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Atomic-scale magnetic modeling of oxide nanoparticles
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We present a method for atomic-scale modeling of the magnetic behavior of ionic magnetic solids. Spin
distributions and net magnetic moments are calculated for nanoparticles of ferrimagnetigONewrel
y-Fe,0,, and antiferromagnetic NiO as a function of applied field. Calculations incorporate crystal structures
and exchange parameters determined from bulk data, bulk anisotropy for core spins, reasonable estimates for
the anisotropy of surface spins, and finite temperatures simulated by random perturbations of spins. Surface
spin disorder was found in the case of ferrimagnetic spinel nanoparticles, due to broken exchange bonds at the
surface. The calculations also demonstrate that surface anisotropy enhances the coercivity of such particles
only when surface spin disorder is present. Simulated thermal perturbations were used to characterize the
distribution of energy barriers between surface spin states of such particles. The distribution of barriers can
explain the macroscopic quantum tunneling like magnetic relaxation at low temperatures found experimentally.
Calculations on NiO nanoparticles predict eight, six, or four-sublattice spin configurations in contrast to the
two-sublattice configuration accepted for bulk NiO. Relatively weak coupling between the multiple sublattices
allows a variety of reversal paths for the spins upon cycling the applied field, resulting in large coercivities and
loop shifts, in qualitative agreement with experimgi®0163-182@9)00509-3

I. INTRODUCTION of a magnetic nanoparticle is influenced by the finite size.
One of the principal results of this work is that the magnetic
Finite-size effects dominate the magnetic properties ofjround state of nanoparticles can be severely altered with
nanosized particles, and become more important as the paiéspect to the conventional assumption that they are single
ticle size decreases. In many cases, they arise because of fh@gnetic domains, having the same basic spin configuration
competition between surface magnetic properties and corund in bulk materials. We find that the ground state is
magnetic properties. These effects are of intense technologirongly influenced by microstructural details of the surface,
cal interest because of their relevance to the stability of in@nd we demonstrate the connection between new ground
formation stored in the form of magnetized particles, whichstate and thermally activated relaxation of the magnetic mo-
compose rigid disk, floppy disk, and tape recording mediament.
This industry is driving towards higher densities of stored Our previous publications have focused on the experi-
“bits,” which necessitates the use of smaller particles in themental evidence for finite-size effects in N (Refs. 1
media, making a basic understanding of finite-size effect@nd 2 and NiO (Ref. 3 nanoparticles as well as salient
critical. More generally, surface and interface effects such agiodeling results. The intent of this paper is to describe the
the spin disorder which we find in nanoparticles have relmodeling methodology in detail, and present its application
evance to thin-film devices in the new breed of magnetoelecto NiF&,0,, y-F&0;, and NiO as examples. Special empha-
tronics, e.g., Spin valves, Spin transistors, Spin-dependeﬁiﬂ's will be given to results on the influence of surface anisot-
tunneling devices. Since spin transport through magnetigiopy in NiFeO, and y-Fe,0s.
nonmagnetic interfaces plays an important role in these de- Magnetic relaxationTo set the context for our discussion
vices, the state of interfacial magnetic moments will impactof thermally activated and quantum tunneling magnetization
device performance. reversal, we will briefly review the relevant theories. The
The most obvious and heavily studied finite-size effect ismagnetic anisotropy energy of a particle due to bulk magne-
superparamagnetism. The basic principle is that the magnetiecrystalline and shape anisotropy is proportional to the par-
anisotropy energy, which keeps a particle magnetized in #cle volume. Therefore, we can express the energy barrier
particular direction, is generally proportional to the particlethat has to be overcome to reverse the particle magnetization
volume. Therefore, at a certain temperature there is a critic@#SE=KV, whereK is an effective anisotropy constant. Us-
size below which thermal excitations are sufficient to rotatdng the formalism of thermal activation, we can express the
the particle magnetization, thus demagnetizing an assembfjequency of thermally activated reversals as
of such particles. Although this is a well-studied effect, it is
understood only on a phenomenological level. The mecha-
nism by which external thermal excitations such as phonons
couple to the particle magnetization, the trajectory by which
the individual atomic moments reversg.e., “reversal wherefg is the “attempt frequency” which has been esti-
mode”), and the influence of microstructural details aremated for various materials to be in the range from f®
some of the unknowns. 10'3s7L. If the magnetization of a collection of particles is
A more fundamental question is how the “ground state” measured in a regime where the observation time is compa-

f= foe— E/kBT,
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rable tof "1, then the moment will relax during the measure- crossover temperature for particles having the same cubic
ment, a phenomenon known as magnetic viscosity. Followanisotropy as bulk NiE®,. In the above formula, we set
ing the analysis by Street and Woolfegnd more recently by K, =K,=K(cubic, bulk NiFgO,) = 8x 10* ergs/cc, and set
Barbaraet al.® the magnetization as a function of time after M,=300emu/cc, resulting inT*=13mK at zero field.
changing the applied field is the following: What we observe experimentally, is an apparent crossover
temperature of 2 K, which is 150 times larger. One could
, (1) argue that the effective anisotropy of these patrticles is en-
hanced by surface anisotropy, but as we will show, surface

wheren(E)dE is the fraction of particles having an energy nisotropy tends to average to zero for a well-ordered,
barrier betweerE andE + dE. The exponential factor in Eq. single-domain particle. We find that in order for the surface
(1) has an abrupt step as a function Bf nearkgT In(tfy). anisotropy to have an effect, it is necessary to have spin
The narrow energy range spanned by this step can be déisorder on the surface. Therefore, it is difficult to reconcile
scribed as the “experimental window” of the measurement.these experimental and theoretical observations with a quan-
Assumingn(E) is a smooth function relative to changes in tum tunneling model which assumes particles to be well-

M(t)= |v|0< 1- JOECe_”n(E)dE

the exponential factor, it has been shGwtimat ordered single domains. Rather, we prefer a description in
o terms of thermal activation of a barrier distribution likee1l/
M(t)=Mq(1—n(E)kgT In(tfy)), at low energies which we are able to calculate for spin-glass-

_ like surface states of NiF®, nanoparticles.
whereE is the mean energy barrier within the experimental

window, and we identify the viscosity parameter

1 M II. ATOMIC-SCALE MAGNETIC MODELING

d _
S= =n(E)kgT.

B M_0 d(Int) A. Background

The experimental window sweeps over different parts of Finite-element modeling of magnetic materials, com-
P P P monly known as “micromagnetic modeling® has been

n(E) as the temperature is changed. For example, if the bar_sed extensively in recent years. It has been applied to stud
rier distribution is constant over a range of energies, then thd y Y ) bp y

