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Surface Spin Disorder inNiFe2O4 Nanoparticles
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Nickel ferrite nanoparticles exhibit anomalous magnetic properties at low temperatures
magnetization with a large differential susceptibility at high fields, hysteresis loops which are open
160 kOe, time-dependent magnetization in 70 kOe applied field, and shifted hysteresis loops aft
cooling. We propose a model of the magnetization within these particles consisting of ferrimagne
aligned core spins and a spin-glass-like surface layer. We find that qualitative features of this mo
reproduced by a numerical calculation of the spin distribution. Implications of this model for pos
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
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Magnetic properties of nanoparticles are of great curr
interest, stemming in part from the development of h
density magnetic storage media with nanosized constitu
particles or crystallites. Spontaneous magnetization re
sal in such particles is of particular interest, since this
termines the stability of stored information and limits t
ultimate storage density. As such, particles of magn
oxides such asg-Fe2O3 and ferritin have been the subje
of basic studies of magnetic relaxation [1–4]. The pres
study points to surface spin disorder as an important
tor in the relaxation behavior of magnetic oxide particl
Experimental evidence for surface spin disorder has b
reported in several previous studies. Spin canting in b
milled NiFe2O4 [5,6] and chemically precipitatedg-Fe2O3
[7] was demonstrated via Mössbauer spectroscopy a
mechanism for moment reduction. The initial study [5
of ball-milled ferrites additionally noted shifted hyster
sis loops, and proposed “spin pinning” due to an orga
surfactant coating. Recent polarized neutron scatte
experiments on ball-milled CoFe2O4 particles were con-
sistent with a core of aligned spins surrounded by a m
netically disordered shell [8]. Similar conclusions we
made from a Mössbauer study of chemically precipita
NiFe2O4 particles [9]. The present results on ball-mille
NiFe2O4 are also consistent with spin canting. We propo
that the canted spins are in a surface layer and that
freeze into a spin-glass-like phase at temperatures be
50 K. Thus, the surface spins have multiple configuratio
for any orientation of the core magnetization. This mo
accounts for previously reported anomalous behavior
well as the remarkable irreversibility and time-depend
moment in high fields that we report here. The model a
provides an alternative to macroscopic quantum tunne
(MQT) for interpretation of our magnetization relaxatio
measurements at low temperatures [10].

There are several compelling reasons to expect sur
spin disorder in ferrite nanoparticles. The superexcha
0031-9007y96y77(2)y394(4)$10.00
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interaction between the magnetic cations is antiferrom
netic. Bulk ferrimagnetic order arises since the intersub
tice exchange is stronger than the intrasublattice excha
Variations in coordination of surface cations result in a d
tribution of net exchange fields, both positive and negat
with respect to a cation’s sublattice. Since the interact
is mediated by an intervening oxygen ion, exchange bo
are broken if an oxygen ion is missing from the surfac
Additionally, if organic molecules are bonded to the su
face, the electrons involved can no longer participate
the superexchange. Both types of broken exchange bo
will further reduce the effective coordination of the su
face cations. Our calculations show that broken excha
bonds are sufficient to induce surface spin disorder [1
Finally, the superexchange is very sensitive to bond ang
and lengths, which would likely be modified near th
surface.

The fine particle samples were produced by grindi
coarse powders of high purity NiFe2O4 in kerosene and
oleic acid (organic surfactant). It was found that the ole
acid is strongly bonded to the surface, and could not
removed by chemical means. The average particle siz
determined from x-ray diffraction line breadths was 65
High resolution transmission electron microscopy stud
on an identically prepared CoFe2O4 sample showed tha
the cubic spinel structure was preserved and that the p
cles are, for the most part, equiaxed single crystals [12

High field magnetization measurements (0–200 kO
were made using a water-cooled Bitter magnet with a
brating sample magnetometer. Lower field measureme
were made with a commercial SQUID magnetometer (
70 kOe, 5–300 K). Corrections were made in the magn
zation data for the surfactant and contaminant from the b
mill (see Ref. [6] for details). Samples are dry powde
immobilized in paraffin. The interparticle separation d
to the surfactant coating is estimated to be 20 Å. Dipo
interaction fields are estimated to be,200 Oe. Figure 1
© 1996 The American Physical Society



VOLUME 77, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JULY 1996

ulk
le

op

si
ox
th
g-
lie
)
d
pi

s
he
th
rre

o
he
a

sh
-

vs

e by
ld
ing

as
s.
s
-
and
otal
the
om-
ep
ive
of

00
tant
ui-

gle
x-
ag-
can
iv-
p to

opy
an
er-
face
ns
nge
ool-
ors
c-

low
ur-
ex-
FIG. 1. ZFC magnetization hysteresis loops at 4.2 K for b
and milled (kDl  65 Å) samples. Inset is the milled samp
moment.

