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The electrical resistivity and magnetic susceptibility of amorphous Cr,Ge,_, alloys (0 <x <0.65)
prepared by means of the flash-evaporation method were investigated in relation to the amorphous
structure. The partial pair distribution function determined by the x-ray diffraction method shows a
change from the tetrahedral random network to the dense-random-packing structure with increas-
ing Cr content. The electrical resistivity shows a transition from semiconductorlike conduction to
metal-like conduction in accordance with the structure change. On the basis of the idea of Mott’s
hopping conduction, the density of states at the Fermi level increases with increasing Cr content
and the length of decay of a localized wave function decreases with decreasing substrate tempera-
ture during evaporation. An increase in the Fermi level was deduced from analysis of the metallic
conduction in terms of the Baym-Faber-Ziman theory incorporating electron mean-free-path effects.
The magnetic susceptibility shows the Curie-Weiss-like behavior characterized by a significantly
small localized moment per Cr atom (u.z~0.4up). The small moment is discussed on the basis of
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the idea of the virtual bound state, with local environment effects taken into account.

I. INTRODUCTION

The magnetic moment of a transition-metal atom in a
disordered matrix often shows an intrinsically different
nature from that in the corresponding ordered matrix.
Several groups have proposed mechanisms for the oc-
currence of the different nature of the magnetic moments
by comparing magnetic properties of amorphous alloys
containing transition-metal atoms with those of the crys-
talline materials, and indicated an influence of host disor-
der in favor of local moment formation on a transition-
metal atom.!~!'" From these studies of the magnetic
properties of amorphous alloys prepared under various
conditions, the significance of local environment effects
on the local moment formation has been suggested. Elec-
trical resistivity of amorphous alloys containing transi-
tion metal atoms has also been studied experimentally
and theoretically by many groups. The temperature
dependence of the electrical resistivity is mainly charac-
terized by the structure factor and the mean free path of
conduction electrons.!>!> These contents suggest a
significance of the systematic and comprehensive study of
the atomic structure and electrical and magnetic proper-
ties to make clear the nature of amorphous alloys, espe-
cially those containing transition metal atoms.

In the study of the crystalline Cr-Ge system, work on
five intermetallic compounds (Cr;Ge, CrsGes;, Cr;,Geg,
CrGe, and Cr,,Ge,,) has been reported,'*~?* and an in-
crease in the Cr-Cr atomic distance with increasing Ge
content results in an increase in the degree of electron
correlation.?*?> In particular, their magnetic properties
are characterized by itinerant electrons with weak in-
teraction except for ferromagnetic Cr,;Ges.2*%*> Furth-
ermore, we claimed that Cr;,Gegz and CrGe are nearly
ferromagnetic metals for which spin-fluctuation effects
play a significant role.?> On the other hand, work on
amorphous Cr-Ge alloys has been reported over a wide
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composition range,”?® because they contain a glass-
former atom, Ge. We have made the amorphous struc-
ture analysis with electron diffraction and the measure-
ments of electrical resistivity and magnetic susceptibility
on several samples of the amorphous Cr-Ge alloys
prepared by means of vapor quenching method, and the
following results have been obtained.’

(1) Amorphous structure is verified for Cr, Ge,_, with
x <0.65.

(2) As the Cr content increases, the structure changes
from the tetrahedral random network to the dense ran-
dom packing.

(3) The electrical resistivity shows semiconductorlike
behavior for lower Cr concentration and metal-like be-
havior for higher Cr concentration, which corresponds to
a change in the structure.

(4) The magnetic susceptibility shows Curie-Weiss be-
havior, suggesting a local moment formation on Cr
atoms, but the value of moment per Cr atom is evaluated
as an extraordinarily small one. These results suggest a
significant correlation between spatial structure and elec-
trical resistivity, and a substantial change in magnetic
moment on Cr atoms with amorphization. Therefore, we
feel an interest in a comprehensive study of the amor-
phous nature of the amorphous Cr-Ge alloys in compar-
ison with the crystalline Cr-Ge intermetallic compounds.

