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Enhanced Magnetization Density of a Compositionally Modulated CuNi Thin Film
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The magnetization density, M, of a CuNi thin film containing a 20-A composition modu-
lation has been deduced from ferromagnetic resonance data between 120 and 325'K. The
data imply the existence of high-M regions in the modulated film. At 300'K, M is about
200 emu/cm, and increases as the temperature decreases. By 125 K, N is significantly
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larger than that of pure Ni. After most of the modulation was annealed out, M had de-
creased by an order of magnitude.

0
&t has recently been demonstrated that the elas- about 5 &/sec, and the background pressure was

tic properties of bimetallic films containing short- about 2 &&10 ' Tprr.0
wavelength (less than 40 A), one-dimensional The compositionally modulated sample to be
composition mpdulations may be significantly dif- described in this Letter contained approximately
ferent from those of the homogeneous alloys. " 41 at:.% Ni, was about 4500 A thick, and had a,
~ this Letter we present the first measurements modulation wavelength of about 30 A, and the
pf the magnetic properties of such a system. We first Fourier component of its composition modu-
chpse the CuNi system because a large enhance- lation was 0.41~ 0.06 at. fraction. The film was
ment in the biaxial elastic modulus has already deposited on a mica substrate heated to 300'C.
been observed, ' and also because good quality Prior to deposition of the modulated film, a 1200-
compositionally modulated films were readily 1300-A Cu layer was evaporated onto the mica.
available. The latter two procedures were necessary to give

Magnetic studies of compositionally modulated the crystallites a strongly preferred orientation
fi]ms, like CuNi, have the potential to make sig- of [lllj normal to the plane of the film. The
nificant contributions to our fundamental kpowl- wavelength and amplitude of the mo dulation were
edge of ferromagnetism in metals. Studies of the de'termined from measurements of the position
dependence of the magnetic properties on both and integrated intensity of the x-ray diffraction
the wavelength and amplitude of the composition patterns (made with Cu Ke radiation) produced
modulation add new variables to the alloy prob- by the 111 Bragg peak, and its associated first-
lem. Films containing alternating layers of dif- order satellites. ' The Cu and Ni concentrations
ferent metals, with at least one metal being a were determined by atomic absorption analysis,
couple of monolayers thick, may allow the pro- performed by the Argonne National Laboratory.
duction of contamination-free samples to test Because of the composition modulation the sam-
theories of surface magnetism. These films also ples do not possess a uniform magnetization den-
pffer the attractive possibility of producing nearly sity; instead the magnetization density is an os-
two-dimensional ferromagnets. cillatory function, M(z), with the wavelength of

The compositionally modulated films were pre- the composition modulation. lt is likely that
pared using a technique described in detail else- M(z) in the Cu-rich regions is essentially zero,
where. ' Briefly, this technique involves evapor- thus significantly lowering the average magnetiza-
ating both Cu and Ni (from separate crucibles) tion of the entire sample when compared with the
through a rotating pinwheel shutter that a, lternate- relatively high M(z) of the Ni-rich regions. We
ly allows the particle flux from each source to employed the technique of ferromagnetic reso-
reach the substrate. This technique produces nance (FMR) to probe the Ni-rich region, since
samples having a composition profile somewhere we preferred a probe which favored the local
between a square wave and a sine wave, ' thus en-, magnetization densities, rather than the "reduced"
gendering the term "compositionally modulated" aver'aged magnetization of the entire sample (as
rather than "layered" thin films. Under normal would, be sensed by a magnetometer).
operating conditions the evaporation rates were The FMR spectra were measured using a Vari-
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&u/y =II —4~M, (2)

where y is the gyromagnetie ratio given by y
ge/2mc, and g is the spectroscopic splitting

factor. All calculations reported here assume
g=2.21, the value for pure Ni. This assumption
gains support from the fact that FMR studies of
homogeneous NiCu' and NiCr ' alloys are consis-
tent with g =2.21. If one were to correct Eqs. (1)
and (2) for anisotropy fields, one would essen-
tially add (or subtract) terms of the order of the
anisotropy field to the applied field. '

A test of the validity of analyzing FMR data
using Eqs. (1) and (2) (i.e., neglecting anisotropy
fields) would be to obtain FMR spectra with &
parallel and perpendicular to the film to ascer-
tain whether the deduced values of M are in agree-
ment with each other. In most cases a significant
anisotropy field will cause a discrepancy between
these two values of M. We tested our data in this
way. Figure 1 shows values of M, obtained for
H parallel and perpendicular to the film, as a
function of temperature &. The data for the two
directions are in quite good agreement, and so
for most types of anisotropy we believe that the
neglect of the anisotropy fields in the modulated
film does not produce spurious results.

