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Amorphous films of Au-Si, Mg-Zn, and Pt-Sb have been prepared by getter sputtering at 77°K over a
wide range of compositions while the corresponding liquids can be quenched in the amorphous state only in a
narrow range of compositions close to that of the eutectic. Their electrical resistance was measured in the
temperature range 4.2-300°K. The results are compared with those obtained on similar liquid alloys and
liquid quenched glasses. The resistivity and its temperature dependence are iriterpreted in terms of three
scattering mechanisms: (a) Ziman theory, (b) structural defects, and (c) formation of covalent bonds, all of
which being present in films, but (b) and (c) may be absent in bulk glasses and liquids. These differences in
scattering account for the differences in electrical conduction of the three amorphous forms. Susceptibility
measurements on amorphous Au-Si films and liquid Au-Si suggest a similarity between the amorphous and
the liquid states. The present study would also suggest that while the eutectic composition is a crucial factor
in obtaining an amorphous phase by quenching a liquid, it is not an important parameter in either the
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deposition of amorphous films or the properties of the amorphous phase.

I. INTRODUCTION

Amorphous metallic alloys can be produced by
two different major methods: rapid quenching by
splat cooling from the liquid state which yields
what shall be referred to as a glass and vapor
quenching from a vapor obtained by either evapor-
ation or sputtering. Most of the metallic alloys
suitable for the first method (i.e., the good glass
formers) fall in two classes. In the first class,
the alloy has the composition M,_ X, (where M is
a transition or noble metal and X is an element of
column IV or V) with the concentration x in a nar-
row composition range near the eutectic.! Exam-
ples of such glasses are Au-Si,*® Au-Pb,*° Pd-Si,®
and Pt-Sb.” In the second class M is an early
transition metal with a less than half-filled d band
(Ti, Zr, Nb, Ta) and X is a late transition metal
with d nearly full d band (Cu, Ni) and x now spans
a broader concentration range about the eutectic
composition. Examples of the latter are Nb-Ni,?
Ta-Ni,® and Zr-Cu.®

For the second method, Mader!® suggested a rule
to select elements likely to result in amorphous
films: the atomic radii of the components should
differ by about 10%. The range of composi-
tions over which the amorphous state is ob-
tained is greatest for the greatestdifference in atom-
icradii.'®!? Thisrule hasbeen verified for several
amorphous alloy films: Cu-Ag,'* Co-Au,'® Ag-X
(where X=Fe, Co, Ni, or Gd),!* to name only a
few. As amorphous films can generally be ob-
tained over a wider concentration range than
glasses, it would be interesting to study whether
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an amorphous film with the eutectic composition
has properties different from those of a noneutectic
amorphous film. One would also like to compare
the properties [resistivity, temperature coefficient
of resistivity (TCR), x-ray structure, etc.] of an
amorphous film with the corresponding glass. Fur-
thermore, it has been reported!® that some liquids
(Fe-Ge, Ni-Ge) have a maximum in the resistivity
and a negative TCR in a certain concentration
range which includes in particular the eutectic
composition. This behavior is by no means gene-
ral since liquid Pd-Si has a positive TCR near the
eutectic composition.!® This therefore raises the
following questions: To what extent does the
amorphous phase resemble the liquid state, and
more specifically, will the amorphous phase dis-
play a resistivity maximum and a negative TCR

in the vicinity of the eutectic composition? It is
the purpose of this study to answer some of these
questions.

II. EXPERIMENTAL PROCEDURE

All alloy films of the present study were getter
sputtered at 2.25 W (1500 vV, 1.5 mA) with an ar-
gon pressure of approximately 3 X102 Torr onto
sapphire substrates held at 77°K. Most films are
deposited for several hours (3-4) which resulted
in film thicknesses ranging from 1 to 3 um. Be-
cause of their greater resistance, a few thin Au-
Si films (5 min depositions) were prepared to as-
certain the TCR with greater precision; con-
versely the resistivity of such films is not as well
determined because of the greater uncertainty in
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TABLE 1. Properties of Au-Si films.

