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Surface Spin Disorder inNiFe;04 Nanoparticles
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Nickel ferrite nanoparticles exhibit anomalous magnetic properties at low temperatures: low
magnetization with a large differential susceptibility at high fields, hysteresis loops which are open up to
160 kOe, time-dependent magnetization in 70 kOe applied field, and shifted hysteresis loops after field
cooling. We propose a model of the magnetization within these particles consisting of ferrimagnetically
aligned core spins and a spin-glass-like surface layer. We find that qualitative features of this model are
reproduced by a numerical calculation of the spin distribution. Implications of this model for possible
macroscopic quantum tunneling in these materials are discussed. [S0031-9007(96)00628-X]

PACS numbers: 75.50.Tt, 75.30.Pd, 75.50.Gg, 75.50.Lk

Magnetic properties of nanoparticles are of great curreninteraction between the magnetic cations is antiferromag-
interest, stemming in part from the development of highnetic. Bulk ferrimagnetic order arises since the intersublat-
density magnetic storage media with nanosized constituetite exchange is stronger than the intrasublattice exchange.
particles or crystallites. Spontaneous magnetization revekariations in coordination of surface cations result in a dis-
sal in such particles is of particular interest, since this detribution of net exchange fields, both positive and negative
termines the stability of stored information and limits the with respect to a cation’s sublattice. Since the interaction
ultimate storage density. As such, particles of magnetiés mediated by an intervening oxygen ion, exchange bonds
oxides such ay-FeO; and ferritin have been the subject are broken if an oxygen ion is missing from the surface.
of basic studies of magnetic relaxation [1—4]. The presenfdditionally, if organic molecules are bonded to the sur-
study points to surface spin disorder as an important facface, the electrons involved can no longer participate in
tor in the relaxation behavior of magnetic oxide particlesthe superexchange. Both types of broken exchange bonds
Experimental evidence for surface spin disorder has beenill further reduce the effective coordination of the sur-
reported in several previous studies. Spin canting in ballface cations. Our calculations show that broken exchange
milled NiFe, O, [5,6] and chemically precipitateg-Fe,O;  bonds are sufficient to induce surface spin disorder [11].
[7] was demonstrated via Mdssbauer spectroscopy as Rinally, the superexchange is very sensitive to bond angles
mechanism for moment reduction. The initial study [5,6]and lengths, which would likely be modified near the
of ball-milled ferrites additionally noted shifted hystere- surface.
sis loops, and proposed “spin pinning” due to an organic The fine particle samples were produced by grinding
surfactant coating. Recent polarized neutron scatteringoarse powders of high purity NiF®, in kerosene and
experiments on ball-milled Cok®, particles were con- oleic acid (organic surfactant). It was found that the oleic
sistent with a core of aligned spins surrounded by a magacid is strongly bonded to the surface, and could not be
netically disordered shell [8]. Similar conclusions wereremoved by chemical means. The average patrticle size as
made from a Méssbauer study of chemically precipitatedietermined from x-ray diffraction line breadths was 65 A.
NiFe, O, particles [9]. The present results on ball-milled High resolution transmission electron microscopy studies
NiFe, O, are also consistent with spin canting. We proposeon an identically prepared Cof®, sample showed that
that the canted spins are in a surface layer and that thefe cubic spinel structure was preserved and that the parti-
freeze into a spin-glass-like phase at temperatures beloules are, for the most part, equiaxed single crystals [12].
50 K. Thus, the surface spins have multiple configurations High field magnetization measurements (0—200 kOe)
for any orientation of the core magnetization. This modelwere made using a water-cooled Bitter magnet with a vi-
accounts for previously reported anomalous behavior, asrating sample magnetometer. Lower field measurements
well as the remarkable irreversibility and time-dependentvere made with a commercial SQUID magnetometer (0—
moment in high fields that we report here. The model als@0 kOe, 5—-300 K). Corrections were made in the magneti-
provides an alternative to macroscopic quantum tunnelingation data for the surfactant and contaminant from the ball
(MQT) for interpretation of our magnetization relaxation mill (see Ref. [6] for details). Samples are dry powders,
measurements at low temperatures [10]. immobilized in paraffin. The interparticle separation due

There are several compelling reasons to expect surfade the surfactant coating is estimated to be 20 A. Dipolar
spin disorder in ferrite nanoparticles. The superexchangmteraction fields are estimated to k®00 Oe. Figure 1
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Magnetic moment vs time measurements were made by

bulk NiFe,0, first cooling in zero field, then ramping the applied field
50 r 1 to +70 kOe at 10 kOe per minute and then measuring
every 30 s for 5000 s, ramping the field te70 kOe,
40 milled NiFe,0, and measuring again for 5000 s. Finally, the field was
c ramped back to+-70 kOe and measured again for 5000 s.
;;;l;litJ 30 A —0.03% instrumental background drift with time was

determined using Ni and G@; standards. This back-
ground was 10% of the change in sample moment, and
had the opposite sign. Figure 3 shows moment vs total