However, the above test will not detect the pres-
ence of the anisotropy field in a thin film having

an model E-4 X-band EPR spectrometer with
a 10-kG electromagnet. The samples were cut
to a size of 4&6 mm' from much larger area
films produced during the vapor-deposition proc-
ess. A sample. was held inside an open-ended
quartz Dewar, which itself was placed in the
microwave cavity. The temperature was regu-
lated by passing temperature-regulated N, gas
over the sample.

After an FMB spectrum is obtained, the reso-
nance field must be converted to an effective mag-
netization density. BasicaQy, FMB measures
the precession frequency of the electron spins
due to the combined effects of the external field
H, the internal magnetization density M with its
associated geometry-dependent demagnetizing
fields, and the interna1 anisotropy fields either
arising from intrinsic effects or induced by
strain. For a ferromagnetic thin film of uniform
magnetization and a negligible anisotropy field,
the expression for the resonance frequency
with II parallel to the film is'

~/y = (a(a i 4~M)]u', (1)

and with H perpendicular to the film it is'
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FlG. 1. The temperature (T) dependence of the mag-
netization M as determined from ferromagnetic reso-
nance measurements in a compositionally modulated
CuNi specimen with the magnetic field parallel and
perpendicular to the sample.

a unia. xial anisotropy axis perpendicular to the
film. A thin film containing an isotropic stress
in the plane of the film is an example of this type
of anisotropy. In this case. the resonance fields
are shifted by amounts such that Eqs. (1) and (2)
give the same, but incorrect, value of M. Mac-
donald' shows that Eqs. (1) and (2) may be cor-
rected for this type of anisotropy by replacing4' by 4wt1+ (3X~/4aM')]M, where & is the mag-
netostriction coefficient and 0 is the isotropic
stress (positive for tension). The modulated
CuNi films possess a coherent lattice, ""and so
it is quite likely that such stresses are present.
Since the lattice parameter of bulk Cu is greater
than that of bulk Ni, the Ni atoms (in the Ni-rich
regions) must experience a, tensile stress in the
plane of the film. Combining this with the nega-
tive magnetostriction coefficient of Ni means that
the values of M deduced from Eqs. (1) and (2) are
too ~0. Stress may also be induced in the film
by differential contraction arising from the dif-
ference in the thermal expansion coefficients of
Ni and mica. Measurements by Macdonald, per-
formed on Ni films deposited on mica, indicate
that this stress also causes the values of M de-
duced from Eqs. (1) and (2) to be too Eo~."'"
Since both of these stress mechanisms cause
Eqs. (1) and (2) to underestimate M, the values
that we report for this quantity deduced from
Eqs. (1) and (2) are probably too &o~.

Prom Fig. 1 we observe that M is approximate-
ly 200 emu/cm' at 300'E in the compositionally
modulated CuNi sample; in contrast, homogene-
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ous CuNi alloys" at this concentration level have
Curie temperatures below 50'R." Note that M
increases as T decreases. In particular, by
185'K, M of the modulated sample is equa, l to that
of pure Ni and, quite surprisingly, the data taken
with H parallel to the film indicate that by 125K,
M of the compositionally modulated film is sig-
nificantly larger than M of pure Ni. Because of
magnetic field limitations we could not extend
our FMR measurements with II perpendicular to
the film below 180'K.

The linewidths &H (for the data shown in Fig.
1) with H perpendicular to the film were between
1175 and 1600 G, and ~II increased as T de-
creased. For comparison, we measured &H of
a thin Ni film prepared in the same vapor deposi-
tion system. &II of the modulated sample was
about 5 times larger than that of the Ni film.
This is not particularly surprising, since we re-
marked at the outset that the modulated sample
possesses a distribution of magnetization densi-
ties M(z) rather than a unique value as in Ni.
Therefore the large &H may (at least in part) be
a reflection of the periodic variation of M.

