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The Curie points (T¢) of amorphous Ag-X (X = Ni, Co, Gd) films prepared by getter sputtering on substrates
held at 77°K, were determined without warming up the films above 77°K. As revealed by susceptibility
and electrical measurements, the films remain unchanged up to 220°K; above this temperature one observes
an irreversible decrease in resistivity accompanied by an irreversible increase in T although the films are still
amorphous at room temperature. The critical concentration for the appearance of ferromagnetism (41-at.%
Ni) and the increase of of T with Ni concentration (~9°K/at.%) are quite close to the values reported for
crystalline Ni-Cu alloys. These results suggest again the validity of the virtual-bound-state model over the
rigid-band model and confirm that clustering is not a major factor in crystalline Cu-Ni alloys. An
extrapolation of the present experiments to pure Ni leads to a T of about 540°K for amorphous Ni. The
validity of this extrapolation is supported by Ag-Co and Ag-Gd experiments.

I. INTRODUCTION

The validity of the virtual-bound-state model
over the rigid-band model in Cu-Ni alloys was
suggested theoretically by Land and Ehrenreich®
and experimentally by the optical data of Seib and
Spicer.? The validity of this conclusion was ques-
tioned on the basis that clustering could exist in
such alloys.® Although this criticism was rejected
with the help of neutron scattering experiments,*'5
the possibility of clustering in alloys obtained by
conventional metallurgy has been raised numerous
times.®~® More recently, x-ray photoelectron
spectroscopy experiments® have established again
the validity of the virtual-bound-state model for
Cu-Ni alloys but these experiments could still
have been influenced by the presence of clustering.
One way to obviate this difficulty is to prepare
amorphous alloys by low-temperature film deposi-
tion, where one can expect a random distribution
of atoms. This technique is also attractive from
the point of view that many metastable alloys, not
attainable by conventional metallurgy, can be pre-
pared in this manner. In order to select elements
likely to result in amorphous films, one can fol-
low the rule suggested by Mader®: the atomic ra-

dii of the components should differ by at least 10% .

An alternate rule based on the same physical prin-
ciples is to choose elements with a liquid misci-
bility gap in their phase -equilibrium diagram.
With these ideas in mind, we chose Ag-Ni, Ag-Co,
and Ag-Fe alloys, where the radius of the mag-
netic atom is approximately 15% smaller than that
of Ag, and the Ag-Gd alloy system, where the
atomic radius of Gd is 25% larger than that of Ag.
This study will be divided into three parts: The
first part will deal with the sample analyses; in
the second part the degree of amorphousness and
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the compositional range of the amorphous state
will be discussed for the various alloys; in the
third part the compositional dependence of the
Curie temperatures will be examined in terms of
previous experiments and existing models.

II. EXPERIMENTAL PROCEDURE

All amorphous alloy films of the present study
were getter sputtered at 2 W (1000 V, 2mA) onto
sapphire substrates held at 77 °K from a cold-
pressed powder target. The deposition time was
usually 6 h, which at the average deposition rate
of 30 A/min resulted in an average film thickness
of about 1 um. In order to ensure the best statis-
tical mixing of the two component powders, it is
best to use the finest powder available (e.g., 325
mesh). In the case of Ag and Ni, 325- and 200-
mesh powders were used for both; for Ag-Co,
Ag-Fe, and Ag-Gd experiments, the Ag powder
was always 325 mesh, as were the Co and Fe pow-
ders, but the Gd powder was only 40 mesh. The
powders were then mixed and tumbled and finally
cold pressed in the form of a disk. An estimate
of the composition to be expected from this tar-
get can be obtained from x-ray fluorescence counts
for both components taken directly on the as-
pressed disk. The composition of the films was
ascertained by x-ray fluorescence analysis and
by Coprex analysis.’® The amorphous nature of
the films was established with the help of an x-ray
diffraction trace which could be obtained without
warming up the sample above 77 °K. The Curie
points (T) of the films were determined by sus-
ceptibility measurements using a sensitive ac
bridge with two balanced coils. The bridge was
operated at 10000 Hz with 2.5 V, which corre-
sponds to a modulating field of 4 Oe. The sample
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was mounted in the susceptibility holder under
liquid nitrogen without being warmed up above
77 °K; the T, could be measured with or without
an externally applied magnetic field.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Sample analyses