P11
Film Rate (A/min)  d (um) (uQcm)  WdR/R)ATl,  [(dR/R/dT),
Si(7) No. 12 199 1.89 27
Si(10) No. 12 143 2.58 46
Si(11.5) No. 1® 120 2.16 71 +8.4x 1078 6.9 x 1078
No. 2° 162 2.92 46 +8.8x107% 0
No. 3° 161 2.90 44 0 0
Si(13) No. 1 107 1.93 91 +2.7x10™ oo
No. 2 151 2.72 72 +1.7x10™ -1.2x10™
No. 3 146 2.62 61 +1.2x 107 +1.3x10™
No. 5 239 0.12 77 +1.1x10™ +1.5x 107
No. 6 229 0.11 110 +2.4x 1074
Si(16) No. 1 97 1.16 86 —2.7x 10 —3.4x107°
No. 2 98 1.17 96 -8.3%10°° ~1.2x10
Si(19) No. 1 96 1.73 109 0 —2.3%x 107
No. 2 143 2.57 102 0 ~1.3x10™
No. 3 105 1.90 85 0 —9x107°
No. 6 212 0.11 150 0 ~1.6x10™
No. 7 237 0.12 140 0 —2.4x10™
Si(23) No. 1 115 1.38 100 0 ~1.3x10™
No. 2 92 1.11 108 0 —2.4x10™
Si(25) No. 1 71 1.71 115 0
No. 2 108 1.95 113 0 0
No. 3 94 1.69 112 0 ~1.9x 107
No. 6 106 0.05 130 0 -1.8x10™
No. 7 103 0.05 74 0 —2.3x 107
Si(31) No. 1 122 2.93 108 0
No. 2 166 3.00 111 ~3.7x107% —2x1074
No. 3 153 2.76 120 0 ~5.2x1074
Si(40) No. 1 119 2.14 177 ~1.5x10™ -1.7x10™
No. 2 93 1.67 181 —8x107° —3.1x10™
No. 3 97 1.74 202 -8 %1075 —2.8x107¢
Si(50) No. 1 130 3.13 213 ~1.7x10™ ~5.3x10™
No. 2 146 2.64 209 ~6.9x107° —1.5x10™
No. 3 117 2.11 217 -5.3x 1078 —3.7x1074

aCrystalline as deposited.

® Amorphous as deposited; crystalline at room temperature.

the film thickness. The film thickness was deter-
mined from the weight gain using as a density a li-
near average of the densities of the constituent
elements. The film thickness of a few Au-Si films
was measured directly with a Sloane-Dektak step-
measuring apparatus with the result that the error
in the film thickness determined with the average
density is less than 20%. The rates of deposition
and the film thickness are listed for all three al-
loy systems in Tables I-III.

The sputtering targets were prepared in various
ways. For Au-Si alloys, the required amounts of
gold and silicon were melted inductively'” in an
alumina crucible under an argon atmosphere. The
Mg-Zn targets were prepared!’ in essentially the
same way. Since the mixing of Mg and Zn is par-
ticularly difficult because of the large density dif-
ference between the two metals, the best results
were obtained by preparing a master alloy

(Mg, 9521, o5);'® higher Zn concentrations were
obtained by remelting the master alloy with more
Zn. Despite these precautions (master alloy,
mixing by induction melting, and stirring) the
mixing remained imperfect, and the composition
of the films was determined with the help of x-ray
fluorescence counts taken on the surfaces of the
targets. The preparation of Pt-Sb alloys was ham-
pered by the high vapor pressure of Sb at elevated
temperatures. Homogeneous alloys were obtained
by sealing the required amounts of Pt sponge and Sb
powder in an evacuated quartz tube. The mixture
was then heated in a furnace and air quenched.!®
Following deposition the film is transferred un-
der liquid nitrogen onto the four-probe resistivity
holder, which is then immersed in liquid helium.
The resistivity of the film is then measured in
helium gas at atmospheric pressure as a function
of temperature by warming to room temperature.
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TABLE II. Properties of Mg-Zn films.