shows the first quadrant of magnetization hysteresis lo
for the nanoparticles and for bulk NiFe2O4 measured at
4.2 K. The loop for the nanoparticles is open, with po
tive and negative field sweeps separated, up to appr
mately 160 kOe. This separation implies that some of
magnetic spins have a “switching field” of 160 kOe. Fi
ure 2 shows moment vs temperature in 70 kOe app
field, in field cooled (FC) and zero field cooled (ZFC
states. This measurement cannot be directly compare
“conventional” FC and ZFC measurements on, e.g., s
glasses, done in a much lower field, typically,100 Oe.
The separation between FC and ZFC curves indicate
nonequilibrium magnetization state below 50 K for t
ZFC case. The FC-ZFC separation in 70 kOe and
open loop at 160 kOe can be described as “high field i
versibility.” This irreversibility is remarkable for NiFe2O4

which has a bulk magnetocrystalline anisotropy field
only 400 Oe. We also find a hysteresis loop shift in t
FC state which decreases with increasing temperature
vanishes near 50 K. We associate the onset of the loop
and high field irreversibility at about 50 K with a “freez
ing” of disordered surface spins.

FIG. 2. ZFC and FC moment in 70 kOe applied field
temperature. Lines are guides to the eye.
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Magnetic moment vs time measurements were mad
first cooling in zero field, then ramping the applied fie
to 170 kOe at 10 kOe per minute and then measur
every 30 s for 5000 s, ramping the field to270 kOe,
and measuring again for 5000 s. Finally, the field w
ramped back to170 kOe and measured again for 5000
A 20.03% instrumental background drift with time wa
determined using Ni and Gd2O3 standards. This back
ground was 10% of the change in sample moment,
had the opposite sign. Figure 3 shows moment vs t
elapsed time during this procedure. Absolute values of
moment are plotted on an expanded scale in order to c
pare170 and270 kOe curves. We note an upward cre
in the moment. Also, subsequent iterations with posit
and negative fields result in continually higher values
magnetization. The moment in170 kOe was also taken
after field cooling as rapidly as possible (1400 s) from 1
to 5 K (not shown). In that case the moment was cons
with time, indicating that field cooling establishes an eq
librium magnetization state.

Sufficiently small magnetic particles are usually sin
domains, with atomic spins completely aligned by e
change interactions. The rotational barriers due to m
netocrystalline, magnetoelastic, and shape anisotropy
trap particles in two or more metastable orientations, g
ing rise to hysteresis. The persistence of hysteresis u
160 kOe could be interpreted as resulting from anisotr
fields of 160 kOe. However, this is 400 times larger th
the bulk magnetocrystalline anisotropy field. Our obs
vation of shifted hysteresis loops suggests that the sur
spins are spin-glass-like, having multiple configuratio
that become frozen below 50 K. Because of the excha
coupling between the surface and core spins, field c
ing can select a surface spin configuration which fav
the particle being magnetized in the field cooling dire
tion, hence resulting in a shifted hysteresis loop be
50 K. The field required to force transitions between s
face spin configurations can be very large since the
change fields are approximately5 3 106 Oe. Therefore,

FIG. 3. Absolute value of ZFC moment vs time in170, 270,
and170 kOe sequentially applied fields.
395
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our interpretation is that the open hysteresis loop at h
field is the result of irreversible changes between these
face spin configurations rather than reversals of part
magnetization as a whole. A 65 Å ferrite particle has 2
surface cations, so it is reasonable that the 3% chang
moment upon field cooling (Fig. 2) arises from change
the surface spin configuration.

Time-dependent magnetization of a fine particle sys
is usually modeled in terms of thermal activation of p
ticles with two stable magnetization states. Within o
surface spin disorder model, time-dependent magnetiza
may notonly be due to particles reversing their orientati
of magnetization, but also result from transitions betwe
surface spin configurations. We attribute the measu
time-dependent magnetization in 70 kOe to thermally a
vated transitions between these surface spin states. T
transitions can involve a small fraction of the spins, so
activation energy is not proportional to the particle volum
This has significance in interpreting our recent meas
ments of the time decay of remanent magnetization fo
similar NiFe2O4 sample [10]. We observed a temperatu
independent viscosity parameter from 2.0 down to 0.4
Such a crossover into a temperature-independent regim
predicted for MQT of single domain particles [13]; how
ever, it also has been shown that a distribution of ene
barriersnsEd , 1yE gives crossover behavior for therm
activation [14]. This type of barrier distribution is no
consistent with single domain particles, but itis consis-
tent with a spin-glass-like collection of surface spins,
demonstrated below.

