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Granular films, about 1 p thick and ranging in composition from 20-90-vol% nickel were
prepared by cosputtering nickel and quartz. Electron micrography and diffraction show the
specimens to be composed of nickel particles (- 50 L in diameter} embedded in a matrix of
Si02. The electrical resistivity increased from about 10 0 cm at 90-vol% Ni to about 10
Q cm at 50 vol%. Measurements were made of the magnetoresistance and the magnetic field
dependence of the Kerr rotation as a function of temperature and composition of the Ni-Si02
system. These measurements provide evidence that the granular Ni-Si02 system can exist
in three possible magnetic phases. At sufficiently high temperatures each nickel grain is
paramagnetic. At lower temperatures the ensemble is superparamagnetic with each grain
being ferromagnetic but with the magnetic moments of neighboring grains weakly correlated.
At sufficiently low temperature, the ensemble of grains becomes ferromagnetic, the moment
of each grain being highly correlated with those of its neighbors. Our magnetoresistance
measurements show that the electron tunneling probability is spin dependent.

I. INTRODUCTION

Granular metals have received wide attention
recently. ' It was found that these materials ex-
hibited anomalously large resistivities which were
attributed to the fact that the material is composed
of individual metal grains embedded in an insulating
matrix with the conduction dominated by electron
tunneling between grains. ' ' ' Such a system rep-
resents an ensemble of weakly coupled tiny metal
particles which, in the case of superconductivity,
exhibited striking properties. ' '7 In the case of a
granular ferromagnet, the ferromagnetic proper-
ties are expected to be affected both by the metal
grain size' and by the strength of the coupling be-
tween particles.

This paper presents a systematic study of the
magnetic properties of the Ni-SiO~ system. We
measured the magnetoresistance and the magnetiza-
tion as a function of temperature and composition
of the Ni-Si03 system and preliminary results have
been published. ' Qur data are in agreement with
the accepted tunneling model but in addition show
that the electron tunneling probability is spin de-
pendent. An anomaly in the temperature dependence

of the magnetoresistance for specimens with nickel
concentrations in the neighborhood of 50 vol% was
observed which we associate with a highly compo-
sition-dependent ordering temperature T„.We
interpret T„asseparating two phases. For T & T„,
the magnetic system behaves as an array of inde-
pendent, uncorrelated magnetic moments (super-
paramagnetic). For 7 & T„the system as a whole
behaves ferromagnetically with all of the moments
highly correlated. The symbol T„is used to avoid
confusion with Tc;, the Curie temperature of the
individual grains.

II. EXPERIMENTAL METHODS

The Ni-SiQ~ samples were cosputtered from Ni
and SiQ2 targets on fused-quartz substrates. The
relative volume composition of Ni and SiO~ were
determined from thickness measurements as de-
scribed by Hanak and Gittleman and Hanak. ' The
specimens were usually about 1 p, thick, 0. 25-0. '75

cm wide, 13 cm long, had an average concentra-
tion gradient (along the long dimension) of about
6 vol% per cm and ranged in concentration from
20-90 vol% Ni. The specimens used for resistivity
measurements had contacts of narrow gold strips
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A. Resistivity and Magnetoresistance

The resistance of the samples ranged from a
fraction of an 0 to 10' 0 and higher depending on
Ni concentration and temperature. Whenever fea-
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I"IG. 1. Sputtered Ni-SiO~ specimen. Sample No. 1,
Si02 rich; sample No. 49, Ni rich.

deposited at 0. 25-cm intervals across the Ni-SiO~
films. This is shown in Fig. 1 which is a photo-
graph of an actual specimen. Electron micrography
and diffraction show the specimens to be composed
of fcc nickel particles imbedded in a matrix of SiO2
similar to the case of other granular metals. '~'3'~

Diffraction lines characteristic of nickel oxide or
other compounds of Ni were not observed. The
estimated grain size from electron-microscopy

0
measurements was 50-60 A.