viscosity parameter will be linear il over the correspond- prob!elrrl13 such as transition noise n m.agn%tlc recording
ing temperature range. If instead the barrier distribution turn§ne¢a’ reversal' modes of ma@!”et_'c p";‘gt"?@' and do-
up at lower energies, the viscosity parameter may level off of1@in structure in soft magnetic film&® Typically, the
increase as the temperature is lowered. Specifically, if th'agnetic body is subdivided into several hundred or thou-
barrier distribution has the form(E)= 1/E at low energies, sand vqlume elements which are considered to have _umform
then the viscosity will become temperature independent aagnetization. Exchange, anisotropy, magnetostatic, and
low temperatures. This type of barrier distributomistcon- ~ Zeeman energies are calculated based on the orientation of
sistent withE=KV, but as we will discuss in Sec. Ill, could the magnetization of each element. The total energy is then
arise from spin-glass-like surface states of a particle. minimized by some algorithm to obtain the magnetization
The mechanism of quantum tunneling for spontaneouQ'St”bUt'On- Such t_echmques are pa_rtlcula_rly suited to the
magnetization reversal of small particles was suggested sonféudy of macroscopic systems, with dimensions on the order
time ago by Bean and Livingstdrand more recently devel- of microns, since th_e surfacg—to—v_olume ratio is r.elatlvely
oped theoretically by a number of authdré.Macroscopic small, making a detailed 'conS|der.at|0n of sqrface microstruc-
quantum tunnelingMQT), or more specifically quantum ture and surfa_ce magnetism Igs_s important in determmmg the
tunneling of magnetization, is essentially quantum-overa” behavior. Pract|ca_lly, it is bey_on_d current computing
mechanical nonconservation of thez* component of a POwer to treat each atoml_c mo_ment mdw@ually for systems
macroscopic spin(single domain particle due to off- of this size, since a cubic micron contains approximately
diagonal terms in the spin Hamiltonian. @movsky and 10" atoms. ) _ _
Gunthef predicted for the case of orthorhombic symmetry, a I the present work, we consider magnetic behavior of
crossover temperature into the quantum tunneling regime Particles having diameters from 1-7 nm. On this scale, sur-
face atoms make up at least 25% of the total number of
3t yVK Kse atoms in a particle. The high surface-to-volume ratio makes
T*= T 8kaML a detailed consideration of surface microstructure and the
B0 behavior of individual atomic moments critical in under-
We expect a high crossover temperat(iesv K) for particles  standing the overall behavior. Since the total number of mag-
having high anisotropy, and a crossover temperature lowetetic atoms is less than 4@or these sizes, it also becomes
than typical measurement capabiliiew mK) for particles  practical to treat atoms individually in calculations of mag-
having low anisotropy. If we approximate the temperaturenetization distributions. This section will present the basic
dependence of the viscosity parameter as being linedr in approach of these calculations, with more detail on specific
for the thermally activated regime, the full prediction of the systems described in later sections. Other examples of such
MQT model is that the viscosity parameter is linearTim  atomic scale magnetic modeling in the literature are work by
high temperatures, becoming independent of temperature b&oon and co-worker$'” on interlayer exchange coupling
low T*. In Sec. Ill we investigate the zero-field relaxation of and random anisotropy systems, and by Papgiaa® on
NiFe,O, nanoparticles. As an example, we calculate thespin configurations in Gd clusters.
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B. Bulk and surface parameters used in the calculations, and are representative of the mag-

The first step in each calculation is a survey of the experillitudes found by EPR. The total spin Hamiltonian is then

mental and theoretical literature on the bulk magnetic prop- {all sping

erties of the material in question. Exchange constants are H= 2 —giMBSiéﬁ'

typically found by fitting moment vs temperature data to a i

mean-field theory or fitting inelastic neutron scattering data

to a spin Hamiltonian. Anisotropy constants are found by [ EA,bqu(é)u core cations
A=

1
H+ 5 Hinti |+ Eai

torque magnetometry or inelastic neutron scattering. We as-
sume for the calculations that the pairwise exchange interac-
tions have the same magnitude for bulk and surface atoms,

—ke(§-0,)2, surface cations,

. . . || i ~ ~ ~ A
but that the total exchange interaction is less for surface at- H _{nzn} 23, 5 ta §ms} s 3f5i(ri-$)—S
oms because of their lower coordinati@re., fewer neigh- it < g g jt < 9i1e™ THE '
borg. As discussed above, we postulate the existence of I (4)

“broken exchange bonds” due to oxygen vacancies or bond- ) ) o

ing with ligands other than oxygen at the surface. In shortWheregiugS is the magnitude of the ionic moment and the

we set the exchange constant for pairs of atoms equal to thenit vectorS gives its direction. The summation ovgn}

bulk value, or equal to zero for some fraction of pairs ofdenotes first- and second-nearest neighbors. The dipolar

spins at the surface. This fraction of broken exchange bondgrms are included here for completeness, but they are ne-

between surface atoms we term the broken bond densitylected for the nanoparticle calculations since the intrapar-

(BBD). ticle dipolar interactions are included in experimental deter-
The magnetocrystalline anisotropy reflects the symmetryninations of bulk magnetocrystalline anisotropy, and shape

of the neighbors of each atom, so it is reasonable to use bulknisotropy will be small since we only consider nearly

anisotropy for atoms in the core of the particle. We simplyspherical particles or antiferromagnets which have very

take the bulk anisotropy values in ergsfcamd divide by the ~ small net magnetization.

number of atoms per ctrand apply it as a single-ion anisot-

ropy to all the atoms in the core. However, the large pertur- C. Construction of a nanoparticle

bations to the crystal symmetry at surfaces, should lead to L . .

magnetocrystalline anisotropy of different magnitude and 1he model nanoparticle is generated by putting magnetic

symmetry for surface sites. Meproposed this phenomenon 10nS N Iattlce_ sites corresfpo.n_d.mg to the bulk crystal struc-

of surface anisotropy in 1954.For the purpose of our cal- t_ure..The particle sur_face |s.|n.|t|ally defined as either an el-

culations, we do not make a detailed theory of the anisotrop}PSeid or platelet of fixed elliptical cross section, and lattice

at each particular surface site. Rather, we can say that thateS Within this volume are occupied with the appropriate

symmetry of a surface site is uniaxial to lowest order, hencdNS: A variety of distinct particles of the same shape can be
obtained by varying the center position of the ellipsoid or

Ep=—kgcod 0 (2)  platelet within the crystal unit cell. Exchange bonds are set
up between neighbors using the bulk exchange constants ob-
(lower case 'k’ is used because it is in units of energy per tained from the literature. Typically, this includes first- and
cation, rather than energy per unit volume denoted by uppesecond-nearest neighbors, and different exchange constants
case ‘K”) and we assume that we have an easiganisot- between different ion species in the case of the ferrites. We
ropy, i.e.,ks>0, rather than an eagplane anisotropy. We refer to as “surface cations” those with lower than bulk
define the easy axi§ as the dipole moment of the nearest- coordination. Surface roughness is created by removing sur-
neighbor(oxygen ion positions relative to a surface atom as face cations at random. The fraction of surface cations re-

follows: moved in this way we refer to as the surface vacancy density
(SVD). After this procedure we remove any asperities, which

nn we define as cations with fewer than two nearest cation

Gix; (Pi—Py), (3 neighbors. As indicated above, a fraction of exchange inter-

actions between surface cations are removed from the first
whereP, is the position of théth atom and the sum is over Summation in Eq.(4), effectively breaking the exchange
the nearest neighbors of thiéh atom. Since some of the Pond between them.
neighbors are missing for a surface atamwill be nonzero o
and directed approximately normal to the surface. The mag- D. Energy minimization
nitude of the surface anisotropy has not been determined Energy minimization algorithms in common use for mi-

experimentally in magnetic oxides. Nevertheless, some indigromagnetic modeling arise from the Landau-Lifshitz-
cation of the magnitude of surface anisotropies can be obgij|pert equatio®’

tained by examining the literature on EPR measurements of

dilute magnetic ions in bulk crystals of nonmagnetic dm

oxides?®?1 1t is found that when the magnetic ions are sub- ot = YomX Her= AmX (MX Her), )
stituted into sites having low symmetry, rather large

anisotropies are obtained, even for ions such & Mind  where y, is the gyromagnetic ratio ansl is the damping
Fe** which have singlet ground statéise., low anisotropy  constant. The first term on the right-hand side corresponds to
in cubic sites’? Values ofkg between 1 and 4g/cation were  precession aboutl and the second term corresponds to a
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damping that brings the moment vector closeiHg,. For ~ of one developed by Hughsin 1983. Key points in this
low-frequency problems, the precession term is typically disgeneralization were the choice of an appropriate coordinate
carded. A common approach is to iteratively update the oriSystem and the evaluation of energy derivatives. In our co-
entation of the magnetizatiom of each element based on ordinate system, the spin unit vector was defined as a func-
the value ofH.4 determined by the orientation of all the tion of («;,B;) which correspond to rotations in two or-
other elements. Usuallyn is set parallel to the current di- thogonal directions:

rection of Hys, or rotated by some angle towardk. In

some casem is rotated past the parallel orientation, a tech- - é0i+aiéai+:8iéﬁi
nique called “over-relaxation” which in some situations can S(a;,Bi)= rali (6)
lead to faster convergenéeln the early stages of this work, o+ B