The composition of the targets obtained by x-ray
fluorescence analysis is listed in Table I for both
325-mesh powders [Table I(a)] and 200 -mesh pow-
ders [Table I(b)]. The x-ray fluorescence analysis
was calibrated by obtaining the actual composition
of a film (deposited with the 50-at.% nominal tar -
get) by Coprex analysis. The composition of all
other films was then determined as 90% of the
fractional Ni counts.' As sputtering is a steady-
state process one expects the composition of the
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films to be close to that of the sputtering target.
The accuracy in determining the concentration of
the film will depend of course on how precisely
the composition of the target is known, which in
turn is best established'? for powders with the
smallest particle size (e.g., 325 mesh). This fact
is well established in Table I, where one can ob-
serve that for the 325-mesh powders the experi-
mental concentration is very close to the nominal
concentration (£10%) over the whole concentration
range. On the other hand, the experimental con-
centration is systematically larger than the nom-
inal concentration for the 200-mesh powders
[Table I(b)] and sometimes by as much as 60%.
Consequently, the film composition is much less
reliable in the 200-mesh experiments than in the
325-mesh experiments. Furthermore, it is clear
from Table I that compositional variations of the

TABLE I. X-ray fluorescence analysis of Ag-Ni sputtering targets.

Nominal Ni concentration

Experimental concentration *

(at.%) Ag counts Ni counts (at. %)
(a) 325-mesh powders
30 9035 4112 28
40 8061 5908 38
40 7820 6400 41
45 8135 6672 41
45" 7591 7965 46
45 7360 7400 45
45b 7065 9002 50
50 7305 7866 472
50P 7007 8353 49
55 7014 9824 53
55 6236 10866 57
75 4071 16403 72
(b) 200-mesh powders

20 23709 12803 32
25 21937 16494 39
28 21795 17 485 40
2g? 21337 20206 44
33 21121 21641 46
33¢ 20965 20062 44
35 20379 20267 45
35¢ 19816 16254 41
35 19591 23468 49
35b 19269 29378 54
40 19533 24520 50
40 18717 30464 56
44 17878 36709 61
45 18130 27 418 54
50 17 620 31293 58
50 17 467 29702 57
50 18767 22422 49

2Experimental concentration is calibrated by directly obtaining the composition of one film
by Coprex analysis, which leads to the result that the experimental concentration is equal to

0.9 times the fractional Ni counts (Ref. 11).

PSecond side of the same disk of sputtering target.
®Same side of disk after removing about 1 mm by polishing.
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order of 10% can occur from one side of the tar-
get to the other or even at a small depth below the
as-pressed surface. Taking all these facts into
account, the composition of the films cannot be
ascertained to better than +5% even in the most
favorable case (325-mesh powders). As we shall
see later, this compositional uncertainty is suf-
ficient to explain both the scatter in the data and
the temperature width of the ferromagnetic transi-
tions.

The x-ray fluorescence analyses for Ag-Fe and
Ag-Co 325-mesh powder targets gave essentially
similar results to those shown above for Ag-Ni
and will therefore not be discussed in further de-
tail. On the other hand, in the case of Ag-Gd ex-
periments, the finest-particle Gd powder avail -
able was only 40 mesh and consequently an x-ray
fluorescence analysis on the as-pressed targets
could be quite unreliable in view of the above dis-
cussion on 200-mesh Ag-Ni powders. As a re-
sult, the composition of each Ag-Gd film was di-
rectly determined by Coprex analysis.