sible a four-contact method was employed to mea-
sure the sample resistance. The high-resistivity
samples were measured with a dc Wheatstone
bridge, ascertaining first that rectification effects
due to contacts were negligible. The bridge method
was employed also for measuring the relative mag-
netoresistance &p/po, where 4p is the change of
the resistivity due to a magnetic field and po is the
resistivity in the absence of a field. The speci-
mens were mounted on a heavy copper block en-
closed by a protective can which was part of the
sample-holder arrangement and could be evacuated.
To vary the temperature, the sample holder was
immersed into a glass Dewar containing a coolant
liquid. The coolant liquids used were helium, ni-
trogen, various grades of freon, and water. In
addition the specimens could be heated by an elec-
trical heater. The temperature of the specimen
was determined by measuring the temperature of
the coolant and the temperature difference between
the coolant and the copper mounting block with a
thermocouple. For transverse magnetoresistance
measurements the Dewar was inserted between the
poles of a conventional electromagnet. The field
was applied parallel to the specimen surface but
perpendicular to the direction of the current flow.
For the longitudinal magnetoresistance measure-
ments we used a superconducting magnet with its
axis parallel to the current flow. The magnetic
fields were measured by using calibrated Hall
probes.

B. Magneto-Optic Measurements

To measure the magneto-optical Kerr effect we

used a polarization-modulation technique developed
by Jasperson and Schnatterly. " This method is
very sensitive and angles of rotation of the order
of 1 min can be measured easily. The schematic
of the experimental set-up is shown in Fig. 2. A
light beam from a monochromator passes through
a linear polarizer (LP), modulator (M) and impinges
on the sample. The reflected beam is analyzed
with a linear analyzer (LA) and is detected by a
silicon detector. The angle between the incident
and reflected beam was kept less than 1'. The
specimens were mounted similarly as for the mag-
netoresistance measurements. However, in this
case there was a small hole in the protective can
to allow the light beam to pass through. No win-
dows were mounted on the protective can to avoid
any spurious rotations due to the Faraday effect of
the window material. Because of this the specimens
could not be cooled and only moderately heated
(up to about 360 K). The inner part of the sample
holder could be moved vertically, by means of a
calibrated precision screw, to align the different
samples with the light beam. The magnet used was
a conventional electromagnet with a small hole
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E,= 2Ep(i+e" j)

= Ep [(1 —ie") (i+ i j) + (1+ie")(1 —i j)], (2)

where i = (—1)'~2. The phase shift & is given by

5 =A sinvt, (3)

where &p is the (angular) sound frequency and the
relative phase amplitude A is proportional to the
thickness of the quartz block and to V/X, where V
is the applied ac voltage and ~ is the wavelength of
the light.

After reflection from a magnetized opaque film
at perpendicular incidence, the reflected amplitude
E„is given by

through one of the poles.
The modulator consists of an optically polished

fused quartz block of about 5&&2x1 cm, bonded to
a similar block of single-crystal quartz. The di-
mensions of both the quartz blocks were chosen
such that their fundamental resonant frequency for
longitudinal sound waves should be equal and around
50 kHz. An electric signal, at the resonant fre-
quency, applied to the quartz crystal generates a
standing (sound) wave along the long dimension
in both quartz blocks. Due to this uniaxial strain
wave in the fused quartz, the index of refraction
for light polarized along the strain direction varies
periodically. Denoting this direction by j and the
perpendicular to it by i, we can write the ampli-
tude f of the incident light polarized 45' with re-
spect to the i and j axes, as

E=2Ep(i+j) . (1)

After passing through the modulator the j com-
ponent of the light phase shifted relative to the i
component by an angle 5 and the transmitted ampli-
tude E, can be written as

f„=&p[r,(1 —ie")(i+i j)+r (.1+ie")(i—ij) j,

where y, and x are the reflection coefficients for
right and left circularly polarized light, respec-
tively:

r, =(1 —n, )/(1+n, ), r =(1 —n )/(1+n ) . (5)

Here z, is the (complex) dielectric constant at the
absence of magnetization and xa is proportional to
the magnetization. ' Analyzing the reflected light
with a linear analyzer whose axis is at 45 to the
axis of the initial polarizer (i. e. , along the i or j
direction), we can write for the intensity I„'

I", "
I E.f I'=

I
E.j I

'
(7

which yields

I„'=2CEp (
~

r,
~

+
(

r'
( ) (1 —2p„cos5—2e„sin5) .