such techniques were employed to do calculations of hyster- ~ I s .
esis loops of these nanoparticles. However, it was found thathere Soi is the initial spin direction and,; and &; are
unreasonably high coercivities were obtained, and the coeehosen to makeg,; ,&; ,SO) a mutually orthogonal set. It is
civity was sensitive to the value of the relaxation parametegasy to show that the rotation angle corresponding to a non-
(the parameter which determines whether the moments a#eroa or 8 is arctana or arctang, respectively, so for small
over-relaxed or under-relaxgdFurthermore, convergence rotation angles we can think af and 3 being the rotation
was extremely slow, taking tens of thousands of iterations t@ngles in radians. This choice of coordinates gives the fol-
reverse a particle containing 300 spins. We suspect that tHewing expressions for the derivatives Bf(evaluated aty;
relatively poor performance of this type of algorithm has to=3;=0):

do with the large magnitude of exchange fields compared to

applied fields(the effective exchange fields are greatly re- JE 2 .1
duced when a system is discretized into elements containing Ja; ~0ieS€i Herr,
many thousands of atoms as in micromagnetic modals
well as the exchange frustration and spin disorder which oc- {nn}
i 2J;S; -
curs at the surface of these nanoparticles. He=H+ HA|+2 SJ-
Brown noted® in 1962 that the concept of a “local field” 7 OiuB
such asHgg is unreliable when the reversal of a magnetic (all spind A
system nucleates by a collective mode. Hence, for this and LS g S-S S @
the previously stated reasons, we adopted an algorithm that = 9iHe>) Ir®
goes beyond the “local field” and accounts for collective )
modes. The algorithm is a three-dimensional generalizatiofror uniaxial anisotropye.g., surface cations
|
—ky(S-0)?,
_2Kky(S-0)
AT giueS
PE + 0 8Si(Soi - Hetr) — 2ky(&yi- ()%, =]
= 3f(Fi-8,) — &, o (8
dajoa; —2J;;SS 8- &~ 9i9; 5SS — ]|Ir |3], Hogy, P#].
ji
For cubic anisotropy®
EA:kl(Szx§y+§y§z+§zszx)*
Hai=g s [Soi( Sy + Soin) Soiy (S + Si2) Soin S+ )1
072E +gi/~‘LBSi(SOi : eff) 2kl[1 a|xS(2)|x a|y%|y a +4e IXSDiXéainOiy]v IZJ
. . = A N 3f”(r”'ea')_ea' . . (9)
dajiai | —23;SS8, 8~ 0igiHES S| — lllr“|ej, &, s
ji

Finally, for rhombohedral/hexagonal anisotrofgyg., NiO, we have a uniaxial term plus the following:
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Eai=k, cos 6¢ sin® 6

6k, - . .
Hai= ” S[cos&;ﬁsm“ 0((Syi - 0;) 0 — Syi) + Sin 66 SiP 0841,
|
2E + 01185 (Soi - Hetr) =]
= L 37 (Fji - 8,) — &y . (10
dajda; —23;;S S8, 8.~ 0i0; 43S S| — ]||r |3J, g, 70
i

For the rhombohedral case, there are additional correction Application of the conjugate directions algorith(ifollow-
terms to the second derivatives that will be neglected foing Hughe$* was carried out as follows. The variation of
reasons of computational speed. The equilibrium state is ndhe energy with changes in spin orientations is

affected by small errors in the second derivatives, although
for accurate calculation of hysteresis behavior it is important
to treat the largest second derivative terms exactly. For the
nanoparticles, the exchange terms are the largest by 2—4 or-
ders of magnitude, so it is reasonable to approximate the
contributions of anisotropy to the second derivatives. As in-
dicated above, the dipolar terms are also neglected in the
nanoparticle calculations. If, however, this method is applied

1 -
SE=T-d6+ >d6-Q-do,

do=((a1,B1).(a2,B2),...(an,Bn)):

toaproblgm where the dipolgr terms are domin.ant.it is nec- (( JE (9E) (aE aE) (aE aE))
essary to include all the off-diagonal second derivative terms == — | = = - =
in order to obtain the correct reversal fields. day’ If1) "\ daz’ By \ day’ IBN
|
P°E 9°E P°E
da? daida, da,0B,
0 PE 9°E 9’E
BT IBrday IP1IB;
9°E 9’E 9’E
Jayda, IPiday  dad 0
o=| € 9%E PE : (11
da10By  9P19p. B3
9°E
el 0
IBN

specifies the iteration number. Hughes chose to deffige

Similarly, T is the “torque” vector specifying the_first de- =Q+1-p1, wherel is the unit matrix ancu is a Lagrange
rivatives of the energy with respect tey(, 3;), andQ is the  Mmultiplier selected to makQM positive definite(i.e., QM
“Hessian” matrix specifying the second derivatives of the -d@>0 for any vectord#). This is because the iteration
energy with respect toaj ,8;). The algorithm is an iterative becomes unstable when,, changes sign. We recognized
one, by which the derivatives about the initial set of spinthat the significance of-d#<0 is that the spin system is
orientations are used to compute an optimal set of spin rotainstable with respect to rotation in the directa, meaning
tions (a;,Bi) to reduce the energy. We use two auxiliary that both the torque term and the second derivative term are
vectorsR,,P,, and two auxiliary constants,,,s,, wherem  negative. Instead of using the Lagrange multiplier to stabilize

whered@ is a vector specifying the rotations of all the spins.
Its components «; ,B3;) specify the rotation of théth spin.
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the iteration, we found it more satisfactory, whéhdé (4) Stop if&,;- Heg andél,li-Heﬁ<1O‘4 (i.e., S parallel to
<0, to allow the step in the unstable direction, since it rep-H 4 within 10~ 4 radians,

resents a particularly good direction for reducing the energy, (5) Compute conjugate directions step,

and simply terminate the iteration at that stage. In case the (6) Update spin orientations,

iteration produces @@ with very large rotation angles, we (7) Compute total energy,

limit the maximum rotation to 0.1 radians in a final renor-  (8) If actual energy change is positive, shrink step length
malization step. The conjugate directions algorithm is sum{e.g.,d#=0.6-d#) and repeat step®)—(8).

marized below:

Initialization: E. Finite temperature

Calculate T and 6 Finite temperature is simulated by applying rotations to
the spins in random directions between energy minimiza-
d6,=0, Py=+T, Ry=-T. tions. The magnitude of rotations are adjusted to give a total-
energy changd E=NKgT, whereN is the total number of
Repeat the following: spins. This is in contrast to the theory of superparamag-
netism where each magnetic particle is givg of energy.
—Ry, Py In that case, the intraparticle degrees of freedom are assumed
=, to be “frozen-out,” so that the particle behaves like a giant
Pm-Q-Pr, spin having only two rotational degrees of freedom. Since
our model includes the intraparticle degrees of freedom, we
A0+ 1=dOn 1+ [Nl P, must giveskgT of energy to each of the rotational de-
grees of freedom. As the success of the superparamagnetic

Am

stop if Ap<0, theory suggests, the “uniform mode” corresponding to uni-
o form rotation of the particle moment is particularly important
Rm+1=Rm+AnQ- P, in describing the behavior. If we apply random rotations to
. each spin individually, the overlap of these rotations with the
Rm+1-Q-Pn uniform mode approaches zero sbecomes large. There-
8m=m, fore, a better approach is to apply rotations to each spin

resulting inAE=(N—1)kgT plus a uniform rotation result-
ing in AE=KgT.