B. Amorphous structure of films

The following structural study on Ag alloy films
will establish again the validity of Mader’s sug-
gestions for the formation of an amorphous solu-
tion: The atomic radii of the two components
must differ by more than 10% and the films must
be deposited at a sufficiently low temperature.
Even under these favorable conditions, the amor-
phous solid solutions exist only in a restricted
compositional range.’ In the case of Ag-Ni alloys,
where the Ag atom is about 15% larger than the Ni
atom, one obtains at 77 °K, as shown in Fig. 1,
an amorphous film. This film remains amorphous
upon warming up to room temperature except for
an increase in density of about 20% (as shown by
the displacement of the lines towards larger an-
gle). These sputtered films are quite stable
against recrystallization undoubtedly because of
the pinning effect of argon atoms; one has to an-
neal for 1 h at 500 °C to get appreciable recrys-
tallization in the form of small Ag and Ni crys-
tallites with a (111) preferred orientation (see in-
gert of Fig. 1). These amorphous solid solutions

can be obtained with Ni ranging from 32 to 61 at. %,

which is in good agreement with results on
similar Cu-Ag amorphous solutions.®'!* On the
other hand, Cu-Ni films deposited under identical
conditions were microcrystalline with a 55-4 par-
ticle size. This is in agreement with similar
Cu-Co films,®'!3:!* where just as for Cu-Ni the
two component atoms have approximately the same
radius, thus showing that a low temperature of
deposition is not sufficient by itself.

In the case of Co-Ag, where the difference in

Ni
an —__ ANNEALED
AT 500°C  Ag(111)

1um
Nioas A9os56

Ni111)

johe T=300°K

|lll1]lfll]!lll[llll|lll¥|¥I|I[III{|IIII'—|

60°  55° 50° 45° a0° 35° 30° 25°  20°

FIG. 1. X-ray diffractometer traces for a Nij 44,Ag 56
film; upper trace taken on as-deposited film at 77 °K,
bottom trace obtained at 300 °K; upper-left insert shows
recrystallization as a result of 500 °C anneal. Crystall-
ine lines are indicated by arrows.

atomic radii is also 15%, one expects again amor-
phous films. This is demonstrated for a Co,_,,Ag,. .,
film in Fig. 2. As the Co content is reduced, one
loses the amorphous structure and microcrystal -
linity appears as shown by Fig. 3 and 4. The pat-
tern of Fig. 3 for the 28-at.% Co solution is still
representative of a mostly amorphous film with
small (=50 &) Ag crystallites with a (111) pre-
ferred orientation. The films become even more
crystalline, as evidenced by the larger Ag crys-
tallites (~100 A) shown in Fig. 4, for the 18-at.%
Co solution. Consequently, in the range of com-
positions pertinent to the magnetic studies
(15-21-at.% Co) the films are not amorphous but
microcrystalline. However, as shown in the case
of similar Cu-Co films,* such microcrystalline
films can still be considered as random solid so-
lutions.

Amorphous Ag-Gd films were obtained in a wide
range of Gd concentrations (20-70 at.%). This re-
sult is not surprising in view of the fact that the
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FIG. 2. X-ray diffractometer trace taken on as-

deposited Coy 4 Agg 59 film at 77°K.
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atomic radius of Gd is 25% larger than that of Ag.
Furthermore, the x-ray diffractometer trace for
pure-Gd films deposited at 77 °K is very similar
to that shown for Co, ,;Ag, ., films in Fig. 3 and
can be interpreted as a mixture of amorphous
phase and 60 -A Gd microcrystals.