(3)
Here p„and e„arethe Kerr rotation angle and
ellipticity respectively, given by

and C is a proportionality constant. Using Eq. (3)
and expanding cos6 and sin5 in Bessel functions we
obtain

cos5 = Jp(A) + 2Jp(A) cos2&ot+ 2J, (A) cos4&ut+ ~ ~ ~

(10)

sin5 = 2J, (A) sinet+ 2Jp(A) sin3+t+ ~ ~ ~

Substituting Eqs. (10) and (11) into Eq. (8) we ob-
tain

Here n. and n, , the (complex) indices of refraction
for right and left circularly polarized light, respec-
tively, are given by

tl = Kg+ ZKp p
'+ = Ky —ZK2 ~
8-
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SAMPLE FIG. 2. Schematic diagram
of arrangement for measuring the
magneto-optical Kerr effect.
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granular films as a function of composition at two
temperatures. At high nickel concentration the
resistivity increases relatively slowly with de-
creasing Ni concentration and has a small positive
temperature coefficient. At 60 vol% Ni concentra-
tion and below the resistivity increases rapidly with
decreasing concentration. In this range the tem-
perature coefficient of the resistivity becomes
negative and its absolute value increases with de-
creasing nickel concentration. The detailed depen-
dence of the resistivity on the temperature T is
shown in Fig. 4 for four nickel concentrations close
to 50 vol%. The resistivities, plotted against
1000/T, show a decreasing slope going towards low
temperatures. Some of the samples seem to
approach a constant slope from which an activation
energy can be estimated.

B. Magnetoresistance

lo
0 20 50 40

slop(voL%)
50 60

I„'= 2CZ 0([r, [+[r [)

FIG. 3. Resistivity of Ni-Si02 vs composition.

In Fig. 5, we show two curves of np/po as a
function of a (parallel) magnetic field for a 50 vol%
Ni sample as measured with a bridge circuit and
plotted on an X-F recorder. The two curves were
measured with a transverse field (perpendicular
to the current flow) and differ considerably at low

fields; the one measured at 125 'K approaching the
origin with almost zero slope while the higher tem-
perature one shows a relatively large slope. At
high fields both curves show a relatively small field

x (1 —2y„J,(A) —4y„J~(A)cos2~t

—4&„J,(A) sin&et+ ~ ~ ~ ) . (12)

Thus by measuring the amplitude of I„'at the fun-
damental frequency w and at the second harmonic
2&v one can measure e„and g„.To eliminate the
constants appearing in Eg. (12) one can measure
the analyzed light intensity I„with the analyzer
parallel to the polarizer. In this case

lo

50
l 2010 5 2. l.25

I„&-,'-
J
E„;E„fI

which becomes

I'„=2CZ,'(~ r', i+(r' ~)

x(1+cos5 —2&„sin5—
~

e„i+p„~' cso)5. (14)

Cy

IO

O
Z

N
V)

~ l0

For small e„and p„one can neglect the last two
terms in Eq. (14) and the amplitude of the second
harmonic is given by 4CEo(l r, I + I r I ) J'2(A).
Furthermore, n, n in the denominators in Eg, (9)
can be replaced by K| [see also Eq. (6)l while the
numerators become —iz2/(~, )'~~. Thus both e„
and P„areproportional to the magnetization.

III. EXPERIMENTAL RESULTS

A, Resistivity

Figure 3 is a plot of the resistivities of Ni-SiO&

lO

l04
0 100 200 300 400 500 600 700 800

IOOO/T (K )

I"IG. 4. Resistance vs 1000/T for 46, 48, 50, and 52
vol% Ni.
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FIG. 5. Transverse magnetoresistance vs applied

magnetic field for 50 vol% Ni.

dependence. The longitudinal magnetoresistance
curves (not shown here) show the same general be-
havior. Both the transverse and the longitudinal
magnetoresistance were negative over the whole
temperature range measured.