The details of the perturbation procedure are the follow-
ing. First, we apply the uniform mode rotation as follows:

Pnt1= ~Rmy1T&mPm,

1 o
OEmi1=T-dOn 1+ §d0m+1'Q'd0m+1v

SO’[: R(ﬁR ’ 0) : SOi ’ (12)
stop if |6E+4|<1.28E,| and SEg,1,0E,<O. wherefig is a random unit vector, an(fg, ) is the rota-
tion matrix that rotates a three-vector about the dxisby
Renormalized @ (only if maxd#>0.1): the angled.?® The total energy is then calculated for the set
of spin orientations, and the anghds optimized with a few
dé=dex(0.1/maxdg), steps of a linear search routine to gid&E~kgT. Next, a
similar procedure is applied to each spin. Here, a different
where maxd#@ is the largest component af 6. method is used to rotate the spin in order to avoid calculating

The algorithm is “smart” in the sense that when the systemmany trigonometric functions

is far from equilibrium, it converges in 1-2 iterations and the

resultant step is roughly in the direction of the local torques, =, (1-]1-a&+(1-a)Sy | NrXSy
whereas when the system is closer to equilibrium it may takeSr1 (@)= \/ 2 2’ Cai = A
5-15 iterations, but the resultant step typically gives a factor (1-[1=a])*+(1-a) 1R Soil
of ten larger energy reduction than a step in the local torque (13

direction. For zero-temperature calculations, it can be usefulve define an approximate expression for the energy change
to treat situations where the torque vector is identically zerowjith respect to rotation of thith spin:

such as when the system is at a saddle point in energy space.
In this case, we initialize the auxiliary vectdrs, ,P,, with a AEocai(@)=0iusS[ Soi —S%a)]- Hepr- (14)
random vector in place of, and proceed as usual.

The result of the conjugate directions algorithm representés we did for the uniform mode rotation, we optimiaevith
a single step in the energy minimization procedure, which isa linear search routine to giveE~kgT. The expression for

summarized as follows: AE qcaj is exact if only theith spin is rotated, but correlation
Initialization: effects will make it inexact when all of the spins are simul-
(1) Compute total energy. taneously rotated. In practice, the correlation effects will give
Repeat the following: positive and negative contributions that roughly average to
(2) Compute unit vectorg,; ,&g , zero, making the total-energy change approximatéksT

(3) Compute effective fields, after simultaneously applyind E ,.o=kgT to every spin.
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Finite-temperature spin perturbations equivalent Tto 27

=5 K were applied between energy minimization steps dur- Milled NiFe O,
ing the hysteresis loop calculations discussed below. The 26 | & 70 kOe hysteresis loops) 4
specific algorithm was the following:

S

(1) Change applied field,
(2) Minimize energy, resulting energyE; (using above 1Y)
procedurg, [emu/g]
(3) Set countex0, 24
(4) Save spin configuration, total energly,(, )
(5) Perturb spins T=5 K), ¢ ——7ZFC, 5K
(6) Minimize energy, resulting energyE,, - ZFC, 20K
(7) If AE=E,—E;=0, then set countercounter 1, and “XCZFG, S0K
restore saved spin configuration and energy, 2240 : '4'5 5'0 5‘5 6'0 6'5 20
(8) If AE<O, then repeat steps 3-9, H [kOe¢]
(9) If counte<2, then repeat steps 4-9.
Note that after each perturbation/relaxation step, the lowest FIG. 1. High-field portion of magnetization hysteresis loops of
energy state is always selected. This algorithm is most apNiFe,O, nanoparticles measured at 5, 20, and 50 K. Only the posi-
propriate for low temperatures. If higher temperature propertive field portion of a full+=70 kOe cycle is shown.
ties are of interest, it may be useful to apply a Monte
Carlo/Metropolis” procedure for deciding whether to allow o pineq by TEM studies and x-ray-diffraction line breadths
an energy increase. _The_ perturbat|or_1 F’Toce_d“fe can also dtﬁ?at the average particle size is 65 A, with a dispersion of
ysed to calqglate activation energy d|str|put|ons_corre§pon about 50%. High-resolution TEM studies on an identically
ing to transitions between metastable spin configurations as . )
discussed below. prepared CoR©®, sample showed that the cubic spinel struc-
ture was preserved, and that the particles are for the most

part equiaxed single crystals.

=
L F
o

Il FERRIMAGNETIC NANOPARTICLES The nanoparticle samples exhibit remarkable high-field ir-
A. Background reversibility of the magnetization at temperatures below 50
2829 K. Measurementsusing a water-cooled Bitter magnet at 4.2

Spin canting in ball-milled NiFg,, chemically pre- K showed open hysteresis loops, with positive and negative

Cfrltts:tligz 3',2': %gséeeingeﬁ:é%ﬂﬁz-eze\z/% ng{gpg rg;?(l)i- field sweeps separated, up to approximately 160 kOe. This
P P separation implies that some of the magnetic spins have a

copy, as a mechanism for moment reduction. Recent polaiz~"=." "~~~ "
ized neutron-scattering experiments on ball-milled Gake switching field” of 160 kOe. The temperature dependence

particles were consistent with a core of aligned spins surplc the_ high-field magnetization behavior was ipvestigated b)_/
rounded by a disordered sh&il.Similar conclusions were a series of megsurements ona supercondu_ctlng quantum in-
made from a Mesbauer study of chemically precipitated t€rference devicéSQUID) magnetometer. Figure 1 shows
NiFe,0, particles®* Recently, we proposed that the cantedthe high-field portion of loops measured+a’0 kOe at 5, 20,
spins are in a surface layer and that they freeze into a spirand 50 K. We note that the high-field differential suscepti-
glass-like phase at temperatures below 56:*KThus, the  bility is roughly independent of temperature, which is con-
surface spins have multiple configurations for any orientatioristent with the surface spin-canting model, and not consis-
of the core magnetization. This model accounts for previient with paramagnetism or superparamagnetism which
ously reported anomalous behavior, as well as the remarkvould show a stronger temperature dependence. We also
able irreversibility and time dependent moment in high fieldsfind that the high-field hysteresis decreases at higher tem-
that we have reportet? The model also provides an alter- peratures, and is negligible at 50 K.

native to macroscopic quantum tunnelifdQT) for inter- Low-temperature hysteresis measurenfestowed that
pretation of our magnetization relaxation measurements dhe coercivity and loop shift decrease rapidly with increasing
low temperature$® More recently, evidence for spin-glass- temperature, with the loop shift vanishing near 50 K. We
like behavior of surface spins of-Fe,O; nanoparticles via associate the onset of the loop shift and high-field irrevers-
quasielastic neutron scattering and ferromagnetic resonandgility at about 50 K with a “freezing” of disordered surface
measurements was report&d. spins. It is noteworthy that the coercivity has a similar tem-
perature dependence as the loop shift, since it suggests that
the coupling with the frozen disordered surface spins makes
core spin reversal more difficult.

Fine particle samples were produced by grinding coarse Magnetization vs time was measured at temperatures
powders(1-2 um) of high-purity NiFeO, in kerosene and down to 0.4 K after application and removal of a 60 kOe
oleic acid (organic surfactant The milling was carried out field > The time dependence of the remanent magnetization
for 1000 h, and the fine-particle component was extracted byas fitted to a logarithmic function, where the viscosity pa-
centrifugation. The samples were washed of excess surfacameter (1¥,)dM/d(Int) is the prefactor of the logarithmic
tant and dried. It was found that approximately one monoterm. The magnetic viscosity vs temperature extrapolated to
layer of oleic acid remained strongly bonded to the surfacea nonzero value at zero temperature, and was roughly con-
and could not be removed by chemical me&hk.was de-  stant below 2 K.