P11
Film Rate (A/min)  d (um)  (uQcm)  [(dR/R)/dTl, [(dR/R)/dT),
Mg No. 12 156 2.80 300 +2.6x 107
No. 22 156 2.80 240 +3.2x 107 <
Zn(5) No. 1% 144 2.59 140 +3x10™ +1.8x10™
Zn(10) No. 1 127 2.29 110 +2x 1074 +2.1x1074
No. 2 216 1.29 120 +2.2x10™ +2.5x10™
No. 3 121 3.63 120 +2.1x10™
No. 4 137 1.64 110 +1.7x107
No. 5 133 0.40 120 +3.6x107° +2.3x10™
Zn(30) No. 1 135 0.81 130 -3.4x10™ +4.1x107°
+1.8x107¢ e
No. 2 116 2.80 120 ~2.7x107
No. 5 126 0.38 96 +1x10™ +1.7x 1074
~1.1x 10 ~1x10™
No. 6 124 0.37 106 0 —1x107
No. 8 166 2.00 130 +6.6x 1070 +2.5%x 1074
No. 9 189 0.95 134 0 +1.2x107
Zn(48) No. 1 149 1.79 160 -2.8x10™ —2.3x 107
+2.5x1074 e
No. 2 150 1.80 220 +8.5x107% —2.5x 107
Zn(62) No. 1 132 1.59 191 -2.5x107 0
No. 2 152 1.82 249 —4x10°° —1x10™
Zn(70) No. 1 197 2.37 212 —3x107° —2x1074
No. 2 201 2.41 283 —1.4x10 0
Zn(72.5) No. 1 120 1.44 187 0
No. 2 142 1.70 250 ~2.6x10™ .-
Zn(90) No. 1 164 1.97 120 -2.8x10™ +3x 1074
Zn No. 12 100 1.82 82 +3.6x10™

3Crystalline as deposited.

The amorphous nature of the films was ascer- and measured by the Faraday method.?® The amor-
tained by an x-ray diffraction trace. For this pur- phous structure of the sample was confirmed by an
pose, the film was transferred under liquid nitro- x-ray diffractometer trace obtained on a slurry of
gen onto a cold copper finger partially immersed the powder prepared with Duco cement.

in a liquid-nitrogen bath contained in a polystyrene

box; in this way the x-ray diffraction data can be IIl. EXPERIMENTAL RESULTS AND DISCUSSION

obtained without warming the samples above 77 °K.

The Ay, 4, Si; ,, Susceptibility sample was pre- A. Structural properties

pared by sputtering on a sapphire substrate kept As shown in Table I, Au-Si films with a Si con-
at 77°K, a film approximately 68 um thick. The tent less than or equal to 10 at.% are crystalline
sample was then warmed to room temperature and even as deposited at 77°K; films with 11.5 at. %
scraped with fused quartz. The resulting powder are transitional, i.e., they are amorphous in the
was then placed in an ultrapure quartz container as-deposited state but crystalline when warmed

TABLE III. Properties of Pt-Sb films.

P11
Film Rate (3/min)  d (um) (uQcm) [(dR/R)dT], [(dR/R)/dT],
Sb(20) No. 12 145 2.18 72 +2.1x 107
No. 22 125 2.25 75 +2.9x 107
Sh(33) No. 1 134 2.42 111 -3x107° +2x 107
No. 2 115 2.08 110 0 +1.7x10™
Sb(40) No. 1 135 2.43 118 0 ~1.6x10™
No. 2 125 2.26 120 0 —1.4x10™