The values of the relative magnetoresistance for
the transverse case are shown in Fig. 6 as a func-
tion of temperature for several Ni concentrations.
These values were calculated from curves like
those shown in Fig. 5 at a field of 4000 Oe. We
notice several interesting features of these curves.
The curves for the samples which contain 44 vol%
nickel or less show a steady rise with decreasing
temperature, while those for 54. 5 vol% Ni or more
are relatively flat at the higher temperatures and
increase rapidly only below about 160 'K. The four
curves for the intermediate nickel concentrations
show a rise with decreasing temperature both at
the high and low end of the temperature range shown
but in addition they also exhibit an extended plateau
at intermediate temperatures. The values of the
magnetoresistance for these four samples at a field
of 270 Oe are given in Fig. 7. Comparing this
figure with Fig. 6, we see that the plateaulike be-
havior is now replaced with a sharp decrease in

hp/po, giving rise to pronounced maxima. At

temperatures below that for which the maxima oc-
curred a small hysteresis was observed in the field
dependence of the magnetoresistance. The tem-

perature at which these maxima occur is a very
strong function of composition. Figure 8 shows
the composition dependence of the small-field mag-
netoresistance at four temperatures. The common
feature of these curves is the sharp peak in hp/po
as a function of composition. The positions of
these peaks are temperature dependent„moving
towards lower nickel concentrations with decreas-
ing temperature. In Fig. 9, the values of the
small field longitudinal magnetoresistance are
plotted vs the composition at 50 and VV K. For
comparison the values of the transverse magneto-
resistance at VV K are also given. As can be seen
these two curves have more or less the same com-
position dependence even though the absolute value
of the transverse magnetoresistance is somewhat
higher. The most interesting feature of the data
at 77 'K is the appearance of a shoulder at 50-52
vol% Ni concentration. As can be seen in the fig-
ure, at 50 'K this shoulder evolves into a peak and
almost obstructs the temperature-dependent peak
(at approximately 43 vol/0 Ni). The position of
this new peak is essentially temperature indepen-
dent while its magnitude increases with decreasing
temperatures. Such peaks at 50-52 vol% Ni con-
centration were found at higher temperatures as
well in the hp/po vs composition data taken at in-
termediate magnetic fields. Figure 10 shows the
longitudinal magnetoresistance at 4000 Oe and at
low temperatures for several compositions. At
the high-temperature end the curves increase with
decreasing temperature. At lower temperatures
some of the curves show a decrease. Like all the
other features of the magnetoresistance data, this
decrease was found to be more pronounced at lower
magnetic fields.

C. Magneto-Optics

The magnetization of the Ni-SiO~ samples as a
function of a perpendicularly applied magnetic field
was obtained by measuring the magneto-optic Kerr
rotation, as explained in Sec. IIB. At high nickel
concentrations the magnetization increased linearly
with the magnetic field up to close to its saturation
value. Going towards lower nickel concentrations,
the magnetization curves became more and more
rounded. The linear portion became progressively
smaller till it eventually disappeared. At room
temperature this transition between linear and non-
linear behavior occurred between 50-58 vol/p Nl.
At higher temperatures the transition region shifted
to somewhat higher Ni concentrations. In»g. 11,
the reciprocal of the initial slope of the relative
magnetization at room temperature is plotted vs
Ni concentration. At high Ni concentrations the
data show a decrease with decreasing concentra-
tion, however, below 52 vol/o Ni this trend is re-
versed and the data show an increase with a mini-
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found at higher temperatures as well, with the po-
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nickel concentrations. Figure 12 shows the satura-
tion values of the measured Kerr rotation at room
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FIG. 11. Reciprocal slope of the normalized magne-
tization curve vs composition at 295 K.