B. NiFe,O, nanopatrticles
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50 D. Discussion of experiment
Sufficiently small magnetic particles are usually single
40 domains, with atomic spins completely aligned by exchange
interactions. The rotational barriers due to magnetocrystal-
30 line, magnetoelastic, and shape anisotropy can trap such par-
G ticles in two or more metastable orientations, giving rise to
[g"%z"o3 20 hysteresis. The persistence of hysteresis up to 160 kOe in the
NiFe,O, nanoparticles could be interpreted as resulting from
0l 46 A varticles 1 anisotropy fields of 160 kOe. However, this is 400 times
1-Fe,0,46 A particles larger than the bulk magnetocrystalline anisotropy field. Our
ZFC, T=5K observation of shifted hysteresis loops suggests that the sur-
0 PRI S U N TR WU SR WA SN T A S S Y 1 1 1 . . . . . . .
0 10 20 30 40 50 6 70 face spins are spin-glass-like, having multiple configurations
H [kO¢] that become frozen below 50 K. Due to the exchange cou-

pling between the surface and core spins, field cooling can

FIG. 2. Hysteresis loop of-Fe,0, nanoparticles measured at 5 Select a surface spin configuration which favors the particle

K (zero-field coolell Only the first quadrant of a full=70 kOe  being magnetized in the field-cooling direction, hence result-
cycle is shown. ing in a shifted hysteresis loop below 50 K. The field re-

quired to force transitions between surface spin configura-

tions can be very large since the exchange fields are
approximately 5<10° Oe. Therefore, our interpretation is

Aqueous colloids ofy-Fe,0; (Samples were provided by that the open hysteresis loop at high field is the result of

Dr. Elisabeth Tronc at Universite Pierre et Marie Curie,irreversible changes between these surface spin configura

Paris, France. Sample preparation and characterization bt ns rat_her than reversals of PafF'C'e magnetization as a
hole. Time-dependent magnetization of a fine particle sys-

Dr. Tronc and co-workers were reported in Refs. 38 and 39'tem is usually modeled in terms of thermal activation of

. . B 2 + .
were prepared by coprecipitating a *Fe-2Fe” mixture particles with two stable magnetization states. Within our

with NHg, as described in Ref. 38. A solution of the polymer g tace spin disorder model, time-dependent magnetization
polyvinylic alcohol, PVA, was added, giving homogeneousyay notonly be due to particles reversing their orientation of

and rigid films upon drying at room temperature. Charactermagnetization, but also result from thermally activated tran-
ization was done by chemical analysis, x-ray diffraction, sitions between surface spin configurations. This has signifi-
TEM, and Masbauer spectroscopy to determine the compocance in interpreting our measurements of the time decay of
sition, structure and particle siZéWe measured magnetiza- remanent magnetization for the N nanoparticles, for
tion vs field in zero-field-cooled and field-cooled conditionswhich we observed a temperature-independent viscosity pa-
using a SQUID magnetometer. Figure 2 shows the first quadameter from 2.0 K down to 0.4 K. Such a crossover into a
rant of a full =70 kOe hysteresis loop. The loop closes at atemperature-independent regime is predicted for MQT of
relatively low field (~4 kOe, indicating that there is no single-domain particle§,however it also has been shown
high-field irreversibility such as we found for the Nif&y  that a distribution of energy barrier§ E) ~ 1/E gives cross-
nanoparticles. However, the moment is unsaturated up to thever behavior for thermal activationThis type of barrier
maximum field of 70 kOe, similar to what was found for the distribution is not consistent with single-domain particles,
N|Fe204, consistent with surface Spin Canting_ Further, Webut it is consistent with a Spin-glaSS-Iike collection of surface
find a hysteresis loop shift upon field cooling% K ina+70  SPins, as demonstrated below.

kOe field, as shown in Fig. 3. Measurements on chemically precipitatge=e,0; nano-
particles show some but not all of the same features as the
NiFe,O, nanoparticles. The moment is unsaturated and has a

C. y-Fe, 05 nanoparticles

40 e o parﬁcle's, 64 ' ' large diff_eren_tial su_sceptibility at hig_h field. This was noted
M0 e ’TiSK by Coey in his seminal work on similarly prepargdFe,O;
[ I . 0 "
20 F 3 nanoparticles’ He additionally noted the lack of paramag-
f netism in the Maesbauer spectrum at low temperature, indi-
- 10 3 / ] cating spin canting rather than a nonmagnetic surface layer.
emu 7 O0F We also find a shifted hysteresis loop upon field cooling this
[V-FeZO 10 3 ] sample, which can be explained on similar grounds as for the
~ NiFe,O, nanoparticles. What is missing is the high-field ir-
20 E reversibility, which we will discuss below in Sec. Il F.
.30 § ]
L E. Modeling: NiFe,O,
-3000 -2000 -1000 0 1000 2000 3000
H [O¢] The exchange constafsare the following(in units of
K):

FIG. 3. Low-field portion of a=70 kOe hysteresis loop of
v-Fe,0; nanoparticles measured at 5 K. The cooling field wa®
kOe. JAA:_Zl.O, JAB:_SG.O, ‘]AB':_28'1
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JBB:_ZZ.O, JBB:+2'0’ JBrBr:_8.6 (15) 1.0 b I I I I ; I :
08 [ 2) ]

where A= (Fe’", tetrahedral site  B=(Ni?>", octahedral 0.6 | 3
site), B’ = (Fe*", octahedral site The small size of the ex- 04 1
change constants relative to the ordering temperai888 02 L ]
K) of NiFe,O, is due to the large coordinatio sites hav- M/M 00 3
ing 16 neighbors an@® sites having 12 neighbors. A_M 3 ]

Approximately spherical particles were generated by in- _0'4 i ]
cluding all sites on a spinel lattice within a spherical volume. _0'6 i Calculation Result
In the following discussion, “surface cations” are those with ) 25A NiFe O, particle
lower than bulk coordination. Surface roughness was created 08 ¢ SVD =00, BBD =00 7
by removing surface cations at random. The fractiosuf -1.0 roeooooooceceamd  Surhicek,mdl/spin g
face cations removed in this way we refer to as the surface 1.0 F ' ' ' ' ' ' ' ]
vacancy density(SVD). Following this procedure we re- 08 | b)
moved any asperities, defined as cations with fewer than two 06 | ;
nearest neighbors. As indicated in Sec. I, a fraction of the 04 b ¢ ]
exchange energy terms between surface cations were re- o2 b ]
moved, breaking the exchange bond between them. The frac-M M 0'0 s
tion of broken exchange bonds relative to the total number of A ]
neighboring pairs of surface cations we refer to as the broken 02 ¢ ]
bond denSity(BBD)- 0.4 ) Calculation Result ]

Surface anisotropyAs discussed in Sec. Il, we expect §  25ANiFe O particle ]
large perturbations to the crystal field at surface sites result- SVD=0.15,BBD=0.8
ing in surface anisotropy. Values k§ between 1—4g/spin . ‘ . Surface k, =4 k,/spin

were chosen for the calculations, and are representative of 20 -15 -10 -5 0 5 10 15 20
the magnitudes determined by EPR measurements of the an- H [kOe]

isotropy of dilute N¥* and Fé' in various oxide host : . .
crystals?®?! We treat this surface anisotropy as uniaxial, . FIG. 4. Calculated hysteresis loops for a 25 A NiBgparticle,
with a surface anisotropy of kg /spin. (a) Particle with no broken

with the axis defined by the dipole moment of the neighbor-,

o H h is for th . . - Ibonds or additional roughness, hence no surface spin disdtier.
Ing ions. Hence, the easy axis for these 1ons Is approximate Barticle with surface vacancy density S¥D.15, and broken bond

radial. It is intuitively clear that if the spins were perfectly density BBD=0.8, hence significant surface spin disorder. The

aligned (i.e., no surface spin disorderthat the effect of a ;ompination of surface anisotropy and surface spin disorder leads to
radially symmetric surface anisotropy would average to zeroyign-field irreversibility.