In the present paper, amorphous Cr-Ge alloys were
prepared by the flash evaporation method, and the partial
pair distribution functions are determined by the x-ray
diffraction method. Detailed measurements of electrical
resistivity and magnetic susceptibility were made in the
temperature range from 4.2 to 300 K, and the correlation
between the data and atomic structure is discussed.
Furthermore, the electrical resistivity is also measured on
the samples prepared at low substrate temperature to in-
vestigate a change in the amorphous nature with different
preparation conditions. We give a comprehensive discus-
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sion of the random structure effect on the electrical and
magnetic properties of the amorphous Cr-Ge alloys at
last.

II. EXPERIMENTAL METHOD

A. Sample preparation

High-purity Cr (99.99% purity) and Ge (99.999% puri-
ty) powders were mixed in the desired compositions and
melted at 1190°C in evacuated quartz tubes and then
quenched in water. The product was crushed, and the
Cr,Ge,_, alloys were deposited by flash evaporation
method onto glass substrates covered with collodion
films. The substrate temperature was held at room tem-
perature and the pressure was 1 107> Torr during eva-
poration. The Cr,Ge,_, film was removed in acetone
and then dried. The flake samples were used for the
structure analysis by x-ray diffraction method and the
magnetic measurements. On the other hand, the sample
for electrical resistivity measurements was also prepared
by flash evaporation method onto glass substrates whose
substrate temperatures T, were room temperature and
130 K. The film thickness was determined by multiple-
beam interferometry and ranged from 2000 to 10000 A
for x-ray diffraction and magnetic measurements and
from 200 to 3000 A for electrical resistivity measure-
ments. Composition of the film was determined by means
of electron probe microanalysis. Since the analyzed Cr
concentration of the film tends to be lower than that of
the vapor source within 5 at. % as shown in Fig. 1, we
will use the analyzed value as sample composition. We
also verified no gross inhomogeneities in Cr composition
in a single sample by making composition analysis on
several portions of the same sample.

B. Structure analysis

The amorphous Cr-Ge samples prepared at room tem-
perature were plated onto (100)4°+1° wafers. X-ray
scattering intensity was measured at room temperature

a-Cr, Ge,_,
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FIG. 1. Analyzed Cr concentration of amorphous Cr-Ge al-
loys against that of vapor source.
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with three radiations of Mo, Cu, and Fe Ka using the
step scan mode of operation. The data were analyzed on
the basis of the method by Waseda and Tamaki.?” The
total structure factors S(K) were obtained in the
reciprocal-space region 0.7 A7"'<K <6.0 A~! using the
atomic scattering factors and the anomalous dispersion
terms calculated by Cromer and Waber,?® and Cromer,?
respectively. On the basis of values of S(K), the partial
structure factors S;; (i,j=Cr or Ge) were extracted by
selecting a set of S;( K) for a fixed value of X in the range
of allowed structure factors proposed by Edwards et al.*
so as to minimize error between S (K) obtained above and
the calculated one from a set of S;;(K). The partial pair
distribution functions G;;(r) were calculated using the
resultant S;;(K) with 0.06 for a in the artificial tempera-
ture factor exp( —ak?).

C. Electrical and magnetic measurements

The electrical resistivity p was measured for several
samples of the amorphous Cr-Ge thin films deposited at
room temperature and 130 K using the conventional dc
four-terminal method. The error of the value of p is
about 10% due to error in the measurement of film thick-
ness by multiple interferometry. The magnetization o
and the magnetic susceptibility X were measured for the
amorphous flakes of Cr-Ge alloys prepared at room tem-
perature using a pendulum magnetic balance. The mag-
netic susceptibility X was measured at temperatures be-
tween 4.2 and 300 K in the magnetic field H=6.3 kOe.
The accuracy of absolute value of the measured magneti-
zation was about 2%, limited by deviations of the sample
position. On the other hand, the accuracy of the absolute
value of magnetic susceptibility was typically 4% owing
to error in measurement of magnetic field.