d encased in a sheath of SiO~ of thickness —,
' a,

combining Eqs. (15) and (16) gives for the resis-
tivity pt due to the tunneling barrier

p, = (pl/d)[(Ez+ U) /4EzUI sinh (—', Pdx), (17)

where x is the volume fraction of SiO~. When

3Pdx is greater than about 1.5

p, = (pf/d)[(Ez+ U) /4EzU] exp( —,'P dx) . (16)

The resistivity p is given by

P PNi +~t (19)

where p„,is the resistivity of clean nickel (= V. 8
x 10 0 cm). Figure 13 is a semilogarithmic plot
of the tunneling resistivity p- pN, against x. The
straight line drawn through the data yields a bar-
rier height U of about 0. 5 eV for an assumed par-
ticle size of 50 A. Assuming a value for pl of
2 && 10 "0 cm yields a Fermi energy of about 4
eV. These values are reasonable considering the
simplicity of the model. The sharp rise of p above
the straight line for values of x~0. 3 can probably
be attributed to an increase in the effective barrier
height as the thickness of the Si02 barrier in-
creases.

For SiO~ content above 40 volk, the resistivity
becomes increasingly temperature dependent. At
low temperatures the data can be interpreted in
terms of a small activation energy (see Fig. 4).
Hill' has developed a model for temperature-de-
pendent tunneling. The temperature variation of
the resistance he derives is qualitatively similar
to our measured dependence. However, the
sin(SPAT) variation given in Eq. (5) of Ref. 14 is in-
consistent with our data.
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FIG. 12. Saturation Kerr rotation vs composition.

B. Magnetoresistance

Inspecting our data on magnetoresistance we no-
tice first of all that the longitudinal magnetoresis-
tance is negative. This is contrary to the known

experimental fact" that the longitudinal magneto-
resistance of nickel is positive over the whole tem-
perature range covered by our measurements and
becomes negative only in a narrow region around
Tc. The transverse magnetoresistance of nickel,
on the other hand, is negative and its relative mag-
nitude at high magnetic fields is of the order of a
few percent. This is seemingly in qualitative
agreement with our present data on the transverse
magnetoresistance at high fields and one may be
tempted to interpret the transverse data as due to
the magnetoresistance of the nickel grains. How-
ever, the resistivity measurements show that the
resistivity p is dominated by the tunneling resis-
tivity pt which is orders of magnitude higher than
the resistivity of nickel pN, . Thus, even though
the relative magnetoresistance is only a few per-
cent, the corresponding change in p is much higher
than the total resistivity of nickel. Accordingly we
conclude that the electronic tunneling probability
t and pt are magnetic-field dependent. Such a field
dependence of the tunneling probability can arise
from the fact that as an electron tunnels into a
neighboring grain its spin must be rotated whenever
the moments of the grains are not aligned. This
also explains qualitatively the occurrences of the
maxima in the plot of the small-field magnetoresis-
tance vs temperature in Fig. 7. Because of the
weak coupling between the grains, at high tempera-
tures the moments of the grains are disordered.
A weak magnetic field is insufficient to align them
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appreciably and thus the magnetoresistance is
small. At progressively lower temperatures the
alignment due to the field becomes more effective,
with a corresponding increase in magnetoresistance.
At a certain temperature, which we identify with an
ordering temperature T~, there is a spontaneous
alignment between the grains. This is also evi-
denced by the appearance of a small hysteresis in
the r p/po vs H-cur-ves. As the temperature de-
creases even lower, the alignment becomes more
effective and is affected but little by the external
field. This is analogous to the occurrence of a peak
in the magnetoresistance of ferromagnets at the
Curie point due to spin disorder scattering. " The
difference here is, however, that T„is associated
with the transition from a ferromagnetic state of
the ensemble to a superparamagnetic state. In the
superparamagnetic state the individual nickel grains
retain their magnetic moments, but because of the
weak interaction between the grains the ensemble as
as a whole becomes disordered.

