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The susceptibility of an array of fine nickel particles was measured as a function of temperature from
1.5 to 300°K at a frequency of 5 kHz. The particles were formed by cosputtering nickel with SiO, or
Al,O; and varied in diameter between 10 and 100 A. With increasing temperature, the susceptibility
increased from its initial value to a maximum at a temperature T ; followed by a hyberbolic decrease.
A theory based on the relaxation time for single-domain particles 7 = 7, eXV/*T (K is the anisotropy
energy, V is the particle volume) quantitatively explains the data. At T = 0 all the particles are
blocked by the anisotropy barriers. As the temperature is increased the susceptibility increases because
particles for which wT < 1 (@ is the angular frequency) are no longer blocked. Above Ty all the
particles are unblocked and the susceptibility is characteristic of superparamagnetism. Analysis of the
data yields information about the particle volume distribution function and a value for the effective

anisotropy energy.

I. INTRODUCTION

The magnetic behavior of systems consisting of
isolated, single-domain ferromagnetic particles
depends on the relative magnitude of the thermal
energy with respect to KV, where V is the particle
volume and K the magnetic anisotropy energy.
When kT > KV, the magnetization vector of a par-
ticle can rotate in response to a change in temper-
ature or applied field and the superparamagnetic!
thermal equilibrium is established within a very
short time (~107'° sec). When kT < KV the pres-
ence of the anisotropy barrier impedes the rota-
tion of the magnetization vectors and the system
approaches equilibrium with a characteristic re-
laxation time? . When 7 is much longer than the
measuring time, the equilibrium state cannot be
observed. The temperature below which this con-
dition occurs has been referred to as the blocking
temperature.? Relaxation effects have been stud-
ied in a system consisting of ferromagnetic pre-
cipitates in nonmagnetic metal matrices, 3 Cu
(2.0-at.% Co). However, no such studies have
been made for small ferromagnetic metal parti-
cles in a dielectric matrix where all but magnetic
dipole interactions are eliminated.

The purpose of the present work is the study of
superparamagnetism and relaxation effects in gran-
ular metals consisting of small isolated ferromag-
netic particles embedded in amorphous SiO, and
Al,0;. The Ni-SiO, and Ni-Al,O; systems were
selected for study since extensive work has already
been done on their magnetic*® and electricaltrans-
port*®properties and on their microstructure.”® In
Fig. 1areshownthe ordering temperature®® Té and
the electrical resistivity* p vs vol% of SiO, in the Ni-
SiO,system. T.isthetemperatureat which the mag-
netic moments of adjacent grains order. The abrupt
decreasein T:. and the correspondingly abruptin-

s

creasein p near the 50-vol% composition is associated
with atransitioninthe microstructure froma continu-
ous metal phase toone of isolated nickel particles dis-
persed in amorphous Si0,. It is the compositional
range for which the Ni concentration is less than

50 vol% that is the subject of the present work.
Measurements were made of the magnetic suscep-
tibility of sputtered granular films at 5 kHz in the
temperature range 1.5-300 °K. The results are
explained on the basis of a simple model of the
superparamagnetic granular metal.
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FIG. 1. Ordering temperature Tc’ and resistivity p
at 300 and 77 °K vs vol-% SiO, in the Ni-SiO, system,
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II. EXPERIMENTAL

The granular metal films about 2 pum thick were
prepared by rf sputtering at a pressure of 4 x10-3 -
Torr argon from composite targets of Ni and di-
electric. The composite targets were made by
placing a $-in. -thick silica (SiO,) or alumina
(A1,0,) plate of the appropriate shape on top of a
6-in. -diam Ni disk. The substrates were sapphire
or Pyrex 0.090 in. wide, 0.10 in. long, and 0.010
in. thick, and were mounted on a water-cooled
substrate holder at a height of 2.3 in. above the
target. The sputtering rates were about 0.5 um/h.
The compnsition of a specimen was determined by
its position with respect to the sputtering target,
being metal rich at the end facing the metallic part
of the target and insulator rich in the region facing
the part of the target covered by insulator. The
compositions of the film were determined from the
measured thickness of the films using the method
of Hanak.® This method of compositional deter-
mination yielded an estimated accuracy of about
+10-vol% Ni. Even though the absolute values of
the compositions are not known accurately, the dif-
ferences in the composition of samples made during
the same sputtering run are known very accurately.°
More details on the preparation of the films are
given elsewhere. ®