III. EXPERIMENTAL RESULTS

A. Structure analysis

There is no sharp x-ray diffraction line for the
Cr,Ge,_, sample prepared at room temperature with
x <0.65, which corresponds to its amorphous structure.
Figure 2 shows the total structure factor S (K) for several
samples of the amorphous Cr,Ge,_, alloys using radia-
tion of Cu Ka. Here, we note that zero of S (K) for each
Cr,Ge,_, alloy corresponds to 100x in Fig. 2. The in-
tensity of the first peak of pure amorphous Ge becomes
remarkably small with shifting of its position in the direc-
tion of large K as Cr content increases, and disappears for
x=0.55. On the other hand, the second peak of pure
amorphous Ge shifts in the opposite direction. The
second peak splitting can be observed for x=0.27. This
feature is similar to that observed for the structure fac-
tors obtained by the electron diffraction method.’

Figure 3 shows the partial pair distribution functions

G,;(r) extracted from S(K), where zero of G;;(R) is also
designated in the same way as in Fig. 2. The peak in
Gerer(r) centered at ~3.5 A shifts in the direction of
small r with increasing Cr content. For x >0.36 the oth-
er peak appears at ~2 A. There are peaks centered at
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FIG. 2. Total structure factor S(K) of amorphous Cr,Ge, _,
prepared at room temperature for x=0, 0.09, 0.16, 0.27, 0.38,
0.46, and 0.55 using radiation of Cu Ka. The zero of S(K) for
each sample corresponds to 100x.

~2.5A and ~4 A in Gcrgelr), where the intensity of
first and second peaks increases and decreases with in-
creasing Cr content, respectively. The position and in-
tensity of the first peak in Gg.g.(r) scarcely change,
while the intensity of the second peak decreases and then
increases with increasing Cr content. For x <0.27 the
first peak in G (7) locates at larger r in comparison
with those in G¢g.(r) and Gg.g.(r), while the opposite
relation is observed for x > 0.27, which suggests a change
in the nearest-neighbor atom pair.
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B. Electrical resistivity

The electrical resistivity p at 300 K for the samples
prepared at room temperature decreases with increasing
Cr content as shown in Fig. 4. The decrease in the depo-
sition temperature T, results in the increase in psg
while there is an ambiguity in the composition depen-
dence of pypk for the low-T, samples owing to
insufficient control of T, during evaporation.

We review the temperature dependence of p for the
amorphous Cr, Ge, _, in Ref. 7 (Fig. 5):

(1) For x=0.05 and 0.08, a rapid decrease in p with in-
creasing temperature is observed at low temperatures.
The relative resistivity p/p3p g for x=0.05 is larger than
that for x=0.08.

(2) For 0.17<x <0.45, there is a maximum at T ,,
which increases with increasing Cr content. The increase
in Cr content also results in the decrease in p(T,,,,)/
P00 k and broader shape of the maximum.

(3) For x=0.50, there are a minimum and a maximum
in p-T curve at T, and T, ... In the neighborhood of
Toin» the InT and T? dependences are observed below
and above T =T, respectively (Fig. 3 in Ref. 7).

(4) For x=0.55 and 0.65, p shows a monotonic de-
crease with increasing temperature.

On the other hand, the behavior of p for samples with

~130 K is abridged as follows.

(1) For x=0.057 and 0.088, increase in temperature re-
sults in a rapid decrease in p. The low-temperature de-
crease in p for x=0.057 is more rapid than that for
x=0.088 [Fig. 6(a)].

(2) For x=0.22, a monotonic decrease in p is observed
with increasing temperature although weakly anomalous
behavior occurs at low temperatures [Fig. 6(b)].

(3) For x=0.27 and 0.32, there is a maximum at T',,.
With increasing Cr content, the increase in T',,, the de-
crease in p(T,.)/pi0 k and the broader shape of the
maximum are observed. The low-T), alloy shows a lower
Tax and a larger p(T .. )/pigo k than those of the high-
T, alloy with the same Cr content. Furthermore, a
minimum is observed in a low-tempeature range for
x=0.27 [Fig. 7(a)].
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FIG. 3. Partial pair distribution functions G,;(r) (i, j=Cr or Ge) of amorphous Cr,Ge,_, prepared at room temperature for x=0,
0.09, 0.16, 0.27, 0.36, 0.46, and 0.55. The zero of G, (r) for each sample corresponds to 100x.
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FIG. 4. Electrical resistivity measured at 300 K, p3yp k, as a
function of Cr fraction x. Open and solid circles show samples
evaporated at room temperature and 130 K, respectively.