Finally we investigated the behavior of M as a
function of the amplitude of the composition mod-
ulation. The amplitude of the composition modu-
lation was decreased by annealing the sample ie
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FIG. 2. The dependence of the magnetization I on the
amplitude of the first Fourier coefficient of the compo-
sition modulation A& for various temperatures.

vacua ( 2&&10 ' Torr) at 390'C for varying peri-
ods of time. After each anneal M vs T was meas-
ured, and the sample was also x rayed to deter-
mine the amplitude of the composition modula-
tion. " As can be seen from Fig. 2, M uniformly
decreases by an order of magnitude as the first
Fourier component of the modulation A., decreas-
es from 0.4 to 0.1 at. fraction. Since it was dif-
ficult to extract the high-angle, first-order 111
satellite from the tail of a peak due to the mica
substrate (especially for the smaller values of
A,), we plotted M vs (I /IB)"', a. quantity which
should be proportional' to +yj here IB is the in-
tegrated intensity of the 111 Bragg peak and I
is the integrated intensity of the low-angle, first-
order 111 satellite. We determined the propor-
tionality constant from measurements of both
satellites in the unannealed state. The error
bars on A. , in Fig. 2 reQect the fact that we did
not x ray exactly the same area after each anneal.
This introduced a random error of about S%%uo. Any
systematic errors in the proportionality factor
connecting (I /Iq) ' and A, a.re not included in
these error bars; this error is reflected in our
initial value of A, which was 0.41+ 0.06 at. frac-
tion.

In summary, we have measured FMR spectra
as a function of & for a CuNi thin film containing

0
a 30-A composition modulation. These spectra
indicate that high-M regions exist in the modu-
lated sample. At room temperature we deduce
a value of M of about 200 emu/cm', in sharp con-
trast to homogeneous alloys containing (40-50)lo
Ni which have Curie temperatures below 50'K.
As T is lowered, M increases, and by 125'K, M
is significantly larger than that of pure Ni. When
the composition modulation is removed by anneal-
ing, M decreases by an order of magnitude. The
origin of the enhanced magnetization at low tem-
peratures is not understood at this time; a simi-
lar situation exists with respect to the enhanced
elastic modulii. However, the following points
should be noted in this connection: (1) The com-
position modulation alters the electronic band
structure through the appearance of additional
Bragg planes; (2) at the crest of the Ni concen-
tration wave, the interatomic distances differ
substantially from bulk Ni, which might enhance
the local magnetization; and (3) one-dimensional
Ruderman-Kittel-Kasuya- Yosida oscillations
might tend to be coherent in this system.

Some preliminary FMH measurements were
earlier performed on the CuNi system by G. Hori-
uchi. We would like to thank Dr. A. Purdes for
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preparing the sample used in this study. The use
of the Varian E-4 EPH spectrometer which is
maintained by Mr. J. Anderson is also greatly ap-
preciated. We would also like to thank Mr. G.
Hdnein for many helpful discussions throughout
this investigation. This work was supported un-
der the National Science Foundation-Materials
Research Laboratory program through the Mater-
ials Research Center of Northwestern University
under Grant No. DMP-76-80847.
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Vfe report on calculations of the electronic states in disordered Cu, Ni(~, ) alloys based
on a complete solution of the coherent-potential approximation for a muffin-tin model of
the alloy potential [Korringa-Kohn-Rostoker coherent-potential-approximation (KKR-
CPA)]. The computational effort required is modest on the scale of that involved in band-
structure calculations for many atoms per unit cell. The calculated densities of states are
in good agreement with the results of photoemission and other experiments. The adequacy
of previous approximate KKR-CPA and averaged t-matrix calculations is discussed.

Experience with simple models" over the past
decade indicates that the coherent-potential ap-
proximation (CPA)' gives a sufficiently good de-
scription of electronic states in random alloys
to warrant calculations based on first-principles
crystal potentials similar to those used for per-
fect crystals. However, because of the computa-

tional complexities, until recently little progress
has been made towards implementing such a
scheme. In this Letter we present the first com-
plete solutions of the CPA equations for a non-
overlapping muffin-tin model of the crystal poten-
tial [KKK (Korringa-Kohn-Rostoker)-C PA] for
three Cu, Ni(y ) alloys. awhile correcting some
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