A. Microstructure of films

The transmission electron microscopy studies
were made with a Philips EM300 electron micro-
scope having a resolution of about 2 A. Ni-SiO,
films were sputtered onto carbon films mounted on
a copper mesh. An electron micrograph of a
Ni-SiO, film containing 40-vol% Ni is shown in Fig.
2. The average grain size is about 35 A. The elec-
tron diffraction patterns differed from those of
bulk crystalline nickel only in that the lines were
broadened due to the small size of the nickel par-
ticles. The measured lattice constant was a,=3.52
+0.01 f\, which agrees within experimental error
with the bulk value. The same lattice constant was
also obtained with x rays on 2-pum-thick Ni-SiO,
films deposited on glass. In contrast to our re-
sults, Abrahams ef al.” reported a large lattice
expansion for their Ni-SiO, films. Apart from the
fact that their films were prepared in a different
sputtering system, we have at present no satisfac-
tory explanation for the large discrepancy in the
lattice constants obtained by the two groups.

B. Magnetic measurements

The susceptibility of the specimens was mea-
sured using a balanced mutual inductance bridge.
Two identical pickup coils were connected in series
opposition and immersed in an ac magnetic field
having a frequency of 5 kHz and 2 Oe amplitude.
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The signal obtained when a specimen is moved from
one coil to the other coil is proportional to the ini-
tial susceptibility of the specimen and was mea-
sured with a PAR-HRS8 lock-in detector. The
bridge was calibrated by measuring the signal of a
specimen with a known susceptibility. The axis of
the pick-up coils and the direction of the ac mag-
netic field were parallel to each other and were in
the plane of the film.

III. THEORY

We calculate the temperature dependence of the
susceptibility of an array of isolated ferromagnetic
particles using the following simple model: (i) The
Curie temperature of each particle is high com-~
pared to the temperature T, and the magnetization
M of the particle is independent of temperature.
(ii) The relaxation time  is given by?

T=1oexp(Eg/kT) ,

where 7, is a slowly varying function of tempera-
ture and is of the order of 107! sec®!* and E is
the anisotropy barrier height given by?

(1a)

Ep=KV (1b)
for uniaxial anisotropy,

Ep=1K,V (1c)
for cubic anisotropy (K, >0), and

Eg=fs5| K|V (1d)

for cubic anisotropy (K; <0). (iii) It is assumed
that there is a distribution in the volumes of the
particles and that the susceptibility of the system
is given by

X(T,0)= [7 xy(T,0) fV)aV )

where f(V) is the volume distribution function, w is
the angular frequency, and xyf(V)dV is the contri-
bution to the total susceptibility of particles with
volumes in the range dV about V. (iv) The form of
xy(w, T) is deduced using the following simple phys-
ical argument. Assume that the external magnetic
field is a step function of amplitude H, turned on at

FIG. 2. Electron micrograph of Ni-SiO, film con-
taining 40-vol% Ni.
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time ¢£=0. The contribution M, (#) of the particles
with volume V to the total magnetization is given
by

M,y(t) =H, [Xo‘ (Xo‘X1)e-”T] ’ (3)

where y, is the superparamagnetic susceptibility
corresponding to thermal equilibrium given by!

Xo=M2Vx/3kT (4)

x is the volume fraction occupiéed by the ferromag-
netic particles, x; is the susceptibility of collection
of single domain particles? responding to the ex-
ternal field and the magnetic anisotropy and is giv-
en by!?

x=aMix/|K| (5)

where a=3(sin?), 0 is the angle between the ap-
plied field and the easy direction of magnetization
and the average is over all particles. When the
susceptibility is given by Eq. (5) we refer to the
system as being in a “blocked” state.

The underlying physical process described by Eq.
(3) is that in response to an external field in the
form of a step function, the system acquires a mag-
netization appropriate to Eq. (5) in a time short
compared to r. Subsequently, the system relaxes
via thermal fluctuations to the superparamagnetic
state characterized by a susceptibility given by Eq.
(4). The Fourier transform of Eq. (3) leads to a
complex susceptibility

x=(xo+iwTxy)/ (1 +iwT) (6)
whose real part is given by
xy(@, T) = (xg + w?r2x)/ (1 + w?7%) . 7

Equation (7) reduces to the expression used by
Jordan® if we set x,=0. However x, =0 precludes
the existence of a blocked state.