(4) For x=0.49 and 0.57, p shows a monotonic de-
crease with increasing temperature. The low temperature
decrease in p for x=0.57 is more rapid than those of the
high-Tp, alloys with 0.55 and 0.65 [Fig. 7(b)].

C. Magnetic measurements

Figure 8 shows the o-H plots for several amorphous
Cr,Ge,_, samples prepared at room temperature with
0.23 <x <0.53 measured at 4.2 K. A linear relation be-
tween o and H is observed for all samples, suggesting no
spontaneous magnetization. The value of o increases
with increasing Cr content, although an opposite relation
is observed between those of x=0.27 and 0.38. Here, we
must give a brief explanation for the curious aspect for
x=0.27 and 0.38. This reversal is not attributed to error
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in the magnetization measurement because of its repro-
ducibility. We checked the amorphous nature of samples
with x rays. Furthermore, there were no inhomogeneities
in Cr composition in the single sample. A possible ex-
planation for the complex composition dependence of
magnetization is made on the basis of differences in the
local environment of Cr atoms due to slight differences in
preparation conditions, namely, evaporation rate, sub-
strate temperature, and so on. Therefore, it is suggested
that the electrical and magnetic properties of the amor-
phous Cr,Ge,_, alloys are sensitive to their local envi-
ronment.

The magnetic susceptibility X for several amorphous
Cr,Ge,_, samples prepared at room temperature with
0.23 <x <0.54 at 6.3 kOe in Fig. 9 suggests that X con-
sists of the temperature-independent susceptibility X, and
the Curie-Weiss term due to the Cr moment as follows:

X=Xo+C/T —0©), (1)

where C=Npu2g/3ky, N is the number of Cr atom per
gram of the alloy, and the other symbols have their usual
meaning. Then, the susceptibility data could be analyzed
by a least-squares fit to Eq. (1), and the parameters X, ©,
C, and p.z were determined as shown in Table I. Fur-
thermore, we confirmed the linear relation between AY !
and T even at low temperatures, as shown in Fig. 10,
where AX=X—X,. The value of X, has a tendency to in-
crease with increasing Cr content. The value of ® is neg-
ative for 0.23 <x <0.54 and the absolute value increases
with increasing Cr content. On the other hand, C or p 4
is scarcely dependent on Cr content. The calculated spin
S, assuming g=2, is more than an order of magnitude
smaller than that expected for the Cr’* jon (S =3).
IV. DISCUSSION

The first and second peaks in Gg,g.(7) for x <0.16 cor-
respond to the first and second nearest-neighbor atomic
distances of crystalline Ge (d,; =2.44 A and d,=4.00 A),
which suggests the tetrahedral random network structure
of amorphous Cr,Ge,;_, with small x. The disappear-
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FIG. 5. Temperature dependence of p/piq k for several amorphous Cr,Ge, _, samples evaporated at room temperature (Ref. 7).
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FIG. 6. Temperature dependence of p/p;u k for amorphous (a) Crg gs7Ge 943 and Cry g33Geg 912, and (b) Cry ,;Gey 75 evaporated at
Tp,=130K.

ance of the first peak and the shift of the second peak in
S (K) reflect a change in the structure with increasing Cr
content. For higher Cr concentration the splitting of the
second peak in S(K) and the appearance of the peak in
G, (7) centered at 2 A reflect its amorphous metal-like
feature, namely the dense random-packing structure. We
can comprehensively mention that the tetrahedral ran-
dom structure is dominant for x <0.16 while it is re-
placed by the dense random-packing structure for higher
Cr content.
We compare the partial distribution functions of amor-
phous Crg 3;Geg ¢3 and Cr 55Geg 45 With the correspond-

ing atomic distances and coordination numbers of the
compounds Cr,;Ge,;q and Cr|;Geg in Fig. 11, where the
position and height of bar represent the atomic distance
and coordination number, respectively. We verify the
correspondence for Ge-Ge and Cr-Ge pairs between
G;;(r) and the atomic coordination of the crystalline com-
pounds, while the position of the first peak in G ¢ ()

does not agree with the corresponding Cr-Cr nearest-

neighbor distance. This disagreement suggests the short-
er Cr-Cr distance in amorphous alloy with the dense
random-packing structure.