20 [

32

10t T=42K 1 elapsed time during this procedure. Absolute values of the

0 . ) B p e W moment are plotted on an expanded scale in order to com-
0 40 80 120 160 200 pare+70 and—70 kOe curves. We note an upward creep
H [kOe] in the moment. Also, subsequent iterations with positive

FIG. 1. ZFC magnetization hysteresis loops at 4.2 K for bulkand negative fields result in continually higher values of
and milled (D) = 65 A) samples. Inset is the milled sample magnetization. The moment ih70 kOe was also taken

moment. after field cooling as rapidly as possible (1400 s) from 100
to 5 K (not shown). In that case the moment was constant

shows the first quadrant of magnetization hysteresis loop&/th time, indicating that field cooling establishes an equi-
librium magnetization state.

for the nanoparticles and for bulk Nif®,; measured at ' ) . .
Sufficiently small magnetic particles are usually single

4.2 K. The loop for the nanopatrticles is open, with posi- . ) ; ¢ -
tive and negative field sweeps separated, up to approxfiomains, with atomic spins completely aligned by ex-

mately 160 kOe. This separation implies that some of th&hange interactions. The rotational barriers due to mag-
magnetic spins have a “switching field” of 160 kOe. Fig- netocrystalline, magnetoelastic, and shape anisotropy can

ure 2 shows moment vs temperature in 70 kOe app"egap _particles in twq or more me.tastable orientation_s, giv-
field, in field cooled (FC) and zero field cooled (ZFC) 'Nd rise to hystereg,ls. The persistence of hysteregls up to
states. This measurement cannot be directly compared #$C kOe could be interpreted as resulting from anisotropy
“conventional” FC and ZFC measurements on, e.g., spiﬁ'e'ds of 160 kOe. Howe_ver, th_ls is 400 times larger than
glasses, done in a much lower field, typica#y100 Oe. thel bulk ma'gnetocrystalh.ne anisotropy field. Our obser-
The separation between FC and ZFC curves indicates Uion of shifted hysteresis loops suggests that the surface
nonequilibrium magnetization state below 50 K for theSPINS are spin-glass-like, having multiple configurations
ZFC case. The FC-ZFC separation in 70 kOe and thdhat b.ecome frozen below 50 K. Because of the faxchange
open loop at 160 kOe can be described as “high field irref0UPling between the surface and core spins, field cool-
versibility.” This irreversibility is remarkable for Nir©, N9 can select a surface spin configuration which favors
which has a bulk magnetocrystalline anisotropy field oftN€ particle being magnetized in the field cooling direc-
only 400 Oe. We also find a hysteresis loop shift in thelion, hence_resultlng_ in a shifted hys_tgre5|s loop below
FC state which decreases with increasing temperature arg K- The field required to force transitions between sur-
vanishes near 50 K. We associate the onset of the loop shif{c€ SPin configurations can be very large since the ex-
and high field irreversibility at about 50 K with a “freez- change fields are approximatefyx 10° Oe. Therefore,

ing” of disordered surface spins.
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FIG. 2. ZFC and FC moment in 70 kOe applied field vs FIG. 3. Absolute value of ZFC moment vs time+¥0, —70,
temperature. Lines are guides to the eye. and +70 kOe sequentially applied fields.
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our interpretation is that the open hysteresis loop at higlspin unit vector as a function dfx;, 8;) which corre-
field is the result of irreversible changes between these susponds to rotations in two orthogonal directions,
face spin configurations rather than reversals of particle

magnetization as a whole. A 65 A ferrite particle has 26% $i(ar, B) = Soi + ai€ai + Bigi

surface cations, so it is reasonable that the 3% change in e 1+ a2+ 2 ’

moment upon field cooling (Fig. 2) arises from changes in ' '

the surface spin configuration. where$y; is the initial spin direction and,; andég; are

Time-dependent magnetization of a fine particle systerghosen to makéé,;. é;. So;) a mutually orthogonal set.

is usually modeled in terms of thermal activation of par-Thijs choice of coordinates gives the following expressions
ticles with two stable magnetization states. Within ourfor the derivatives o (evaluated at;; = 8; = 0):

surface spin disorder model, time-dependent magnetization

may notonly be due to particles reversing their orientation oE =

of magnetization, but also result from transitions between 87” = —8impSi€aiHesr i,

surface spin configurations. We attribute the measured on.

time-dependent magnetization in 70 kOe to thermally acti- Hey, = H + Z 2JijS; S

vated transitions between these surface spin states. These ’ T giks

transitions can involve a small fraction of the spins, so the 92F boiunS S Hare . i = i

activation energy is not proportional to the particle volume. ——— = TEiIHBOIS0I et iy LT
8aj8a,- _2JijSiSjeai'eajs I # .