In order to obtain a simple description of the mag-
netoresistance and to provide a means for quanti-

tatively comparing the magnetoresistance data and
magnetization, we adopt a heuristic approach. We
assume (i) a uniform grain size and (ii} that the
field-dependent part of the tunneling probability is
proportional to the degree of correlation of the mo-
ments of neighboring grains averaged over all con-
figurations, (p, (H) ~ go(H))/p, , where p, is the
magnetic moment of the ith grain and

~ p,
~

= p, . Ig-
noring scattering within the grains the conductivity
o can then be written

where ao is the conductivity in the absence of the
magnetic field and 0, is a proportionality factor.
The magnetic field enters into Eq. (20} only through
the change 6 ( p, ~ po ) of this average due to the
magnetic field. The magnetoresistance can now be
written

+p/po= ai(T)D(p, po)/p'ao(T) .
As a first approximation a molecular field theory
can be used to express ( p, po). The magnetic
moments of the grains are very large compared to
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the moment of a single atom and thus a classical
theory should be adequate to describe the system.
Carrying out the indicated average, we find that
(p, , pa) is p, [L(o.)], where L(n) is the Langevin
function and is given by

L(n) = cotho. —I/o. ,

with

n = p(H+ XM)/kT = (pH/kT) + 3(T„/T)(M/M, ) .
(23)

Here H is the applied (parallel) magnetic field, M
is the magnetization, X is the molecular field con-
stant, and k is Boltzmann's constant. The satura-
tion magnetization M, =Np. , where N is the number
of grains/unit volume.

Figure 14 shows a curve calculated from equa-
tions (21)-(23) together with the experimental re-
sults (triangles) for the 46-vol/0-Ni sample. The
fit was obtained by choosing T~=188'K, p, =1&&10 '

erg Oe ~, and o, = Sx 10 ' (Acm) '. As can be seen
the experimental results are reasonably reproduced
by the calculated curve except at T~ and at low
temperatures. At T~ the calculated curve has a
sharp peak whereas the observed maximum is
broad. This is believed to result from a small
variation in the magnetic moment of the grains and
the spatial variation of T~ due to nonuniform par-
ticle sizes and tunneling barriers. The sharp in-
crease of the measured magnetoresistance at low
temperatures may result from the t mperature de-
pendence of o& and cannot be evaulated within the
framework of the present model. Similar fits
could be obtained for the rest of the data shown
in Fig. 7, with p, increasing slowly with increasing
nickel concentration. Assuming spherical grains,

the grain size estimated from the magnetic moment
varies between 50-60 A in agreement with the esti-
mates from the electron micrographs.

The composition dependence of the magnetoresis-
tance, Figs. 8 and 9, are all consistent with the
above interpretation. In all cases we observe a
maximum in Ap/po for that sample which is closest
to its ordering temperature.

The low-temperature behavior of the magneto-
resistance is not well understood. As can be seen
in Fig. 6, all the samples exhibit a rise in the mag-
netoresistance at low temperatures. For the sam-
ples whose ordering temperature is below 70 'K
(42-46 vol/o Ni), n p/po rises with almost constant
slope exhibiting only a small change in the slope at
low temperatures. For the samples whose order-
ing temperature is within or above the temperature
range of the figure, Ap/po shows a flat region and
again a rise at low temperatures. It almost looks
as though the flat region is the result of the two
opposing trends —the decrease of Lp/po below T„
and the increase at low temperatures. The be-
havior of the longitudinal magnetoresistance (Fig.
10) is even more complicated. It is possible that
the low-temperature behavior of the magnetore-
sistance is closely connected with the temperature-
dependent tunneling process.