The change in the spatial structure is reflected in the
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FIG. 7. Temperature dependence of p/p;p x for amorphous Cr,Ge,_, samples for x=0.27, 0.32, 0.49, and 0.57, evaporated at
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FIG. 8. Magnetization at 4.2 K of several samples of amor-
phous Cr,Ge, _, prepared at room temperature.

value of pi;px and the temperature dependence of
p/p3p k- Namely, the tetrahedral random network
structure corresponds to large value of p;q, g and the rap-
id decrease in p/p;y g With increasing temperature, sug-
gesting the semiconductorlike behavior in dilute alloys of
amorphous Cr,Ge,_,. On the other hand, for the con-
centrated alloy with the dense random packing structure,
the scarce concentration dependence of p;px and a
variety of temperature dependence of p/p;yp x are ob-
served.

The decrease in T results in the increase in pyqy g Over
the whole composition range. This behavior of electrical
resistivity can be explained by two kinds of mechanisms:
One is a change in the degree of microscopic inhomo-
geneity, namely microscopic defect structure, and the
other is a change in more microscopic spatial structure,
with a degree of randomness which should intrinsically
affect the structure factor. Hauser and Staudinger’!
found that the amorphous germanium film has a defect
structure consisting of a three-dimensional network of
density-deficient channels and the electrical properties re-
lated to the defect structure. Indeed, the resistivity of the
amorphous germanium film deposited at 77 K and an-
nealed at 300 K was larger than that deposited at 300 K.
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FIG. 9. Magnetic susceptibility at 6300 Oe of several samples
of amorphous Cr,Ge,_, prepared at room temperature.

Then, this idea of defect structure can explain the present
behavior of pyy x in amorphous Cr,Ge, _, at least in the
region having the tetrahedral random structure. On the
other hand, lower substrate temperature results in larger
values of the effective magneton number per transition-
metal atom due to the greater randomness in some amor-
phous alloys containing transition metals, e.g., amor-
phous Mn-Zr.® This tendency suggests a possibility of
change in the microscopic spatial structure with deposi-
tion temperature. Although the structure analysis of the
low-T,, sample has not been made in the present
Cr,Ge,_, system, it seems safe to speculate that both
mechanisms more or less cause the change in p;gy k. With
Tp. Furthermore, the concentration dependence of
p(T)/pyo0 x 1s also affected by the change in Tj. Then,
we have to discuss the feature of p(7T)/p;y g in connec-
tion with the value of p3o .

TABLE 1. Parameters obtained from the Curie-Weiss fitting for the amorphous Cr, Ge,_, suscepti-

bility data.
Cr fraction Xo ® C Kot
x (10° emu/g) (K) (emu K/mol) (pg) S

0.23 1.36 —3.76 0.022 0.42 0.042
0.27 1.86 —4.46 0.017 0.37 0.033
0.28 1.79 —5.53 0.020 0.39 0.037
0.34 2.57 —4.30 0.024 0.44 0.046
0.41 3.61 —5.97 0.016 0.36 0.031
0.43 3.61 —7.98 0.022 0.42 0.042
0.53 3.17 —12.30 0.021 0.43 0.044
0.54 3.79 —9.94 0.023 0.41 0.040
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FIG. 10. The inverse susceptibility AYX~! as a function of
temperature for several samples of amorphous Cr,Ge,_,
prepared at room temperature, where AX=X —X,, and X, is the
temperature-independent susceptibility.

We can classify the samples into three groups based on
the behavior of p(T)/p3p k-

(A) A rapid decrease in p/pip g is observed at low
temperatures: x=0.05 and 0.08 for high T, and
x=0.057 and 0.088 for low T7,.