C. Compositional dependence of Curie temperatures

The dependence of the Curie temperature (T)
of amorphous Ag-Ni alloy films on Ni concentra-
tion is shown in Fig. 5. Although the data for the
200- and 325-mesh powders are quite close, we
shall ignore the 200-mesh data, which as dis-
cussed above are less reliable. The ferromag-
netic transitions are relatively wide for all films,
the transition width increasing from about 10 °’K
to several tens as the Ni content increases from
40 to 60 at.%. Considering the steep slope of
Fig. 5 (9 °K/at.%), this transition width corre-
sponds to spreads in concentration of the order
of 1-5 at.%. Such variations in concentration
can be expected on the surface of the target and
across its thickness (see Table I). At any rate,
the Curie temperature was defined as the tempera-
ture at which no ferromagnetism remains. Other
definitions such as the middle of the transition
or the onset of the transition leave the data shown
in Fig. 5 essentially unchanged. The straight line
drawn through the data of Fig. 5 was obtained by
a least-squares fit, which results in 7, =0°K
(onset of ferromagnetism) at 41-at.% Ni and a
concentration dependence of the Curie temperature
of 9.1°K/at.%. The scatter about the solid line
is consistent with the previously discussed com -
positional uncertainties. The data shown is Fig.
5 terminate at 61-at.% Ni (T, ~ 200 °K) for the
following two reasons. First, between 61- and 75-
at.% Ni the films change from amorphous to mi-
crocrystalline. Second, although as discussed in
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FIG. 3. X-ray diffractometer trace taken on as-
deposited Coy y3Ag, qp film at 77 °K showing the presence
of small Ag microcrystals (= 50 f&) in an amorphous
matrix.

5163

iomz T = 77
Copig Ado g2

Ag (111)
T ] T TT | T TT I T TT | TTTT [ T T [ TTTT h TT 7—|
60° 55° 50° a45° 40° 35° 30° 25° 20°

FIG. 4. X-ray diffractometer trace taken on as-
deposited Coy 45Agy. g film at 77 °K showing the presence
of small Ag microcrystals (~ 100 A) in an amorphous
matrix.

the structure section of this paper the films re-
main amorphous at room temperature (Fig. 1),
there are irreversible changes occurring at about
210 °K. To be specific, the resistivity of a

Ag, .Ni, 5 film which was 1.7x107%Q cm at 77 °K
started to decrease at 210 °K to reach a value of
1.3x1073* Q cm at room temperature. After over-
night anneal at room temperature, the resistivity
further decreased to 1.1x107% Q c¢m, which corre-
sponds to a mean free path of about 1 A. The ir-
reversible decrease of the resistivity at 210 °K is
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FIG. 5. Compositional dependence of the Curie tem-
perature (T¢) for amorphous Ag-Ni alloy films.
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accompanied by an irreversible increase of the
Curie temperature. This increase in Curie tem-
perature is consistent with the increase in den-
sity observed in the x-ray diffractions (Fig. 1).
Anyhow, the data shown in Fig. 5 are entirely re-
liable as they are free of such annealing effects.
The data shown in Fig. 5 are very similar to that
obtained on well-annealed crystalline Cu-Ni alloys;
namely, the onset of ferromagnetism at 41-at. %
Ni is close to the threshold of 44-at.% Ni in Cu-Ni
alloys'® and the slope of Fig. 5 (9 °K/at.%) is in
good agreement with a slope of about 8 °K/at. %
for Cu-Ni alloys.' One may conclude from this
close similarity between amorphous and crystal-
line alloys that, in agreement with Moss,® clus-
tering effects must be quite small in well -annealed
Cu-Ni alloys. Consequently, the validity of the
virtual -bound -state model over the rigid-band
model should not be in doubt® on the basis of pos-
sible clustering. Furthermore, when nickel,
which has one less electron than copper or silver
in the outermost shells, is alloyed with Cu or Ag,
the rigid-band model predicts that the s-p bands
should empty progressively, thus decreasing the

d -band —-to -Fermi-level energy separation. At
some nickel concentration, the Fermi level should
coincide with the top of the d band, at which point
the alloy becomes ferromagnetic. As the top of
the d band in Ag is about 4 eV below the Fermi
level as compared to 2 eV in the case of Cu,® one
would expect if the rigid-band model were to ap-
ply that ferromagnetism would appear at a lower
Ni concentration in Cu-Ni alloys than in Ag-Ni al-
loys, which is directly contradicted by the present
experiments (T, =0 °K at 41 at.% for Ag-Ni and
44 at.% for Cu-Ni).