This is demonstrated in Fig.(d, which shows a calculated

hysteresis loop for a 25 A NiR®, particle having no broken  paring the spin configurations in the upward and downward
exchange bonds (BBBO0) or additional roughness (SVD .. . . 2

= : : . field sweeps. Figure 7 shows the differer§éd,upsweep)
=0), but with a surface anisotropy of 4 /spin included. - _ )

For this case, there is no surface spin disorder and we find S(H,downsweep)between the two configurations &0
that the effect of the surface anisotropy indeed averages Q€. This figure is a projection ddll of the spins in the
zero, hence the coercivity is vanishingly small. In contrastparticle along the(110) axis, so in most cases there are
Fig. 4(b) shows a calculated hysteresis loop for the same

particle size with SVB-0.15 and BBB-=0.8, plus a surface 1.0 —— . .
anisotropy of 4kg/spin. We find that when there is surface 0.8 | Colevtation Result
spin disorder the surface anisotropy results in a enhancec 06 |
coercivity (1800 Oe in this examp)eas well as irreversibil-
ity up to about 10 kOe. 04 1

The effect of the surface anisotropy becomes more pro- 02 ¢
nounced when more roughness is added. For example, Fig. M/M, o0 |
shows a 40 A NiFgO, particle with SVD=0.1/0.1/0.1 and 02 L
BBD=0.8. This threefold surface vacancy density indicates 0d b
that flrst 10% of the surfage cations are rempved as descrlben o | 40 NiFe.O_ particle
previously, then the cations are reclassified to determine - Surface Vacancy Demsity = 0.10.1/0.1
which cations are on the surface and the procedure is re- 0.8 Broken Bond Density = 0.8

. . o Core K =-.0145k , Surfacek =4k
peated twice. Finally, any asperities are removed as de- -1.0 : AR = L
-100 -50 50 100

scribed previously. This iterative procedure promotes a more
irregular surface, since the roughness is no longer limited to
the outermost monolayer of the initial sphere. The high-field G, 5. calculated hysteresis loop for a 40 A NiBg particle,
irreversibility is quite pronounced, the loop being open up towith surface vacancy density S\#0.1/0.1/0.1, and broken bond
approximately 60 kOe. The spin configuration4e$0 kOe,  density BBD=0.8. The three SVD parameters are applied itera-
during the downward field sweep, is shown in Fig. 6. Thetively as described in the text. A surface anisotropy &k4spin is
nature of the high-field irreversibility can be seen by com-included.

0
H [kO¢]
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40A particle ® <110> 30A NiFe 0, particle
H=100 Oe¢

|A§i| threshold = 0.10

o
o
o
W
o

# States

. - .
200 300 400 500 600

2{ )( f‘( )/ )( s Activation Energy [mK/cation]
m\\mfﬁ/ﬁ;{ﬁﬁf/ﬂk 140 -
\ NTS 7 /i//" /// /é 120 3'0ANiFeZO4particle
é/// A 100 % H =100 Oe
aom s N o A site 2 80 % |AS | threshold = 0.50
_H=s0000 ~ 7 © ¢ ) © B site 3 %
= |
FIG. 6. Calculated spin configuration Bit= +50 kOe, during % % . =S
the downward field sweep, for a cross section of a 40 A pige 7 // . % - /

particle. Parameters are identical to those used in Fig. 5. 0 5 0 15 20 25
Activation Energy [K/cation]
several sites overlaid upon each other. The difference vectors
are den(_)ted by arroyvs Whosellengths In.dlcate t.he magn'tu%Fe204 particle with surface anisotropy ofl /spin, using values
of the difference. Sites at which there is no difference arefO 1 and 0.5 for théAS | threshold. Note the | it
indicated by a small dot, and the longest arrows correspon8 - ana .5 for ¢AS| reshold. Note the farger energy units
. . of the bottom histograniK cation rather than mK/cation

to complete reversals of spins. A noteworthy feature of this

figure is that there are often neighboring pairs of spins which

both flip 180°. This results in a slightly different net moment K/spin was used, and a set of 600 distinct states were re-
because the different cations have different momentsorded, each time checking that the new state differed by

[u(FE")~5ug, u(Ni*") ~2pug] |A§|>0.02 from each of the previously recorded states.

q Act|(\j/at|on efnirg|esS|nce V\;e arﬁ mtere;t;ed n tge t|r|ne ach state was tested for stability by applying a perturbation
ependence of the moment of such a particle, we develop&qq times and checking that each time it converged back to
a method to calculate the activation energies associated wit

transitions between surface spin states. States are found Hj¢ same state, i.e|AS] less than a threshold value. The
perturbing an initial configuration with a random set of rota-Perturbation was made small initially, then made incremen-
tions, as described in Sec. Il. A perturbation energy of 3dally larger until the state was no longer stable under that
perturbation. We define the “activation energy” as the per-
40A particle ® <1io> turbation energy required to make the spins converge to a

FIG. 8. Calculated activation energy distribution for a 30 A

| 'r\ o, different state, i.eJAS|>0.02.

et Tet eyt % We find that there is a hierarchy of states in the neighbor-
o e, e e T e T hood of any starting state. If a state is perturbed by a small
s e e T e T e 0 energy, it can relax to another state which differs from the

S e e %t original state by a small amoufite., |AS| is smal). How-
° \ of Tet Tet Tt e T ever, if the state is perturbed by a large energy, it can relax to

f LR ° "o ° o o “o" e another state which differs by a large amolirg., [AS| is
P 5% s° 0“ AR ' large). We characterized this hierarchy of states by repeating
Te T e T e T et et the activation energy calculation using different values of the

T S R threshold for/AS| in the stability criterion. Results for this
R calculation on a 30 A particle with surface anisotrogy
LT et ® Asite =4kg using|A S| threshold values of 0.1 and 0.5 are shown
7 H=50000 ' + B site

in Fig. 8. The dashed curve is a fit toEl/which appears

FIG. 7. Difference between calculated spin configurations for 22PPropriate for a limited energy rang2-20 K). We con-
40 A NiFe,0, particle at+50 kOe during up-sweep and down- sider the experimental window, as discussed in Sec. |, corre-
sweep of the field in a hysteresis loop. Sites at which there is néponding to these energy barriers. Using the véliye 3
difference are indicated by a dot, and the longest arrows correspond 10° s+ obtained fory-Fe,O5 nanoparticle4! these barri-
to complete reversals of spins. This is a projectiomlbbf the sites  ers correspond to an experimental window ofF
in the particle along thé110) axis, so in most cases there are =0.07-0.7K for relaxation measurements whete
several sites overlaid upon each other. Parameters are identical t81000s. This implies that thermally activated relaxation of
those used in Figs. 5 and 6. this system would be temperature independent at low tem-
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1.0
0.8 a)
0.6
04}
02}
Ener;
& M/M, 0.0}
~20K 021
04 3
~50mK -0.6 | 404 v-Fe O, particle
/T 08¢ Surface kS =4 kB
Configuration -1.0 ' ‘ '
1.0
FIG. 9. Pictorial description of the energy landscape for a 0.8} b)
NiFe,O, nanoparticle with surface anisotropy. Configuration space 0.6
is indicated on the horizontal axis and energy is indicated on the 04}
vertical axis. 02t
o _ M/M, 0.0 |
peratures, similar to what we found experimentaflZalcu- 0.2
lations of activation energies in the absence of surface an- 04t
isotropy were re_por.ted previoustyand were qualitatively 0.6F 40A y-Fe O, particle
similar but quantitatively much smallér~50 mK). o8b Surt 2k3_ .
A detailed treatment of the relaxation of such a many- 1o . | e kTN
state system is a nontrivial problem. The hierarchical distri- -100 -50 0 50 100
bution of barriers is similar to ones described for other sys- H [kOe]

tems with many degrees of freedom such as spin glasses and
folding proteins. One way to pictorially describe the “energy
Iand_scape_” IS ShOWF‘ In F'g‘ 9, where theNajw_nensmnf'il density BBD=0.8. The particle shown ifa) has a surface anisot-
configuration space is indicated schematically in one dlmenr—opy of 4 kg/spin, whereas(b) has a surface anisotropy of
sion along the horizontal axis, and the energy is indicateq kg /Spin.