(B) p/p3sp x shows a maximum: 0.17<x <0.50 for

=0.37
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FIG. 11. Comparison of partial pair distribution functions of
amorphous Cry 3;Gej ;3 and Cry 55Geg 45 prepared at room tem-
perature with the corresponding atomic distances and coordina-
tion numbers of Cr;;Ge;; and Cr;,Geg. The positions and
heights of bars represent atomic distances and coordination
numbers of the crystalline compounds.
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high T, and x=0.27 and 0.30 for low T7,.

(C) A monotonic decrease in p/p;y  is observed at
temperatures below 300 K: x=0.55 and 0.65 for high T,
and x=0.49 and 0.57 for low Tp,.

The rapid decrease in p of sample A4 is characterized by
Inp < (To /T4, )

except for the high-temperature region near room tem-
perature. We show the relationship for x=0.057 and
0.088 with different T, in Fig. 12, where we note that the
samples with same composition and different T, were
prepared simultaneously to avoid ambiguity due to error
in composition analysis. We also note that the higher
resistivity data (> 10°) were eliminated to avoid the error
in voltage measurement using a digital multimeter.
Mott*? has predicted the following relation for the tem-
perature T, on the basis of his hopping conduction mod-
el:

TO:}\,aB/kBNF > (3)

where a is the coefficient of exponential decay of the lo-
calized states, N is the density of states at the Fermi lev-
el, and A is a dimensionless constant. On the other hand,
Ambegaokar et al.*® have shown that consistency of the
model requires T, to be greater than 10°® K. Daver
et al.’* measured the electrical resistivity of amorphous
Cr,Ge,;_, with x <0.135, and have indicated the in-
crease in Ny with increasing Cr content from analysis of
T,. Furthermore, they estimate that the Cr concentra-
tion x=0.135 corresponds to an upper limit of N, above
which the overlap of the wave function becomes too large
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FIG. 12. Electrical resistivity of amorphous Cr,Ge,_, de-
posited at room temperature and 130 K for x=0.057 and 0.088
as a function of T~/



11748

for a localization of levels for the hopping conduction to
occur. As shown in Table II, our present data of T, are
significantly smaller than their values, and do not satisfy
Ambegaokar’s condition, i.e., Ty > 10% K. This small T,
may be caused by other impurities contained in Ge, be-
cause pressure during evaporation and evaporation rate
do not affect T,.3* However, the present value of T, also
shows the decrease with increasing Cr content, interpret-
ed as an intrinsic effect, which is consistent with data by
Daber et al. Furthermore, we are interested in the in-
crease in T, with decreasing T, in contrast with the
trend of amorphous Ge (Ref. 31) and Si-Ge.** In the case
of amorphous Ge and Si-Ge, the change in T, was inter-
preted in terms of the decrease in Ny due to the thermal
disappearance of disorder with increasing T,. If we also
interpret the change in T, of amorphous Cr,Ge,;_, in
terms of Mott’s hopping conduction, an increase in a,
namely, a decrease in the length of decay of the localized
wave function related to a Cr atom, has to occur as T),
decreases, since the decrease in T should not cause the
decrease in Ny. This estimation is consistent with an idea
of electron localization due to randomness in amorphous
materials. Therefore, we claim to support the estimation
based on Mott’s model for hopping conduction, i.e., the
increase in Ny with increasing Cr content, and the in-
crease in a with decreasing T),. We also note that the
critical concentration for semiconductorlike conduction
by Daver et al., x=0.135, is consistent with a
tetrahedral random network structure for x <0.16.
Sample B is accompanied by the disappearance of the
tetrahedral random network. The weaker temperature
dependence and smaller value of p; x suggest its metal-
lic behavior. Since we cannot thoroughly take into con-
sideration about a trace of the structure for sample A, we
will tentatively discuss the concentration dependence of
p(T)/p300 k On the basis of a theory for amorphous met-
als. Meisel and Cote'>!3 analyze electrical resistivity in
amorphous metals in the context of the Baym-Faber-
Ziman theory*®~3® incorporating with electron mean-
free-path effects through the Pippard-Ziman -condi-
tion.***0 They calculated the temperature dependence of
resistivity as a function of 2kp/K, and the mean free
path A, where kp is the Fermi wave number and K|, is
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the scatter vector corresponding to the first peak in S (K).
We know the substantial constant K, from data of S(K)
for x>0.16. Furthermore, scarce concentration depen-
dence of pjg x suggests a value of A independent of the
Cr content. Therefore, we can rougly analyze the con-
centration dependence of p(T)/p;3p x Only in terms of a
change in k. Our data for sample B with high T, show
a shift in T,,, in the direction of high temperature and a
broadening of the maximum, namely a decrease in abso-
lute value of the temperature coefficient of resistivity
(TCR) Cycr with increasing Cr content. Both the
features correspond to the increase in k in terms of Ref.
13. The minimum in p observed for a few of samples B
can also be explained by the theory, without introducing
another extrinsic mechanism. On the other hand, the de-
crease in T, invites the decrease in T,,, and the increase
in | Cycr |, suggesting a decrease in A. This suggestion
is consistent with the increase in p;y g with decreasing
Tp. Furthermore, the change in the temperature
coefficient of resistivity can also be expected from the re-
cent analysis taking into consideration the electron locali-
zation in a disordered metallic system. *!

