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The magnetic properties of modulated Cu-Ni films with ¹ithickness ranging from 6 to
60 A and for various Cu thickness have been measured at room temperature, 77 K, and

4.2'K. The results show that the magnetic properties do not depend on the Cu thickness
but only on the surface to volume ratio of the Ni. The Ni behavior is interpreted in terms
of a large surface anisotropy, and not in terms of an enhanced moment.

PACS numbers: 75.70.-i, 75.50.Cc

Stimulated by the pioneering observations of
the elastic and magnetic properties of modulated
films by Hilliard and co-workers, "we have
measured the magnetic properties of composi-
tionally modulated Cu¹i thin films from 300 to
4.2 'K. The low-temperature results are inter-
preted in terms of a somewhat reduced magnetic
moment and a large in-plane anisotropy, rather
than the enhanced moment proposed by Thaler,
Ketterson, and Hilliard. ' The new anisotropy re-
sults from the thinness of the Ni layers and does
not depend on their spacing. Here and in what fol-
lows the moment is defined in terms of the vol-
ume of the ¹ipresent and not the total volume.

The magnetization and anisotropy were deter-
mined with a vibrating sample magnetometer'
(VSM) (0-15 kG) or with a force method~ (0-50
kG) and from microwave resonance measure-
ments.

Films were prepared by evaporation of Cu and
Ni from separate alumina crucibles onto mica
substrates at 250-300 C at pressures of 3 to 10
x 10 ' Torr. The deposition rate was from 1 to
6 A/sec. Film thicknesses were determined by
standard quartz monitors and confirmed (to+ 5%)
by substrate-weight-gain measurements. Signals
from the thickness monitors were also used to
properly sequence the mechanical shutters for
the alternate deposition of Cu and Ni. For all
films 2x 10' A of Cu were initially deposited, and
for the resonance measurements this Cu layer
was removed by preferential etching. The films
were removed from the mica substrates before
all magnetic measurements. Electron diffraction
and TEM studies show clear lamella structure
and diffraction sidebands with the expected spac-
ing. ' The films show varying amounts of [ill]
preferred orientation with the best ones approach-

ing single crystals containing a few stacking
faults. The degree of texture and the amplitude
of the composition and strain modulation were de-
termined from x-ray diffraction measurements
following those of Segmuller and Blakeslee. ' The
full width at half maximum (FWHM) of the rocking
curve of the (111) reflection was taken as a meas-
ure of the texture and only films with FWHM of
about 5 or less were used for the magnetic meas-
urements reported here. The sample with 8 A
Ni-8 A Cu (Ref. 7) (3135 layers of Ni) was stud-
ied in more detail and showed all the Bragg peaks
expected for a fcc crystal with ap= 3 577 A. The
FWHM was 0.4' and up to three harmonics were
observed around (000), (ill), and (222) recipro-
cal-lattice points. The chemical modulation is
from 82% Ni to 26/o Ni and the corresponding in-
terplanar spacing modulation is from 0.984aJ
W3to 1.012a,/v 3 (A).

Magnetization curves typical of modulated films
with small FWHM rocking curves are shown in
Fig. 1. As a reference, Fig. 1(a) shows the mag-
netization of a 1.02' 10 -cm-thick ¹ifilm at
77'K with the applied field (H) in the plane (II„),
and H perpendicular to the plane (FI~). Figure
1(b) shows the same measurement for a 10-A-
Ni-10-A-Cu film (2440 layers of Ni). Figures
1(a) and 1(b) were obtained with the VSM. The
high-field behavior of this sample measured us-
ing the force method is shown in Fig. 1(c).

From Fig. 1(a) it may be seen that the Ni data
closely approximate the magnetic behavior ex-
pected for a thin, defect-free film with only a
small anisotropy. The magnetization for II ~ in-
creases linearly with H until H=—4PMp and then
remains constant. The remanence for H~ is very
small. The slight deviation from saturation at
4pMp and the low remanence for H

tt
are attribut-
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FIG. 1. (a) The magnetization for H parallel and H

perpendicular to the film plane for a 1.02&& 10
thick Ni film at 77'K. (b) Same as (a) for a 10-A-Cu
modulated film. The sample contained 2440 layers of
Ni. The dashed segments represent the extrapolation
used to determine Hz. (c) The high-field data with H

perpendicular for the film used for (b).