Besides the validity of the virtual -bound -state
model, one can draw other interesting conclusions
from these amorphous alloys. In particular, an
extrapolation of the solid line of Fig. 5 to pure Ni
leads to a T of about 540 °K for amorphous Ni.
The difference in density between as-deposited and
annealed Ag-Ni films is sufficient alone to explain
the lower T, of amorphous Ni as compared to that
of crystalline Ni (631 °K). Using the relation
_dT. ,dP AV
“ap Vav v 1)
with a bulk modulus™ of 1.7x10'2 dyn/cm? and the
experimental value!” for dT./dP of 3.5x107* °K/
atm, the 20% increase in density which occurs
upon annealing to room temperature corresponds
to a 120 °K increase in T.. This extrapolated val-
ue of 540 °K for the T, of amorphous Ni should be
treated cautiously in view of other studies on
amorphous ferromagnets. The first example of
an amorphous ferromagnet was a Co-Au alloy*®

AT,

soon followed by quenched evaporated!® PdSi-X
alloys (X = Fe, Co, Ni). However, while the Fe and
Co alloys were ferromagnetic at room tempera-
ture, nothing was stated about the Ni alloy. Fur-
thermore, amorphous Ni films obtained by evap-
oration on liquid-helium-cooled substrates® were
not ferromagnetic at room temperature and the
situation is unclear in amorphous Ni films sput-
tered in hydrogen at room temperature.?!22
Amorphous Ni, 4,C, ,, films obtained by sputtering
at 95 °K have a room-temperature resistivity of
780 u cm, which is very close to that of the hy-
drogen-sputtered films?®? (740 4 cm) and are not
ferromagnetic. It would therefore appear that
ferromagnetism in amorphous materials depends
on the method of attaining the amorphous state.
Nevertheless, the validity of the present extrap-
olation can be justified by similar experiments on
other amorphous alloys. The compositional de-
pendence of the Curie temperature for micro-
crystalline Ag-Co alloy films (and one Ag-Fe film)
is shown in Fig. 6. The onset of ferromagnetism
at low Co concentration (15 at.%) reflects the high
Co moment, while the steep concentration depen-
dence (40 °K/at.%) is the result of the high T.’s
of Co (1400 °K) and Fe (1043 °K). The comparison
with Ag-Ni amorphous alloys is felt to be valid
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FIG. 6. Compositional dependence of the Curie tem-
perature (T¢) for quasiamorphous (microcrystalline)
Ag-Co and Ag-Fe alloy films.
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despite the fact that the Ag-Co films are micro-
crystalline (Fig. 4) because such films can still be
considered as random solid solutions.'® The com-
positional dependence of the Curie temperature
for amorphous Ag-Gd alloy films is shown in Fig.
7. This system is particularly informative as
amorphous ferromagnetism can be studied over
the complete compositional range. The only ex-
ception is the pure-Gd film, which is only quasi-
amorphous, i.e., a mixture of 60-A microcrystals
embedded in an amorphous matrix. As a result,
the ferromagnetic transition of the Gd film is rel-
atively wide, spreading from 290 (the T, of crys-
talline Gd) to 253 °K. Consequently, the value of
253 °K was chosen as the T for amorphous Gd.

It is clear from Fig. 7 that the line which best
averages the data for amorphous Ag-Gd films
(with a slope of 3 °K/at.%) passes through the
datum point for pure Gd. One may therefore con-
clude from the study of these three Ag alloy sys-
tems that the extrapolated T, of 540 °K for amor-
phous nickel is a reasonable extrapolation.
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