On the other hand, the theory of Ref. 13 cannot give
an adequate explanation for the feature of sample C, al-
though an unreasonable assumption may be made in
terms of extraordinarily high value of T ,,. We note
that the low-temperature behavior is similar to that of an
amorphous spin-glass system.*>~*> Therefore, we cannot
give a reasonable explanation for the temperature depen-
dence of p for sample C without a detailed discussion of
the magnetic properties.

No spontaneous magnetization and the Curie-Weiss-
type magnetic susceptibility indicate the paramagnetic
properties characterized by localization of Cr moment.
Disappearance of the ferromagnetic phase in the amor-
phous system is qualitatively explained in terms of the de-
crease in the Cr-Cr nearest-neighbor distance d¢,.c, with
amorphization, if we notice the magnetism of crystalline
Cr-Ge compounds with changing dc, c,.2** On the oth-
er hand, the tendency of localizing of moment observed
even for high Cr concentration is in contrast to the
itinerant-electron-type paramagnetism in the correspond-
ing crystalline compounds. This difference can be inter-

TABLE II. Evaporation conditions and estimated value of T, for amorphous Cr,Ge,_,.

Pressure
Initial during Substrate

Cr pressure evaporation temperature Ty
fraction (Torr) (Torr) Tp (K) (K)
0.057 5x10°° 1x1073 RT 7.3x10*
0.057 5x107° 1x1073 130 2.1x10°
0.088 5x107° 1x1073 RT 1.1x10°
0.088 5x107¢ 1x10° 130 2.8x 10*
0? 4x 10710 4x 10710 353 1.47x 108
0? 1x10°7 1x10-¢ 295 1.47x 108
0.03* 2x1071° 6x10°1° 77 2.15x 10’
0.072 4x%1078 8x 1077 77 3.1x10°
0.135° 7x 1078 1x10-¢ 77 1.3x10°

“Data by Daver et al.
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preted as a difference in localization of 3d electrons of Cr
due to the random effects and/or change in the 3d-band
structure near E. accompanied by a structural change.
However, the anomalously small Cr moment estimated
for the amorphous Cr,Ge,_, system is curious although
some similar examples have been reported, e.g., a small
Fe moment in an amorphous Zr,,Cug, ,Fe, alloy."3
Two kinds of possible explanation can be done to inter-
pret how such small moment occurs. First, when E is
located inside a broad virtual bound d state with strong
s-d mixing, each Cr atom has a small moment. Second, if
a local environment effect stabilizes some of the Cr mo-
ments, the average moment becomes small. Considering
that the p(T) suggests the monotonic change in Ey in the
amorphous Cr,Ge,_, system, the moment per Cr atom
should change systematically with Cr content. However,
Uer per Cr atom shows scarce concentration dependence,
suggesting inadequate explanation of the former. The
small moment of Fe in amorphous Zr,,Cuq,_, Fe, alloy
has been understood in terms of the retaining of moment
only for Fe atoms in certain local environments,? e.g.,
those having at least one Fe atom within nearest neigh-
bors. However, such an interpretation is also incon-
sistent with the scarce concentration dependence of g g,
since it must lead to a significant increase in p.4 with in-
creasing Cr content. Therefore, an individual explana-
tion mentioned above is not enough to understand our
magnetic data. To realize such dependence of p.4, there
has to be competitive trends so as to suppress the change.
Therefore, we propose a model based on the combination
of two kinds of explanation as the candidate for the ori-
gin of the constant p.4 If one adopts the picture of the
virtual bound state for local moment formation, the mag-
nitude of u.4 depends on the width with the s-d mixing,
the splitting of states with intra-atomic exchange interac-
tion, and the position of E;. Ignoring the concentration
dependence of the width, Cr content correlates with the
intra-atomic exchange interaction through a change in lo-
cal environment besides Er. When the splitting of states
and the change of E; work competitively with each oth-
er, . may be independent of Cr concentration. Thus,
an origin of the small localized moment can be estimated
qualitatively in terms of the virtual bound states subject-
ed to the local environment effect.