ed to the [111]texture, which coupled with the
negative crystalline anisotropy constant (K,),
yields an easy axis perpendicular to the plane.
Figures l(b) and 1(c) indicate that the 10-A-Ni-
10-A-Cu sample deviates somewhat from the
ideal-thin-film behavior in that the approach to
saturation for H~ is not quite linear and that there
is some remanence. The large flat region at high

fields shown in Fig. 1(c) demonstrates that these
films are totally saturated and that they do not
show any super paramagentic effects. The lack
of these effects implies that, if the nickel is dis-
tributed in clusters, the minimum size of such
clusters is approximately 10 A x 200 A x 200 A. '
In this sense the magnetization curves show
clearly that the samples behave as thin films.
(By measuring the product of M and H, the force
method [Fig. 1(c)] tends to suppress the reman-
ence. ) It should be remarked that films with
large FWHM rocking curves generally have a
large remanence for H~, showing that these sam-
ples are not well described by a thin-film model.

With H II, the extrapolation of the high-field da-
ta back to H = 0 is the magnetization of the Ni.
With H, the intercept of the magnetization with
the saturated region of the H

II
curve is the an-

isotropy field (H»). For thin films H» =4',
+2K„/M, where K„(for K„positive) is any an-
isotropy tending to keep M in the plane. If micro-
wave resonance' is used, values of H~ may be
extracted from the fields for resonance with H ~
and H II.

So far we have tacitly assumed that M is uni-
form through the Ni thickness. If this is not the
case, the magnetization measurement with H

II

yields the average magnetization, (4vrM). If we
take K„=0, the measurement with H ~ gives the
maximum value, 4' „. The microwave reso-
nance technique, again for K„=0 and M ~ 0
through the film, results in a value of M that is
less than or equal to 4'

In Fig. 2(a) we plot (4') vs I/f at 4.2 'K for
films t-Ni-t-Cu, where t is the thickness in ang-
stroms. Figure 2(b) shows(4') vs f for 10-A-
Ni-t-Cu. For the films on which Fig. 2 is based,
the total Ni thickness ranged from 0.8& 10 4 to
2.5x 10 ' cm. Figures 2(c) and 2(d) give H» for
the same samples. If H~ is determined by the
area between the magnetization curves for H

II

and H ~ rather than the intercept of the two curves,
the value obtained is somewhat lower but the gen-
eral behavior is the same. With the exception of
the film with t = 6 A, all the films that are shown
in Fig. 2 have the ratio of remanence for H to
(4') less than 0.16. For the 6-A film this ratio
is 0.3, and this larger deviation from ideal-thin-
film behavior may account for the low value of
H~ observed. Otherwise this film has the mag-
netic properties of a continuous film in as much
as for H

II
it saturates in less than 1 kG.

The results obtained at 77 K are only slightly
reduced from those shown in Fig. 2. Extrapola-
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FIG. 2. (a) The average magnetization at 4.2'K as a
function of 1/t, where t is the thickness in angstroms,
for films t-Ni -t-Cu. (b) The average magnetization at
4.2 K as a function of the Cu thickness in angstroms (t)
for films 10-A-Ni-t-Cu. (c) The anisotropy field (HE)
at 4.2'K vs 1/t for films t Ni -t--Cu. (d) Hz vs t at

0
4.2 K for 10-A-Ni -t-Cu.

tion of the data of Ref. 2 to 77'K gives Hr = 1.1
~ 10 Oe for f, = 12 A which is in very good agree-
ment with our static measurements. Our rf re-
sults for a f = 10-A sample at 77'K are also in
good agreement with the static data.

Figure 2 clearly demonstrates that (4') and
II~ depend only on the Ni thickness and not the
Cu thickness. That is the Ni properties are de-
termined by its area to volume ratio and not by
modulation effects.

In Ref. 2 it is assumed that K„ is small and neg-
ative and that therefore Hl, is essentially a meas-
ure of 4',„. However, our measurements of
(4sM) make this assumption appear unreasonable.
For example, at 4.2'K the sample with t =8 A
would, with this assumption, have 4',„=2.5
x 10' G and (4') = 3.5x 10' G. If we make the
reasonable assumption that M ~ 0 through the
film, the magnetization would be confined to only
1A or 2 an atomic layer. For the t=6A film
only 0.17 of an atomic layer could be magnetic.
A magnetization of 2.6& 104 G confined in such a
small thickness does not appear plausible. Rath-

er, it is necessary to postulate a large anisotropy
that tends to keep M in the plane and a magnetiza-
tion that is less or equal to that of bulk nickel.