along the vertical axis. In the vicinity of each state, there is a

“family” of local equilibria which can be accessed with -

. L shows a calculated hysteresis loop for a 40/4e,0; par-
OnIAy a small actwatph energfa few mK_, n th|§ Cas)? The ticle having the same roughness and surface anisotropy pa-
|AS| threshold specifies how far away in configuration spaceameters as those used in Fig. 5. The high-field irreversibility
the system must be excited before we consider it to be in & clearly present, in addition to the reduced moment and

different state. Once thm§| threshold is large enough to lack of saturation due to surface spin disorder. The lack of
span the family of local equilibria, we begin to probe the high-field irreversibility in the experimental data of Fig. 2
higher activation energies in the distribution. suggests that the surface anisotropy may be less for the
chemically prepared specimens. We have calculated the
hysteresis loop corresponding to a surface anisotropy of 1
kg/spin, rather than 4&g/spin. This result is shown in Fig.
As shown in Fig. 7, we found that the high-field irrevers- 10(b), where we see that the high-field irreversibility and
ibility in NiFe,O,4 was primarily due to pairs of surface spins |arge coercivity are no longer present. A lower surface an-
which reverse together. It would appear that this type Ofisotropy could result from different ligands bonded surface
irreversibility would not occur if all of the cations had the cations, leading to different crystal-field splittings. Experi-
same moment. Such is the case fpiFe,0;, which only  mental testing of this hypothesis would require further study.
contains F&' ions, and indeed we do not observe high-field
irreversibility in samples ofy-Fe,05; hanoparticles, as shown
in Fig. 2. However, detailed modeling of spin configurations o o
of y-Fe,0 nanoparticles did exhibit similar tendencies for ~We have observed high-field irreversibility in the moment
high-field irreversibility for the same values of surface an-versus field and moment versus temperature of pOge
isotropy and roughness_ We used the exchange constants I’(lj:f.nopartlcles. The onset temperature Of th|S |rreVerS|b|I|ty IS

FIG. 10. Calculated hysteresis loops for 40yAFe,0; particles,
with surface vacancy density S\#0.1/0.1/0.1, and broken bond

F. Modeling: y-Fe,0O4

G. Summary

NiFe,0, which correspond to Bé pair interactions: near 50 K. Earlier investigations established that there is spin
canting in these particles. The appearance of shifted hyster-
Jap=—21.0, Jag=—28.1, Jgig:=—8.6 (16)  esis loops lead us to propose that the canted spins are on the

particle surfaces, and have multiple stable configurations,
[using the same notation as in E@.5)]. Using the Nel  one of which is selected by field cooling. We additionally
modef? to estimate the correspondifig gives a value of suggested that the open hysteresis loops and time-dependent
905 K, which is consistent with experimental estimates ofmoment are due to transitions between surface spin configu-
the T, for y-Fe,0; in the literature®® Since the evidence for rations, rather than magnetization reversals of whole par-
vacancy ordering is unclear for small particfésye assumed ticles. Our numerical model demonstrates the potential for
a random distribution of octahedral vacancies. Figur&)10 surface spin disorder, arising from reduced coordination and
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broken exchange bonds between surface spins. Calculatio " T ' ' ' ;
of the energy barrier distribution between surface spin states 20t ?‘f’sfﬁ“ diameter 1
is consistent witm(E) ~ 1/E which has been shown to pro-

duce a thermally activated temperature-independent viscos

ity. Thus, a temperature-independent viscosity is not neces Lo
sarily an indicator of MQT in fine-particle systems where - / .
spin disorder is present. A model of surface anisotropy is o 0.0

given, based on consideration of crystal field splitting of sur- [emw/g] ™
face spin states. The combination of surface spin disorde!

and surface anisotropy accounts for the observed high-fielc 1.0
irreversibility and gives energy barriers of the correct order

of magnitude to explain the low-temperature relaxation. For
chemically precipitatedy-Fe,0O; nanopatrticles, we find un- -2.0
saturated magnetization, consistent with surface spin disor

der, but no high-field irreversibility. We suggest that the lack

of high-field irreversibility is due to smaller surface anisot-

ropy in these particles as a result of different ligands bonded FIG. 11. Hysteresis loopts K of 83 A NiO particles field

-60 -40 =20 0 20 40 60
H [kOe]

to surface cations. cooled from 340 K in+20 kOe.
IV. ANTIFEERROMAGNETIC NANOPARTICLES _Brunauer-_Emmett-_TeIIer surface area measurements assum-
ing spherical particles. TEM measurements are consistent
A. Background with these size determinations, and suggest the possibility of

Néel suggested in 1961 that fine particles of an antiferroPlatelet-shaped particles. _
magnetic material should exhibit magnetic properties such as L-arge coercivities and shifted hysteresis loops were ob-
superparamagnetism and weak ferromagnetfsiiéel at- served for all samples after field cooling. Measurements at 5

tributed the permanent magnetic moment to an uncomperf¢ ON & sample having an average diameter of the 83 A, field

sated number of spins on two sublattices. Indeed, large ma%_ooled in+20 kOe from 340a 5 K are shown in Fig. 11.

netic moments in antiferromagnetic nanoparticles have beeh©' this sample the coercivity is 8.8 kOe, and the loop shift
is 3.7 kOe. Very large coercivities and exchange fi€ld$0

observed in materials such as Nf©*’ however, their origin ( : ( ) _
is not clear. Some investigators attributed these moments #§°0€ are also obtained for the intermediate sized particles
ith 220 A<d<315A 3

nonstoichiometry, presence of superparamagnetic metalli/!
nickel clusters or Ni' ions within the NiO latticé’® How-

ever, a recent repdit has shown that these moments are C. Modeling
only slightly changed by mild reductiofio eliminate N#*)

or oxidation(to eliminate Ni metgl Our recent experimental
work®®? has shown that NiO nanoparticles also exhibit re-
markable hysteresis at low temperatures, having coerciviti
and loop shifts of up to 10 kOe. This behavior is difficult to
understand in terms of the two-sublattice antiferromagneti
ordering which is accepted for bulk NiO. Numerical model-
ing of spin configurations in these nanoparticles yields eight
six, or four-sublattice configurations, indicating a finite-size
effect, in which the reduced coordination of surface spingggig loop, one could obtain a shifted loop with no hyster-
causes a fundamental change in the magnetic order throug

t th tticle. The relativelv weak lina between th sis. Therefore, a simultaneous loop shift and coercivity can
out the particle. The relatively weak coupling betwee eonIy be described in terms of this model if one attributes it to

sublattlce_s allows a variety of reversal_paths for the_ SPINS broad distribution of reversal fields, both greater and less
upon cycling the applied field, resulting in large coercwmes,[han the maximum applied field. In order to better under-

2&%;30[) shifts when bulk and surface anisotropies are N3tand the magnetic behavior of antiferromagnetic nanopar-

ticles, we have employed calculations of equilibrium spin

configurations as described in Sec. Il. The anisotropy of bulk
B. Experiment NiO was investigated by Hutchings and Samuel$ewho
used an orthorhombic form for the anisotropy:

The hysteresis of a collection of two-sublattice antiferro-
magnetic nanopatrticles, having net moments due to uncom-

ensated spins, can be described in terms of a Stoner-

ohlfarth type modet? in which the spin axis has two or
more metastable orientations, which depend on the magnetic
%misotropy and the applied field. Within this modeiajor
hysteresis loops are symmetric since the magnetocrystalline
anisotropy has inversion symmetry. If, however, the field is
not sufficient to reverse the particle moméing., minor hys-

Following the method used by Richardsbmickel hy-
droxide Ni{OH), precursor was chemically precipitated by 5 5
mixing a nickel nitrate NiNO,),-6H20 aqueous solution Ea=D1S;+ DS, (17)
and a sodium hydroxide NaOH aqueous solution. NiO nano- _
particles of various sizes were prepared by calcining portiongvherex is the easy axi$112) andz is the hard axig111).
of the dried gel fo 3 h atvarious temperatureS. X-ray-  The structure of NiO is actually rhombohedral so for the
diffraction patterns indicate single phase fcc NiO. The par-<alculations we used instead a sixfold symmetric form, con-
ticle size was estimated from both x-ray-diffraction line sistent with torque measurementsThe anisotropy used in
broadening using a modified Debye-Scherrer meflahd  our calculations was
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20A particle ® <111> 31A particle e * o ® <111>
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FIG. 12. Equilibrium spin configuration for a 20 A NiO particle.  FG. 13. Equilibrium spin configuration for a 31 A NiO particle.
The (111 cross section is shown, which is ferromagnetically The (111) cross section is shown, which is ferromagnetically
aligned in bulk NiO. Instead, we find six sublattices, instead of theg|igned in bulk NiO. Instead, we find four sublattices, instead of the
usual two sublattices. The energy difference between this equilibysyal two sublattices. The energy difference between this equilib-

rium state and the two sublattice state-i§.17 K/spin. rium state and the two sublattice state-i§.25 K/spin.