Several papers have indicated a possible spin-glass or-
dering in amorphous localized moment systems. '°
However, there is no evidence of such magnetic order in
the amorphous Cr,Ge,_, with x <0.54, at least for
T >4.2 K. On the other hand, our recent paper'! showed
spin-glass properties in amorphous Cr;_, Mn, Ge, whose
spin-glass transition temperature decreases with decreas-
ing Mn content and approaches 0 K when x approaches
0. Therefore, we cannot deny spin-glass phase in samples
with x> 0.54. We can claim that the inexplicable resis-
tivity of the sample C is attributed to the magnetic origin.

Finally, we briefly try to compare the electrical and
magnetic properties of amorphous Cr, Ge,_, with other
amorphous alloys containing Ge. First, we pick up the
noble-metal germanium alloys, e.g., Ag-Ge (Ref. 46) and
Au-Ge (Ref. 47). These alloys show typical temperature
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dependence of electrical resistivity of amorphous metal,
e.g., typical order of Cycg, reasonably explained in terms
of the modified Ziman theory,'>!3 because of their non-
magnetic properties. However, we should note that
Nauyen et al.*® pointed out the invalidity of the rigid-
band model in amorphous Au-Ge alloy because of oc-
currence of the sp-d hybridization. On the other hand,
although the electrical resistivity of amorphous
transition-metal—germanium alloys characterized by lo-
calized magnetic moment has no adequate theoretical ex-
planation because of the complex scattering mechanisms,
the amorphous alloy with comparatively weak interac-
tion between the localized moments such as spin glass
often satisfies the following phenomenological equation:*’

p(T)/pspox=A +Bexp(—CT) , 4)

where 4, B, and C are constants characterizing the mag-
netic properties. We also reported that the electrical
resistivity of amorphous Cr;_,Mn,Ge satisfies Eq. (4) for
x >0.3,% characterized by spin-glass interaction between
localized moment on Mn atoms.!! In the amorphous
Cr,Ge,_, alloy, temperature dependence of p is more
significant than that expected from the modified Ziman
theory and is not expressed by Eq. (4) except for the most
Cr-concentrated sample. Therefore, it is safe to speculate
that the complex behavior of electrical resistivity of
amorphous Cr,Ge,_, is attributed to its intermediate
magnetic nature with small localized magnetic moment
on Cr atoms.

V. CONCLUSIONS

Amorphous structure is verified for Cr Ge,_, with
x <0.65, changing from the tetrahedral random network
to the dense random packing with increasing Cr content.
The electrical resistivity shows a change from semicon-
ductorlike conduction characterized in terms of Mott’s
hopping conduction to the metal-like one in accordance
with each amorphous structure. Analysis of electrical
resistivity suggests an increase in density of states at the
Fermi level in the semiconductor region and an increas-
ing in the Fermi wave number in the metal region with
increasing Cr content. As substrate temperature lowers
during evaporation, the characterized temperature T, in-
creases as well as the electrical resistivity, which suggests
a decrease in length of decay of a localized wave function
or more localized electron distribution on Cr atoms. The
magnetic susceptibility shows Curie-Weiss-like behavior
characterized in terms of significantly small localized mo-
ment per Cr atom. The small moment is explained on the
basis of the idea of the virtual bound state, taking ac-
count of the local-environment effect.
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