2Amorphous as deposited, crystalline at room temperature.
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to room temperature, and films containing 13 at. %
Si or more remain amorphous at room tempera-
ture. Actually the 13 at. % Si films are still some-
what transitional because although amorphous
when warmed to room temperature, certain films
did recrystallize after staying a few days at room
temperature. On the other hand, films containing

more than 13-at. %, Si are truly stable at room tem-

perature (still amorphous after a week); recrys-
tallization starts above 373 °K (annealing for 15
min at 373 °K shows no sign of crystallinity) while
recrystallization is complete after 20 min at
550°K. Consequently, the amorphous Au-Si films
are more stable than the amorphous splats which
have a glass temperature T, of about 290 °K and
are therefore unstable at room temperature.® The
greater stability of the films is undoubtedly caused
by the incorporation of argon (~1%) during deposi-
tion.

An example of crystallinity in an as-deposited
film is shown in the top of Fig. 1. It is clear from
Fig. 1 that crystallinity is easily detectable in
Au-Si films, because such films have upon recry-
stallization a strong (111) preferred orientation
which is typical in fcc films. Actually, crystal-
linity can also be detected by simple visual in-
spection: amorphous films have a silverlike sheen
while crystalline films have a straw-colored (yel-
lowish) reflection. One may object that this sim-
ple detection may overlook the presence of micro-
crystals smaller than the wavelength of light. The
sharp transition from crystalline to amorphous as
a function of Si content (~11.5 at. %) argues to the
contrary. It would seem that when the conditions
of composition or temperature are such that re-
crystallization occurs, grain growth is fast enough
to allow visual observation of the crystals.

An example of x-ray pattern for an amorphous
Au-Si (a-Au-Si) film is shown in Fig. 1. The bot-
tom trace was obtained on the as-deposited film
at 77°K and the middle trace after warming the
film to room temperature. It is clear from the
middle trace of Fig. 1 that there is no sign of cry-
stallinity in the film at 300 °K [see the absence of
even a 20-Hz structure at the (111) position as
compared to the 800-Hz line shown in the top
trace]. The main structure exhibited by both bot-
tom traces in Fig. 1 is a wide peak centered at a
26 value of 39.6°; since these patterns were ob-
tained with Cu K« radiation, this 26 value cor-
responds to (sin)/A=0.22, which is exactly the
value reported for the center of the wide x-ray
peak seen for a-Au, 4, Si, ,, glass.® Consequently,
it would seem, based on this coarse comparison,
that an amorphous film is structurally similar to
the corresponding glass. The same conclusion was
recently reached on a-Pd, ,,Ge, ,, where extended-
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FIG. 1. X-ray diffractometer traces as a function of
26 values (the arrows show the positions of the crystal-
line Au lines). The top trace refers to crystalline
Aug, ¢Sig, i, the middle trace to a-Au,, ¢55iy, o5 taken at
300 °K and the bottom trace to a-Aug, ;551,55 taken at
77 °K. Note the change of ordinate scale on the bottom
trace at 20=19 °K.

x-ray-absorption fine-structure (EXAFS) measure-
ments have shown that a Ge atom is surrounded

by 8.6+ 0.5 Pd atoms in both the a-film and the
glass.?! Besides the similar structure seen in the
bottom two curves of Fig. 1 there are also dissim-
ilarities: the pattern on the as-deposited film at
77 °K shows both a lower peak intensity over back-
ground and a larger relative intensity at low an-
gles. The same general characteristics have been
seen in many other amorphous metallic!* and semi-
conducting®?? films and were attributed®? to the
more distorted structure in the as-deposited film.,
The same dissimilarity between an as-deposited
film and a film annealed at 300 °K can be seen for
the two compositions studied in the two top traces
of Fig. 2. Furthermore, a comparison of Figs. 1
and 2 (which both show a wide peak centered at 26
=39.6°) suggests that the basic structure of a-Au-
Si films remains the same as the Si content varies
from 13 to 31 at.%. In particular one may con-
clude that a-films near or at eutectic composition
(19 at. % Si) are not structurally different from a-
films with other compositions. On the other hand,
when the Si content exceeds 40 at. %, one notices

a major modification in the x-ray pattern which

is illustrated in the bottom trace of Fig. 2 for a-
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FIG. 2. X-ray diffractometer traces as a function of
26 values. Top trace for Aug ¢;Sij ;3 taken at 77°K (note
the changes of ordinate scale at 26=13.2° and 18°);
middle trace for Aug g4Siy, 31, and bottom trace for
Aug, Sy, 5.