A numerical model was developed to calculate
spin distribution within small NiFe2O4 particles and the
energy barriers between surface spin states. The m
assumptions were: (1) exchange constants derived
a mean field analysis of magnetization and Mössba
data [15], (2) classical spins in an inverse spinel struct
(3) no anisotropy or dipolar interactions, and (4) a fract
of broken exchange bonds between surface spins (
for the example below), with exchange bonds betw
surface and core spins unaffected. The algorithm use
calculate the equilibrium spin configurations was a thr
dimensional generalization of one developed by Hug
[16]. The expression used for the total energy was

E  2

hall spinsjX
i

gimBŜi?

"
H
!

1
1
2

n.n.X
j

2JijSj

gimB
Ŝj

#
,

where gimBSi is the magnitude of the ionic mome
and the unit vector̂Si gives its direction. The secon
summation is over first and second nearest neighbors.
exchange constants [15] are the following (in units of K

JAA  221.0, JAB  236.0, JAB0  228.1 ,

JBB  222.0, JBB0  12.0, JB0B0  28.6 ,

where A  sFe31, tetrahedral sited, B  sNi21, octa-
hedral sited, B0  sFe31, octahedral sited. We define the
396
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spin unit vector as a function ofsai , bid which corre-
sponds to rotations in two orthogonal directions,

Ŝisai , bid 
Ŝ0i 1 ai êai 1 bi êbiq

1 1 a
2
i 1 b

2
i

,

whereŜ0i is the initial spin direction and̂eai and êbi are
chosen to makesêai , êbi , Ŝ0id a mutually orthogonal set
This choice of coordinates gives the following expressio
for the derivatives ofE (evaluated atai  bi  0):

≠E
≠ai

 2gimBSi êai?H
!

eff,i ,

H
!

eff,i  H
!

1

n.n.X
j

2JijSj

gimB
Ŝj ,

≠2E
≠aj≠ai



(
1gimBSi Ŝ0i?H

!
eff,i , i  j ,

22JijSiSj êai?êaj , i fi j .

Once the derivatives are known, the application of the c
jugate directions method [16] is straightforward. Figure
shows a calculated spin configuration for a (111) cr
section of a 25 Å NiFe2O4 particle (310 spins). This is
smaller than the measured particles, but illustrates the
eral features we have proposed. We note that some o
surface spins are completely reversed from their nor
orientation. The highly misoriented spins are indicat
by dashed circles. Figure 5 shows the calculated net
ment M (normalized to the aligned state,MA) vs field at
zero temperature for a 25 Å particle. Also shown is t
magnetic order parameter (MOP), defined as the sum
the absolute magnitudes of each sublattice magnetiza
normalized to the aligned state. The MOP gives a m
sure of the degree of spin alignment. The MOP is re
tively insensitive to applied field, since the field increas
one sublattice magnetization and decreases the other.
ure 6 shows a distribution of activation energies associa

FIG. 4. Calculated spin configuration atH  0 for a cross
section of a 25 Å particle. Highly misoriented spins are circle
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FIG. 5. Calculated moment and magnetic order parame
(as defined in the text) vs field for a 25 Å particle.

with the spin configurations of a 25 Å particle. States a
found by perturbing an initial configuration with a rando
set of rotations. Each new state is tested for stability
applying a perturbation 3 times and checking that ev
time it converges back to the same state (jDŜi j , 0.02).
The “activation energy” is the perturbation required to p
the particle in a different state. The dashed curve i
fit to 1yE, implying that thermally activated relaxatio
of this system would be temperature independent at
temperatures [14].

In summary, we have observed high field irreversibil
in the moment versus field and moment versus tempe
ture of NiFe2O4 nanoparticles. The onset temperature
this irreversibility is near 50 K. It was previously esta
lished that there is spin canting in these particles. T
appearance of shifted hysteresis loops leads us to pro
that the canted spins are on the particle surfaces and h
multiple stable configurations, one of which is selected
field cooling. We additionally propose that the open hy
teresis loops and time-dependent moment are due to t
sitions between surface spin configurations, rather t
magnetization reversals of whole particles. Our numeri

FIG. 6. Calculated activation energy distribution for a 25
particle. Dashed curve is a fit by a1yE distribution.
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model demonstrates the potential for surface spin disord
arising from reduced coordination and broken exchan
bonds between surface spins. Calculation of the ene
barrier distribution between surface spin states is con
tent with nsEd , 1yE which has been shown to produc
a thermally activatedtemperature-independent viscosit
Thus, a temperature-independent viscosity is not nec
sarily an indicator of MQT in fine particle systems whe
spin disorder is present.
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