This has significance in interpreting our recent measure-

ments of the time decay of remanent magnetization for > ©oo g
S . nce the derivatives are known, the application of the con-
similar NiFeO4 sample [10]. We observed a temperature- PP

; ! ; jugate directions method [16] is straightforward. Figure 4
gdeﬁendent V|sc0_5|tty p?ramete; f“’m S.O do;vn :0 O'.4 K'shows a calculated spin configuration for a (111) cross
uch a crossover Into a temperature-independent regimeda otion of a 25 A NiFg0, particle (310 spins). This is

predicted for MQT of single domain particles [13]; how- smaller than the measured patrticles, but illustrates the gen-

ever, it also has beer_1 shown that a distripution of €NEr9¥ al features we have proposed. We note that some of the
bal’.l’lel’.Sn(E) ~ 1/E gIves crossover beh_aw_or f_orth_ermal surface spins are completely reversed from their normal
activation [14]' Th's type O.f barm_er dlstrlb.u.tlon IS N0ty rientation. The highly misoriented spins are indicated

consistent with single domain particles, butstconsis- by dashed circles. Figure 5 shows the calculated net mo-

tent with a spin-glass-like collection of surface spins, as\ent M (normalized to the aligned statéf,) vs field at

de,rb\nonnusrtnrziiecilbic:)\/ge | was developed to calculate thezero temperature for a 25 A particle. Also shown is the
A - ) . magnetic order parameter (MOP), defined as the sum of
spin distribution within small NiFgD, particles and the g P ( )

. . the absolute magnitudes of each sublattice magnetization,
energy b_arrlers between surface spin states. T_he mOdﬁ rmalized to the aligned state. The MOP gives a mea-
assumptions were: (1) exchange constants derived fro@hre of the degree of spin alignment. The MOP is rela-

a mean field analysis of magnetization and MGSSbaueﬁvely insensitive to applied field, since the field increases

data [15]'. (2) CIaSS'Ca.I SPINS in an INVerse spinel SIUCtUre, o 'sublattice magnetization and decreases the other. Fig-
(3) no anisotropy or dipolar interactions, and (4) a fractio

, re 6 shows a distribution of activation energies associated
of broken exchange bonds between surface spins (80% 9

for the example below), with exchange bonds between
surface and core spins unaffected. The algorithm used to  25A particle ® <I11>
calculate the equilibrium spin configurations was a three- B f o

dimensional generalization of one developed by Hughes y é (',f)('&;\;

[16]. The expression used for the total energy was ’ y ’

2o

e S
all spins T 1 woags; -
p= S s e 1828 I IR

\\
f 7 8iMB o/

-o—

where g; ugS; is thg magnitude of the ionic moment * * ? ? ? *
and the unit vectolS; gives its direction. The second
summation is over first and second nearest neighbors. The é $ é f é f f ?
exchange constants [15] are the following (in units of K): * f 1‘. ; Lo
Jaa = —21.0, Jap = —36.0, Jap = —28.1, <\é‘;"(i\)
_ - = — O Asit
Jgp = =220,  Jpy = +2.0,  Jpw — —8.6, Heo e Bsite

where A = (Fe'", tetrahedral site B = (Ni**, octa-  FIG. 4. Calculated spin configuration & = 0 for a cross
hedral sit¢, B’ = (FE€'", octahedral site We define the section of a 25 A particle. Highly misoriented spins are circled.
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L10 ey model demonstrates the potential for surface spin disorder,
L00 gonee— =— — o— —o— —a— — arising from reduced coordination and broken exchange
. F “-’.__’__”4.—’—.‘—_——1 . .
g:g 3 ] bonds between surface spins. Calculation of the energy
070 TR S = = — e — ——e — — —o— — — barrier distribution between surface spin states is consis-
0.60 £ E tent withn(E) ~ 1/E which has been shown to produce
050 £ 25 NiFe,0, particle a thermally activatedtemperature-independent viscosity.
0.40 £ 3 Thus, a temperature-independent viscosity is not neces-
gzg i :m::me i sarily an indicator of MQT in fine particle systems where
o010 b —o—MOP Surface | ] spin Filsorder is present. _
000 Bl oot This work was supported in part by the MRSEC
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FIG. 5. Calculated moment and magnetic order parameter
(as defined in the text) vs field for a 25 A particle.
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