Au, Si, ;. This structural change is accompanied
by a large increase in the resistivity (see Table I)
and can be understood in terms of the increasing

number of tetrahedrally coordinated Si atoms (see

Mgo7 Zngz No.t

(100)  (101)

Mgogs Znoos No f
I50Hl
Mg(101)

[ I 1 Rt 1 1 i L
10° 15° 20° 25° 30° 45°

FIG. 3. X-ray diffractometer traces. Bottom trace
on a deposited film at 77 °K showing two Zn diffraction
lines (note the changes of ordinate scale at 26=38° and
40°); the two top traces refer to a-Mg, 7oZn,, 3, taken at
77 Kand 300 °K.

the discussion on electrical properties in Sec.
111 B).

The x-ray properties of the two other alloy sy-
stems are essentially the same as those for Au-Si
and will be discussed very briefly. As shown by
Table II, one can prepare a-Mg-Zn films over a
very wide compositional range, i.e., as little as
10 at. % of one element in the other is sufficient to
produce an a-film. This is quite consistent with
Mader’s rule!® since the difference in Goldschmidt
radii®* is 16% for the Mg-Zn system as compared
to 9% for the Au-Si system. An example of cry-
stallinity in an as-deposited film can be seen from
the two crystalline Zn lines shown in the bottom
trace of Fig. 3. Although Mg diffraction lines can-
not be seen because of the very low scattering in-
tensity of Mg, it is clear from Fig. 3 that it is
very easy to detect microcrystallinity if present
at all. Indeed, as shown in Fig. 3, éven with a
Zn concentration as low as 5 at. %, the (101) dif-
fraction line is extremely intense (17000 Hz) be-
cause the film has a strong (101) (type-I pyramidal
plane) preferred orientation. The absence of cry-
stallinity in an a-Mg-Zn film of eutectic composi-
tion is shown in Fig. 6 by the two top traces. As
shown by Table III, the study of Pt-Sb films was
very brief and their x-ray structure will therefore
be omitted.

B. Electrical properties

The resistivity was measured on all alloy sy-
stems on the as-deposited films at 77°K; the film
was then cooled to 4.2 °K and the TCR, (dR/R)/dT,
was obtained on the unannealed film (subscript D in
Tables I-III). The film was then warmed to room
temperature and the TCR remeasured on the an-
nealed film (subscript A in Tables I-III). Although
all the values of resistivity and TCR are listed for
the three-alloy systems in Tables I-III, the depen-
dence of these properties on composition is best
studied in the corresponding plots (Figs. 4 and 6).
The dependence of the resistivity at 77°K on sili-
con concentration is shown for Au-Si films in the
bottom of Fig. 4. It should be mentioned that the
values of the resistivity listed in Table I for thin
films (500-1200 A) were omitted from Fig. 4, be-
cause the resistivity of such films suffers from a
large uncertainty (15%-30%) in film-thickness de-
termination. On the other hand, such films yield
very reliable TCR values because of their high
resistance. It is also clear from Table I that both
the resistivity and the TCR are independent of film
thickness. The most significant features of the
data shown in Fig. 4 are the rapid increase in re-
sistivity in the transition region between crystal-
line and amorphous films followed by a leveling-off
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FIG. 4. Bottom: dependence of the resistivity mea-
sured on as-deposited films [p(77 °K)] on silicon con-
centration. Top: dependence of the temperature
coefficient of resistivity on silicon concentration.

with no extremum in the vicinity of the eutectic
composition (~19 at.%). There is also a significant
increase in resistivity above 40 at. % Si.