C. Magnetization

The relative magnetization as a function of
a perpendicular magnetic field II was measured
by the magneto-optical Kerr rotation. The mea-
surements were performed at room temperature
and slightly above (290-360'K). At these
temperatures the crystalline anisotropy of nickel'
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is negligible and thus the magnetizati. on of a thin
ferromagnetic nickel film is expected to rise
linearly as H /4n and to curve slightly only
close to its saturation value. Such a behavior was
indeed observed for samples with high nickel con-
centration. In this range the slopes of the mea-
sured P„vsH-(a-nd thus the M-vs-H) curves were
constant up to close to the saturation values. Going
towards lower Ni concentrations the magnetization
curves started to deviate from the ferromagnetic
behavior and become more Rnd more rounded. At
295 'K, the curve for 48 vol/0 ¹ has already no
straight portion at all and closely resembles a mag-
netization curve for a superparamagnetic' speci-
men. The curve for this specimen was indeed very
well x'epx"oduced using a molecular field theory and
equating M/M, to 1.(o.) given by Eqs. (22) and (23),
where H in Eq. (23) now included the demagnetizing
field -4'. These calculated values are shown by
points in Fig. 15 together with the measured mag-
netization culve. The parameters p, RDd Tg U8ed
for the fit were the same as those used to fit the
magnetoresistance data of the 48-vol%-¹i speci-
men (Fig. 14). Similar fits were obtained at some-
what lower Ni concentrations. At higher tempera-
tures the transition region moved to slightly higher
coQc 6Qt, 1RtloDs,

For a film in a magnetic field perpendicular to
its surface (demagnetizing coefficient=4v), the
normalized initial slope of the magnetization curve
18 sensitive to the magnetic stRte Gf the speclnlen.
Thus if

1 dM

M~ dHo

we have in the ordered state M = H, /4w for Ho &4wM,

(Ho = the applied field) and 8„=4', x (a decreasing
function of SiO, concentration). If T» T„datnhe
Specimen exhibits supexparamagnetic behavior,
then M=y/(1+4') Ho and 8„=4',(1+1/4ny),

I

T "-295oK

FIG. 15. Comparison of magnetization data (Solid
line) vs theory (cixt:le), 48 volk Ni, T=295 K.

where X is the initial susceptibility. Thus ln the
superparamagnetic state S„is larger by the factor
(1+1/4ny) than its value in the ordered state.
Thex'efole lf Rt R glveQ temperature T, S„18 plotted
Rs R function of ¹1 coQceQtx'Rtlon thex'6 will be R

break in the curve at that concentration for which
T = T„.Tt e ordering temperature r„asa function
of concentration, can then be determined. Figure
11 is a plot of the reciprocal slope measured at
T = 295 K. At 52 vol/o ¹i a clear break (a minimum
in fact) is observed in the data. We therefore take
T„=295 K for 52 vol% Ni. At high temperatures,
the minimum occurred at higher nickel concentx'a-
tion 8.

The foregoing results indicate that, depending on
temperature and composition, the Ni-SiOz system
can exist in an ordered phase in which the specimen
as a whole is ferromagnetic and a disordered phase
in which the specimen is supex'paramagnetic. Fig-
ure I6 is a phase diagram for the granular Ni-Si02
system. The solid line shows the ferromagnetic to
superparamagnetic transition tempex'ature as a
function of composltloD. The cll cles wel 6 Obtained
from the magnetoresistance data and the triangles
fx'GIQ the lnvex'se slope of the magnetization cUx'ves,
It can be seen that the two criteria lead to mutually
consistent results. The Curie temperature of 100%
Ni is also shown (square). The dashed horizontal
line at 630'K represents the upper limit for the
transition to the phase in which each grain is pax'a-
magnetic. The actual phase boundary which is de-
termined by the Curie temperature of the individual
grains is expected to drop below 630 'K as the
Qlckel concentx'Rtlon decx'eRses because of size ef-
fects. '"

The behavior of granular nickel is, in some re-
spects, similax to that of the Ni-Cu alloys. "'9 In
the granular system the giant moment arises from
grains of fcc Ni containing of the order of IO atoms
rather than from clusters containing of the order
of ten Ni atoms in the case of Ni-Cu. Thus, even
at temperatures well above the measured ordering
temperatures, the condition p, H/kT» 1 can be
Rchieved fox' grRQUlRr Nl Rt x'61Rtlvely small mag-
netic fields, so that the characteristic I angevin
dependence of the magnetization can be readily ob-
Sex'ved.