E = Dléﬁ—(Dz/lB)cos 60, sirf 6; , (18) No. sublattices Bulk exchange energy
where 6, and ¢; are the conventional sphgrical coordinates? 232"_6(‘]; —J1) i :13;2(1) Eip::
corresponding the direction of the ionic sgnwith ¢; ref- 6Jz+ 37— 00) _ 1326.8 K/sgin

erenced to théll?) direction. The factor of 18 results from
matching the leading terms in a smail-expansion of our  Hence, the only exchange term that makes the two-sublattice
expression to that of E417). Following the notation of Ref.  state more stable in bulk NiO is proportional to the small
53, the exchange and anisotropy parameters used are the f?hf —J7) splitting. We find that the energetic preference for

lowing (in units of K): multisublattice states becomes greater when surface rough-

. B ness and broken exchange bonds are included. Hence, even
J;=15.7,J; =16.1, J,=—221, when the ¢; —J;) splitting is included in the calculations,

as described in the next section, the multisublattice states are

D,=1.13, D,=0.06, (199  ground states for smaller particles. This is the essence of the

finite-size effect.

whereJ; is the exchange integral between spins in the same Full model calculations.Since J; and J; are defined
(111 plane (normally ferromagnetically alignécandJ; is  based on a two-sublattice spin configuration, it is not imme-
the exchange integral between spins in adjacebt) planes  diately obvious how to include the){ —J;) in the calcula-
(normally antiferromagnetically aligngd tions. We must therefore develop a way of defining how the

Origin of multisublattice statesBefore treating the prob- splitting is to be applied to an arbitrary spin configuration,
lem in full detall, it is instructive to consider the case wherewhich handles the two-sublattice configuration as a limiting
we neglect the small difference betwegh andJ; , associ- case. The splitting is associated with the rhombohedral con-
ated with the rhombohedral contraction occurring below theraction occurring below the N¢ temperature, and is be-
Neel point, and also neglect the in-plane anisotropy. Theieved to be due to the asymmetry in nearest-neighbor atomic
resulting equilibrium spin configurations for particles of 20 spacing depending on whether the neighbor is in the contrac-
and 31 A are shown in Figs. 12 and 13. These particles argon plane. The theory of exchange stricidf® predicts it to
approximately spherical, having no surface roughness or brosary as
ken exchange bonds. The illustratédd 1) cross sections are
planes which are ferromagnetically aligned in bulk NiO, but J+_J—:2j§2 (20)
instead we find a number of different spin directions. Spe- o ’

cifically, we find six sublattices and four sublattices for the

~ . . . _ 53
20 and 31 A particles, respectively, instead of the usual twél\’here.S is the average spin ang=—0.26K.™ S can be
gescrlbed as an order parameter for the two-sublattice state.

sublattices. We also indicate the energy difference betweep: : ; D .
the equilibrium state and the two sublattice stateAds, ince we find substantial deviations from the two-sublattice

which equals—0.17 and—0.25 K/spin for these two cases. State, we calculat® after each step of the relaxation_proce—
In other words, due to the lower coordination at the surfacedure and rescal@, according to Eq(20). We computeS for
these multisublattice states haegver energies than the two- any given spin configuration as
sublattice state. Based on these four- and six-sublattice con-
figurations, we compute the total exchange energy for a bulk . 1 N
crystal as follows: S=max 1234“ 21 (— 1)kij$’ , (21

i=
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30
Diameter (A) FIG. 15. Calculated field-cooled hysteresis loop for a 45 A di-
ameter, 19 A thick NiO platelet. Field is applied in the plane of the

FIG. 14. Calculated average order parame$eand average platelet, which hag111) orientation.

number of sublattices for 30 different NiO particles in zero applied

field as a function of diameter. The surface broken bond density

(BBD), and rms roughness amplitude are indicated in the legend.applied several times, followed by relaxation of the spin con-
figuration each time, to find the lowest energy state. An ex-

whereN is the number of spins, arld; is defined as ample of such a calculation is shown in Fig. 15, for a 45 A
diameter, 19 A thick platelet, with the field applied in the
ki1=P;-(1,1,D/a, plane of the platelet, which h&$11) orientation. The broken
bond density in this case was 0.5. The calculated curve ex-
ki,=P;-(1,1-1)/a, hibits a large coercivity and loop shift as was found experi-
mentally (e.g., Fig. 1). As discussed in Ref. 3, the spin
kis=P;-(1,—1,D/a, configurations in the positive and negative remanent states
are complex multisublattice states and are qualitatively dif-
ki,=Pi-(—1,1,1)/a, (22)  ferent, not simply 180° rotations from each other. The inter-

sublattice angles are not fixed, but change substantially upon

whereP; is the position of thath spin anda is the cubic  cycling the field, giving rise to a variety of reversal paths for
lattice parameter. We essentially calculate the order paramhe spins. We find that surface anisotropy and multisublattice
eter for each possible 11)-type ordering plane, and take the states are key ingredients to produce simultaneous coercivi-
largest value. The magnitude of the uniaxial surface anisoties and shifted loops.
ropy was chosen to be 2 K, which is a reasonable value Based on our calculated spin configurations, we find that
based on EPR determinations of the magnetocrystalline anhe stability of the two-sublattice stateersus multisublattice
isotropy of N#* ions in bulk oxide crystals with sites of low state$ in bulk NiO is directly related to theX; —J;) split-
symmetry° ting. Since the rhombohedral contraction is known to dimin-

Calculations on spherical particles of different diameter§sh with increasing temperatu®, multisublattice states
were performed in order to determine the onset of the mulshould become more prevalent at higher temperatures. We
tisublattice spin state. Figure 14 shows the order pararSeter suggest that considerations of multisublattice ordering may
and the average number of sublattices for 30 different parbe useful in describing critical behavior, even in bulk NiO.
ticles in zero applied field as a function of particle diameter. In summary, we have observed large moments in NiO
Two curves are plotted for relatively smooth particles withnanoparticles, as well as large coercivities and loop shifts at
different values of the broken bond dens{®BD), and a low temperatures. These observations are consistent with
third curve is plotted for a rougher particle. Roughness ignultisublattice spin configurations which follow directly
created by removing surface cations at random and taking offom bulk exchange parameters and considerations of low
any asperities afterward, as described in Sec. Il. The resulgoordination at surface sites. Specifically, we find that the
indicate that the order parameter approaches unity as the pagtability of the two-sublattice state over multisublattice states
ticle size increases, while the average number of sublattices bulk NiO is directly related to the small exchange term
is close to 8 for smaller sizes and approaches 2 as the siZd; —J;), and that the low coordination at surface sites
increases. The size threshold for this behavior is stronglyends to make multisublattice states more stable. This com-
dependent on parameters of the surface. petition between bulk an surface energies results in the

Hysteresis loops were calculated for both spherical andinite-size effect. We show that this finite-size effect can
platelet shaped particles and in both cases we found lardgeave a profound effect on low-temperature hysteresis prop-
coercivities and loop shifts. A simulated field-cooling proce-erties, giving rise to simultaneous coercivity and loop shift
dure was performed, in which perturbations of 400 K/spinwhen surface and bulk anisotropies are included. We suggest
were applied and the spin configuration was allowed to relaxhat multisublattice states become more important at high
in the presence of a 100 kOe field. The perturbation wasemperatures, even in bulk materials.
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