In certain liquids, a maximum in the resistivity
has been explained in terms of a modified Ziman
theory'® and is supposed to occur when 2k,=q,
[where % is the Fermi momentum and ¢, is the
value of ¢ corresponding to the first peak in the
structure factor S(g)]. One should also point out
that the composition corresponding to this maxi-
mum is very close to the eutectic composition.

The absence of a maximum near the eutectic
composition (Fig. 4) may be caused by three dis-
tinct mechanism. First, the maximum may not
be a general property of all liquids and in particu-
lar may or may not occur in liquid Au-Si.?® Sec-
ond, an extra scattering mechanism may occur
in films as a result of some defects introduced
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during film deposition. This defect scattering can,
however, be ruled our for a-Au-Si films since the
resistivity of liquid Aug g, Si, ,, at the melting
point®® is about 100 uQ cm, which is very close

to the value reported for a-Au-Si films (Table I
and Fig. 4). Third, there is a fundamental dif-
ference between the coordination of Si in the liquid
and in the amorphous film. In the liquid, the Si
has metallic coordination at all Si concentrations
while it becomes tetrahedrally coordinated for
high Si concentration (~30-40 at. %) in the a-films.
This tetrahedral coordination is evidenced both
structurally (change in x-ray pattern discussed in
Sec. IIT A) and by the increase in resistivity at 40
at.% (Fig. 4). This increase in resistivity is the
precursor to the much larger increase which will
occur at higher Si concentrations when the re-
sistivity will enter the hopping regime.?® This in-
crease in resistivity stemming from the tetra-
hedrally coordinated Si atoms could conceivably
overshadow the presence of a maximum. On the
other hand, the value of the resistivity in the pla-
teau of Fig. 4 (~100 uQcm) is in excellent agree-
ment with the resistivity of other glasses [95
ufem for Pdy ,.sCu, 46Siy. 145 (Ref. 27) and 80 pQcm
for Pd, g, Si,. ,, (Ref. 16)] and liquids [100 ufcm for
Au,_g,Si, o (Ref. 25), 95 pQcm for Pd, g Siy, ;0
(Ref. 16), and 100+ 20 uQcm for Ni-Ge (Ref. 15)].
Further correlations with the liquid can be reached
by examining the concentration dependence of the
TCR shown in the top of Fig. 4.

Despite the scatter of the data shown in the top
of Fig. 4 (which in part may be due to some con-
tribution by defect scattering), it is clear that the
TCR for both as-deposited and annealed films be-
comes zero or negative (with an average value of
~2x10™°K™) for a silicon concentration equal to
or greater than 16 at.%. This value of 16% where
the TCR changes sign is close enough to the eutec-
tic value (19%) to correlate the change of sign with
the eutectic composition as can be done in certain
liquids.!® Furthermore, the values of TCR shown
in Fig. 4 which correspond to variations of do/dT
between +3 X 107 and -8 X107 Qcm K™ are in
excellent agreement with the value of -2 x107®
Qcm K™ measured® on liquid Au, ,,Si, ,, and with
variations of dp/dT observed in other liquids.®

