretations of these experiments are indeed to be eXnowledges informative discussions with W. Wernsdorfer
pected. Similarly, the dependence of the tunneling resoand P. Brouwer. This work was supported in part by the
nances on the external magnetic field is qualitatively similariSwedish Research Council under Grant No. 621-2001-2357
to the behavior of the quasiparticle excitations of our modeland in part by the National Science Foundation under Grant
although it appears necessary to invoke nonequilibrium quaBMR 0115947.
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