Substituting Eqs. (6) and (1) into Eq. (2) leads to
the general form for (7, w). Explicit forms of Eq.
(2) are derived for the high- and low-temperature
limits in the Appendix. In the high-temperature
limit 2T > KV

x(w, T)=MEVx/3kT (8)
and
T/‘:fo” VAV)dV (9)

where V is the average volume. In the low-tem-
perature limit 27T << KV only particles whose vol-
ume V <V contribute to the temperature-dependent
part of the susceptibility. If in the limit V-0 the
dominant term in f(V) is V", we obtain from Eq.

(2),
xw, T)=x, (L +AT™) . (10)

The susceptibility given by Eq. (2) exhibits a
maximum. The temperature T at which the max-
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imum occurs depends on the form of f(V). In the
Appendix we have calculated expressions for Ty
corresponding to three special distribution func-
tions: the rectangular distribution function

fn=1/2v, v<2v

=0, V2V , (11)
for which
Tp=2KV/k|Inwry| ; (12)
the Poisson distribution function
V) =@v/v3)e? 7 | (13)
for which
Tp=1.8KV/k|lnwry| ; (14)
and a 6-function distribution
fn=8(v-v) , (15)
for which
Tp=KV/k|Inwry| . (16)

Equations (12), (14), and (16) apply to the case of
uniaxial unisotropy. In the case of cubic anisotropy
K is replaced by 1K, for K, >0 and #|K, | for K, <0.

IV. DISCUSSION

In Figs. 3 and 4 are shown plots of initial sus-
ceptibility x vs temperature T for several Ni-SiO, and
Ni-Al,O4 films. In general, the susceptibility rises
with increasing temperature to a maximum at a
temperature, Tp. Abox}e T g the susceptibility falls
hyperbolically. T is a function of composition and
increases in value with increasing nickel concen-
tration. It is convenient to divide the analysis into
two temperature regimes, T>Tjy and T< Tp.

The reciprocal susceptibility plotted as a func-
tion of temperature can be fitted by a Curie law for
T >Tg over a wide temperature range for speci-
mens containing less than about 50-vol% Ni. A
typical example of this behavior is given in Fig. 5.
Figure 6 is a similar plot for a Ni-SiO, specimen
containing 52-vol% Ni. The high-temperature data
exhibit Curie-Weiss behavior with an ordering
temperature of about 22 °K, suggesting the onset
of interparticle interactions at this composition.
The departure from the linear behavior at high
temperatures (seen in Figs. 5 and 6) is probably
due to the temperature dependence of M. 13

The slope of the reciprocal susceptibility, in the
high-temperature region, together with Eq. (8)
were used to determine the mean particle volume
V. The published value!* for M, 509 emu and the
nominal compositions x (see Sec. II) were used in
Eq. (8). In Table I are given the compositions, the
observed values of T, and the calculated values
of V for all the granular Ni films studied. The
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FIG. 3. Initial susceptibility vs temperature for Ni-
SiO, films.

electron microscopy indicates a broad distribution
function f(V) making direct determination of V dif-
ficult. However, a rough estimate of the mean
size of the Ni particles in the Ni-SiO, films is in
reasonable agreement with the values given in Ta-
ble I. According to Table I the mean volumes of
the Ni particles in the Ni-Al,0, films appear to be
generally larger than those in the Ni-SiO, films of
the same composition. However, we lack direct
evidence for this difference. We do not have avail -
able electron micrographs for the Ni-Al,O4 films
and furthermore there is a larger uncertainty in the
concentration of the Al,O, than the SiO, (see Sec.
o).

As shown in Sec. III, the temperature dependence
of x at low temperatures (T <« Tp) yields informa-

Ni-A1,03
27-vol % Ni

00 25 50 75 100 125 150 175 200 225 250

. TEMPERATURE (K)

FIG. 4. Initial susceptibility vs temperature for Ni-
AlO; film. The curve was computed from Egs. (2) and
(7) using V' =4.3x102° cm?, K=4.5x10° erg/cm® and a
=0,13.
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TABLE I. Nominal compositions, observed values of
Tp, and calculated values of ¥ for all the granular Ni
films studied.

Nickel
Concentration Ve Tg® K®
Insulator (vol%) 1072 cm? K 10% erg/cm®
5i0, 38 3.15 18 4.6
42 4,37 23 4.1
46 6.41 35 4.3
52 12,1 62 4.1
ALO, 27 4.25 22 4.5
32 7.45 34 4.0
36 12.9 52 3.5

%Calculated using high-temperature data and Eq. (8).

PExperimental values.