The origin of this anisotropy is at present un-
certain. The behavior shown in Fig. 2(c) sug-
gests a surface anisotropy. In fact the line in
Fig. 2(c) is K„=2x 10'/t Oe, which implies a sur-
face anisotropy of 0.3 ergs/cm'. While no exper-
imental values of the surface anisotropy of the
Ni-Cu interface are available, it may be noted
that values of this order of magntiude but oppo-
site sign have been obtained for ¹Fealloys on
Cu." To account for the zero intercept there
must be some volume anisotropy that cancels the
effect of 4'. This added anisotropy quite pos-
sibly arises from magnetostrictive effects. In
fact, the measured strain modulation combined
with p yy] for bulk ¹ileads to an anisotropy con-
tribution which approximately balances the 4'/I
term due to shape. For large t, this term should
disappear since in this case the lattices are no
longer coherent and Hl, should approach 6&& 10'
Oe as 1/t goes to zero.

The decrease of (4') with thickness shown in
Fig. 2(a) may arise from a decrease in magneti-
zation with thickness or from nonmagnetic (dead)
layers. The line in Fig. 2(a) represents the be-
havior the samples would have if the value of 4'
is that of bulk Ni and there is a 2-A-thick dead
layer at each Ni-Cu interface. The magnetic da-
ta presented here do not permit us to choose be-
tween the two alternatives. However, the meas-
ured amplitude of the chemical modulation sug-
gests that the results are best explained by a re-
duction of magnetic moment and not by the pres-
ence of dead layers. If a nonmagnetic layer does
exist, it probably arises from chemical mixing
of Ni and Cu over the imperfect interface. For
discussion of intrinsic dead layers see Ref. 10.
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A new theory for the dielectric function of composite solids is formulated which dis-
plays both the optical dielectric anomaly and the percolation threshold, thereby provid-
ing a basis for a unified understanding of the optical and percolation transport properties
of granular materials. The results of the theory are shown to be in good agreement with
experimental data.

PACS numbers: 77.90.+k

Recent interest in the optical and transport
properties of granular composite materials has
spurred renewed theoretical investigation in the
calculation of the dielectric function' ' for a het-
erogeneous composite medium. There are at
present two prevalent theories for the dielectric
constant of composite materials. One is the Max-
well-Garnett theory' (MGT), which is usually
preferred for the calculation of optical proper-
ties, because it predicts the existence of the op-
tical dielectric anomaly observed in granular
metal films. However, because of the inherently
asymmetrical treatment of the two constituents
of the composite, MGT predictions grossly dis-
agree with experimental optical and transport re-
sults in cermets when the volume fraction of the
dispersed phase (in MGT) becomes comparable
to or greater than that of the matrix phase. ' In
particular, the theory does not produce the ob-
served percolation threshold in granular metals.
The effective medium theory (EMT) proposed by
Bruggeman' is the other widely used approach to
the calculation of the dielectric constant for corn-
posite materials. The EMT does give a percola. —

tion threshold, but, unlike the MGT, it yields no
dielectric anomaly. Moreover, the predicted val-
ue of the percolation threshold is low compared
with the experimental result. '

In this Letter I present a. new theory for the
dielectric constant of granular composite (also
known as cermet films). The theory displays

both the optical dielectric anomaly and the per-
colation threshold, thereby providing a basis for
the unified understanding of the optical and per-
colation transport properties of granular compo-
site media.

The study of hopping conductivity in grangular
metals' ' has indicated that the microstructure
of composite films is primarily determined by
the grain formation process through surface dif-
fusion of sputtered or evaporated molecules.
The resulting composition homogeneity on the
scale of the surface diffusion length has been
shown to be responsible for the characteristic
temperature and electric field dependence' of
granular metal hopping conductivity. A.s the
starting point of the present theory, consider a
spherical region with the dimension of a diffu-
sion length inside the material. Within such a
region a fraction p of the volume is taken by the
molecules of component 1 and the rest by compo-
nent 2. Here p is the macroscopic volume com-
position of component 1. When a grain is formed
inside this region by diffusion and coalescence.
there are two possible outcomes: Component 1
forms the grain and component 2 the coating,
which we denote as a type-1 unit; or component
2 may form the grain and component 1 the coating,
which is denoted as a type-2 unit. The relative
probability of occurrence for the two cases can
be estimated by counting the number of equally
possible final configurations (corresponding to
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