Recently, theoretical models based on modified
Ziman liquid-metal theory?®2° have been proposed
to explain the resistivity and the TCR of amor-
phous alloys. Although these theories are consis-
tent with the order of magnitude of p and the change
of sign of the TCR, they may not explain certain
properties observed in a-films (such as the scat-
ter in the TCR observed in a-Mg-Zn films) be-
cause they do not take into account covalenti bonding
or defect scattering. A model based on atomic
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tunneling®*3! may be applicable to a-films. As the
structural disorder could conceivably vary from
sample to sample as a result of slight variations
in the deposition parameters, one could expect
similar variations in the electrical properties.
Before discussing the concentration dependence
of p and TCR for Mg-Zn alloys it is necessary to
discuss the method used to determine the concen-
tration of such alloys because of the poor mixing
of the constitutent elements. It is well known that
the concentration of a sputtered film is very close
to that of the target,'*32 and the problem of knowing
the composition of a film is therefore reduced to
establishing the composition of the target. The
composition of the targets was determined by the
x-ray fluorescence data shown in Fig. 5. The x-
ray fluorescence counts shown in Fig. 5 were ob-
tained on targets where the counts (both Zn and
Mg) on both sides of the target did not differ by
more than 20%; the average of both sides was then
plotted versus the nominal concentration. The
composition of other targets was established by
obtaining the x-ray fluorescence counts on the
sputtering face of the target and reading the com-
position from Fig. 5. The solid lines averaging the
data shown in Fig. 5 give very plausible results.
The Zn line comes very close at 100% Zn to the
datum point actually measured on pure Zn and

Mg COUNTS
0 20 40 60 80 100 120 140
T T

NOMINAL At % Zn

®Zn COUNTS
OMg COUNTS

Lol 1L 1 1 1 L Il 1 1 i
o] 2000 4000 6000 8000 10000
Zn COUNTS

1 1
12000 14000

FIG. 5. Nominal Zn concentration of the target as a
function of both Mg and Zn x-ray fluorescence counts.

passes at 1% through 160 counts which corre-
spond to 1.5% of the counts obtained on pure Zn.
The Mg line, which was forced to pass through
zero Mg count at 100% Zn, passes through the 180
counts measured on pure Mg at 0.76 at. % Zn which
is again reasonable. One may therefore conclude
from Fig. 5 that the absolute composition is known
with an accuracy better than +20%. The concentra-
tion dependence of p and TCR for Mg-Zn alloys

is summarized in Table II where it can be seen
that these properties are independent of thick-
ness. The dependence of the resistivity at 77°K

on Zn concentration for Mg-Zn films is shown in
the bottom of Fig. 6. The main features of interest
for the data pertaining to amorphous films are the
absence of an extremum at the eutectic composi-
tion (just as in the Au-Si system) and the presence
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FIG. 6. Bottom: dependence of the resistivity mea-
sured on as-deposited films [(p(77 °K)] on zinc concen-
tration. Top: dependence of the temperature coeffi-
cient of resistivity (TCR) on zinc concentration.
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of a maximum near the concentration of the com-
pound MgZn,. These features are somewhat cor-
roborated by the concentration dependence of the
TCR shown in the top of Fig. 6. Indeed, the eutec-
tic composition is only characterized by a large
scatter in the sign and magnitude of the TCR (al-
though one could argue that the first appearance of
negative TCR occurs at this composition) while the
concentration region near MgZn, is distinguished
by the presence of a zero or negative TCR.

Although the absence of maximum can be ex-
plained by any of the three mechanisms proposed
for a-Au-Si films, the scatter of the TCR would
suggest that defect scattering may be particularly
important for a-Mg-Zn films. Again the values of
the resistivity and TCR are comparable to those
reported in liquids.'®!® The maximum in p and the
negative TCR associated with MgZn, suggest the
two following remarks. First, variations of p and
TCR in amorphous films linked with the composi-
tion of a compound have been reported previously
in Mg,Sb,,*® GasSb,** and SiC,* to name only a few.
Second, a eutectic is often very close in composi-
tion to a compound and one wonders whether a re-
sistivity maximum reported in conjunction with a
eutectic is not really linked with the compound.
For example, the composition (33 at. % Ge)'® cor-
responding to the maximum in p for liquid Fe-Ge
is closer to Fe,Ge than to the eutectic3® (29%).
Similarly, the maximum in p for liquid Ni-Ge oc-
curs at 35 at.% Ge,!® which is closer to the €
phase than to the eutectic®’ (28%). Furthermore,
in the case of the Pd-Si system where no com-
pound is reported in the vicinity of the eutectic
composition,?® the TCR of the liquid is positive.!®