°Calculated using Eq. (14) for Ni-SiO, and Eq. (12)
for Ni-Al,O5 with T,=10"? sec.

tion about particle volume distribution f(V). Spe-
cifically the value of » in Eq. (10) determines

the power law of f(V) for small V. The low tem-
perature susceptibilities for the Ni-Al,04 speci-
mens can best be fitted by a linear temperature de-
pendence (n=0), as shown in Fig. 7. On the other
hand, the data for the Ni-SiO, specimens are best
fitted by a T?law (z=1) as shown in Fig. 8. Thus
for V<V, f(V)=const. for the Ni-Al,O; system and
f(V)x V for the Ni-SiO, system. The distribution
function used by Sheng et al.® for describing the
transport properties is equivalent to setting 7 = — 3.
This value of » is inconsistent with our low-tem-
perature data. However, the fit to their experi-
mental data is insensitive to the detailed shape of
the distribution function, provided it is broad.

In the last column of Table I are given values of
the anisotropy energy K computed from the ob-
served values of T and the computed value of V.
We have used Eq. (12) for the Ni-Al,O4 and Eq.
(14) for the Ni-SiO,. It should be noted however
that, as long as the distribution function f( V) is
broad, the calculated value of K is not sensitive to
the specific form of the function. The magnitudes
of K are relatively independent of type and concen-
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FIG. 5. Reciprocal susceptibility vs temperature for
38-vol% Ni in Ni-SiO,.
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tration of the insulator and its average value is
4,2%x10° ergs/cm?®.

The solid curve in Fig. 4 was computed using
Egs. (2) and (7). Because of the linear low-tem-
perature dependence of susceptibility exhibited by
Ni-Al,O; specimens, the distribution function was
assumed given by Eq. (11). Values of V and K
were taken to be 4.3%x107%° cm® and 4.5%10° ergs/
cm?, respectively (see Table I). The value of a
was computed from the value of y at 7=0 and Eq.
(5) to be 0.13. If we assume a rectangular distri-
bution and compute a from (1/x) (dx/dT) [see Ap-
pendix, Eq. (A7)], we get a=0.17. The value of
0.17 yields somewhat better agreement with the
low-temperature data because its determination
from the normalized slope does not require knowl-
edge of x and of the absolute value of x. The larg-
est discrepancy between experiment and theory is
the value of the susceptibility at 7. Better agree-
ment can be obtained by treating wr, as an adjust-
able parameter. However, without more informa-
tion regarding f(V), an exercise in parameter ad-
justing did not seem justified.

The values of K given in Table I are based on the
assumption of uniaxial anisotropy. If we assume
cubic anisotropy the average values of the anisot-
ropy constants are K, = - 5x10% ergs/cm?® or
K,;=+1.6x10% ergs/cm®, The value of K, for Ni
at low temperatures is®® —7.5x10° ergs/cm®. It
thus appears that crystalline anisotropy cannot ex-
plain the large barrier in small Ni particles. Oth-
er likely sources of magnetic anisotropy are shape
anisotropy and strain anisotropy, which are uni-
axial. To account for a uniaxial anisotropy of
K=4.2x10° requires, in the case of shape anisot-

'ropy, rod-shaped particles with an aspect ratio of
about 2: 1, and, in the case strain anisotropy, a
strain of 4x1073.

~
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FIG. 6. Reciprocal susceptibility vs temperature for
52-vol% Ni in Ni-SiO,.
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In conclusion, the magnetic susceptibility of
granular Ni-SiO, and Ni-Al,O; films containing less
than 50 vol% Ni behaves like that of a system of iso-
lated single domain particles. Mean-particle vol-
umes determined from the temperature dependence
of the susceptibility above Tz are consistent with
estimates made from electron micrographs. It is
of interest to estimate the lower limit of particle
volume for the existence of ferromagnetism.

Since the temperature dependence of y for T'<< Ty
arises from particles for which V <V a broad size
distribution of particles is required and particles
with volumes appreciably smaller than the average
are ferromagnetic. Thus, for the specimen con-
taining 27-vol% Ni in Ni-Al,0,, V was 3x107% cm®,
corresponding to an average dimension of about

30 A. Therefore, below room temperature, Ni
particles which are considerably smaller than 30 A
are ferromagnetically ordered.
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APPENDIX

In the following, we shall derive expressions for
the high- and low-temperature values of x(7) and
for Ty, the temperature at the susceptibility maxi-
mum. Using Egs. (1a), (1b), (2), (4), (5), and
(7), the real part of the susceptibility can be writ-
ten