According to the theory of Fibich and Ron' the
ferromagnetic coupling between Ni clusters is
doIDlnRted by lnterRctloQS 1QvolvlQg the conduction
electrons of the Ni-Cu lattice. For granular Ni
the experimental results suggest that the dominant
interactions involve electrons which tunnel between
adjacent grains. If this is so, it can be expected
that the interaction strength is a function of the
intergrain tunneling probability and 7„is R Sensi-
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tive function of the composition. In fact the de-
crease of T~ with decreasing Ni concentration is
about three times larger for granular Ni than for
the Ni-Cu alloys.

It is interesting to note that at a concentration
of about 50 vol% Ni the value of the molecular field
constant ~ obtained from the values of T„,p, , and

M, was 4. 15„very close to ~3. Thus, the molecular
field is of the same order of magnitude as the
Lorentz field. Although this may suggest that at
these concentrations the observed ordering is due
to magnetic dipole interactions, the insufficiency
of available evidence and the theoretical difficul-
ties ' ' encountered lead us to believe such a con-
clusion to be premature.

Finally, the authors feel that the temperature
T~ is an ordering temperature and not a blocking
temperature. ' The blocking temperature T~ can
be estimated using the relation '

gC V=25&T~,

where C V is the height of the barrier opposing
thermal fluctuations, V is the volume of a grain,
and C is the dominant anisotropy energy. For
nickel the largest value of C possible is 2pM,
which would result from shape anisotropy and a
demagnetizing coefficient of 4z. Thus T~ for a
60-A particle size is about 30'K, far less than any
observed value of T„.
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The AuA12-Auoa2-AuIn2 Problem: Knight Shifts and Relaxation Times in

Their Pseudobinary Alloys
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The nuclear-magnetic-resonance (NMR) and susceptibility behavior of the intermetallic
compound AuGa2 differs anomalously from the isoelectric and isostructural compounds Auln&

and AuAlq. In an effort to test and extend the explanation offered by Jaccarino et al. and by
Switendick and Narath, spin-lattice relaxation times and Knight shifts have been measured
as a function of temperature and composition for the AuAlp-AuGa2, AuA12-AuIn2, and AuGa2-
AuIn2 pseudobinary alloy systems. At high temperature, the solute X (Al, In, Ga) resonance
properties are dominated by the host. Satellite resonances are observed with temperature
dependences differing from the main resonance. The results are partially explainable on the
basis of an average-band model and partially on a local atom model. The role of the Au d
bands is discussed. Metallurgical results on alloying are obtained using the NMR data.

I. INTRODUCTION

The three intermetallic compounds, AuA1~,

AuGa2, and AuIn2, are at once interesting and con-
fusing. The three, all crystallizing in the fluorite
structure, display similarities and dissimilarities
which, to date, would seem to be incompatible.
The most striking difference among the three is
the fact that AuGa3 has a strongly temperature-
dependent susceptibility X and Knight shift X, the
latter reversing sign, whereas the other two com-
pounds display temperature independence. Ex-
planation of the AuGa~ data apparently requires a
model, ' henceforth denoted JWWM (after Jacca-
rino, Wernick, Weger, Menth), involving a very
substantial modification with temperature of the
band character at the Fermi surface.

Switendick and Narath2 calculated the electronic
band structures of the three compounds. They un-
covered a feature of the AuGa, bands not present

in the others, which could lead to a band-repopula-
tion effect, which in turn could explain the Knight-
shift behavior but not necessarily the susceptibility.
Such an effect, or in fact, any band modification
yielding the Knight-shift variation, would be ex-
pected to be reflected in the electrical properties
of this metal. The thermoelectric power is anom-
alous. But Hall-effect, ' resistivity, ' and mag-
netoresistivity measurements display no anom-
alous variation with temperature in this compound.
These facts are central to the "puzzle" of the
AuX& compounds.

In an effort to further explore this matter, we
have obtained Knight-shift and relaxation-time re-
sults at host and impurity-X sites in the dilute
pseudobinary alloys formed by the AuX2 compounds
with each other. The results are consistent with
the JWWM model. They supply no obvious justi-
fication or refutation of the existing band calcula-
tion for the AuGaz behavior, but they add some in-