= (KV/3akT) + w212 eV /T

1 +sz§eZKV/kT

Fwvav.,

X(T, w)=x
0 (A1)
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In the present work the condition w?r3 <1 (wT,
~3x10"%) is always fulfilled. In any system of par-
ticles there exists a maximum particle volume V,,.
When 2T 2KV,, the second term in both numerator
and denominator of the integrand of Eq. (Al) can be
neglected and

(T, ) =x1% [ VAV)dv

%Vx/3kT (A2)
the superparamagnetic value.
In general Eq. (A1) can be written
AL, (80
(A3)

where F(y) =(1 +w?rZe?)"!. The function F(y) re-
sembles the Fermi function and because of the

smallness of wT, is nearly rectangular. To a good
approximation
F(y)=1 y<2|lnwr,|
=0, y>2|lnwry| . (A4)
Therefore,
r(RT/ K) 11nwTg] '

M+1+I (ﬂ_ )f(V)dV .

X 0 SakT (A5)

The physics implied by Eq. (A5) may be summa-
rized as follows. At any temperature T, those paf-
ticles whose volumes are less than (#7/K)|lnwrl
are superparamagnetic and achieve thermal equilib-
rium in times short compared with w™!. On the oth-
er hand, particles whose volumes are greater than
(T/K)|InwT,l are effectively blocked from achiev-
ing thermal equilibrium®® during one period.
Equation (A5) is a good approximation to the sus-
ceptibility over the whole temperature range.
When kT is sufficiently large compared with KV/
Ilnwtyl, the upper limit can be replaced by infinity
and superparamagnetism [Eq. (A2)] is obtained.

It can be seen directly from Eq. (Al) that
limy(T, w)=x, as T- 0, independent of the form of
f(V). However, the manner in which x(7, w) ap-
proaches x, does depend on f(V). Thus if f(V)
=5(V-7), it follows directly from Eq. (A5) that

x(T, w) =%, for T<KV/k|Inwr,|
2Vx/3kT for T >KV/k|lnwty| .. (A6)
It
f(V)=1/2V for V<2V
=0 for V>2V
then, from Eq. (A5),
_ ll.nw-rol) (llnw-rol ) ]
x(T,w)—x1[1+( i e~ YRT (A7)

for kT <2KV/|lnwryl. If f(V)=(4V/V?)e2V/7 Eq.
(A5) gives
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for kT <KV/2|lnwr,l .
from Eq. (A5) that if

lim f(V)=const V" ,
V=0

It can also be shown readily

then
X(T,w)=x, (L +AT™ +...) (A9)

for kT < KV/|lnwr,|, where A is a positive con-
stant for |Inwryl >3a(n+2)/(m+1). Since
IYLAV)dV is finite for any V,;, # must be greater
than - 1. Therefore it follows from Eq. (A9) that
at low temperatures y is an increasing function of
temperature. At sufficiently high temperatures
the system is superparamagnetic and y is a de-
creasing function of temperature. Therefore there
is a temperature T for which y has a maximum
value. From Eq. (A3) the susceptibility has a
maximum when

et () D

is a maximum. For the case f(V)=5(V -7),

G(T) =(—Kv— - 1) F (—zﬁ‘i

(A10)

3akT kT
KV KV
“mrT "' T T o
KV
=0 for T<m (A11)

Therefore, Tp=KV/k|lnwr,l. For the rectangular
distribution function of Eq. (11),

2KV
kllnwT,l
llnw'r [1nwTol )kT 2KV
____o_ __o_ _aav

&7 o T giinergl
(A12)

G(T)=-I—{L-—1 for T >
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Since |lnwrtyl >6a, G(T) is an increasing function
of temperature for T<2KV/k|lnwt,l and a decreas-

ing function for T >2KV/k|lnwTt,!. Thus
Ty =2KV/k|InwT,| (A13)

In the case of a Poisson’s distribution, using Eq.
(A5),

(RT'/ K) |1nw7g| -
X, 0) =1 +-=3=2 f -———32;‘;, - 1) Ve?V/'Vdv .
X (A14)

Putting x =2V/V, p#) =x/x, and £=2k|lnwr,! T/KV,
Eq. (Al14) becomes after integration

3897

-t G o

where A=%!lnwry!/a. The susceptibility maximum
is found by setting du/dE=0 and solving for £. As-
suming A"' <1, the Newton-Raphson method yields
a value of 3.6 for F at the maximum so that
Tp=1.8KV/k|Inwry| (A16)

only slightly different from the case of a rectangu-
lar distribution function [Eq. (A13)].
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FIG. 2. Electron micrograph of Ni-SiO, film con-
taining 40-vol% Ni.