Before leaving the Mg-Zn system, one should
stress two interesting features. First, this sys-
tem is different from the glass formers discussed
in the Introduction in the sense that it contains no
transition metal. Furthermore, while the glass
is only stable in the vicinity of the eutectic com-
position,3® the amorphous films can be obtained
over almost the whole compositional range (Ta-
ble II). As in the present case the bonding remains
metallic for all compositions (which was not the
case for example in the Au-Si system for high Si
concentrations), one would expect the resistivity
of a-Mg-Zn films to differ from that of liquid Mg-
Zn alloys only by the amount of scattering result-
ing from structural defects.

Finally, from the brief study performed on Pt-
Sb alloys, which is summarized in Table III, one
may draw similar conclusions to those previously
described. Namely, the values of p (~100 pQcm)
and TCR (~+2 X 10*°K™) are similar to those mea-
sured on Au-Si and Mg-Zn. Again, there does not
seem to be a resistivity maximum near the eutectic

. HAUSER AND J. TAUC 17

0.10

SOLID -2 PHASE

< oust —\V‘
3
E
< .
- AuggiSiosg No.B8 | LIQUID
o //
=] -
0 onk/_’,/
AMORPHOUS
025 Il 1 1 1 1 1 1 1 t
o 100 200 300 400 500 600 TOO 800 900 {000
T (°K)

FIG. 7. Variation of the diamagnetic susceptibility
of amorphous, liquid, and crystalline two-phase solid
with temperature.

composition? (~32 at. % Sb), while the TCR seems
to become negative for Sb concentrations slightly
larger than eutectic.

C. Magnetic susceptibility

The temperature dependence of the magnetic sus-
ceptibility of liquid Au, g4,Si, ,, has been previously
reported.?® These data are shown as the solid
curve in the upper right-hand corner of Fig. 7.
Although hard to see from the figure, the slope
(dx,/dT) steepens below the liquidus temperature
(636 °K). The liquid can actually be supercooled
about 40 °K and freezes into a two-phase solid,
which is accompanied by a rapid increase of the
susceptibility to a value which remains tempera-
ture independent down to room temperature (solid
square in Fig. 7). The diamagnetic susceptibility
of an a-Au, g, Si; ,, film* is shown by the solid
curve in the lower left-hand side corner of Fig.

7. The increase x, at low temperatures is due to a
low level of paramagnetic impurities. The broken
line shown in Fig. T suggests that the susceptibility
of the amorphous film is in good agreement with a
reasonable extrapolation of the susceptibility of
the liquid in general and of the supercooled liquid
in particular. The data shown in Fig. 7 suggest,
therefore, that the amorphous phase is quite simi-
lar to the liquid.

IV. CONCLUSIONS

The amorphous phase seems to have intrinsic
structural and electrical properties irrespective
of the method of preparation (glass versus amor-
phous films). Indeed, the x-ray patterns of Au-
Si films are similar to those reported for the
glass® and the same was recently observed by
EXAFS measurements on the Pd-Ge system.?!
The electrical properties of a-films are quanti-
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tatively similar to those of glasses.!®?” Further-
more, if one ignores possible differences in co-
ordination for such atoms as Si or Ge at high Si
or Ge concentrations, it would seem that the
amorphous phase and the liquid phase are quite
similar: the magnitudes of p and TCR are sim-
ilar’® 125 ond the susceptibilities of amorphous
Au-Si and amorphous Pd-Si are in good agreement
with extrapolations of the liquid susceptibility.'®
There are, however, slight differences between
a-films and liquids: although a change of sign
of the TCR can be linked with the eutectic compo-
sition, there is no corresponding maximum in the
resistivity. The absence of a maximum could be
caused by three effects: absence of a maximum
in the corresponding liquid, structural defect
scattering, and covalent bonding. At any rate,
although the glass-forming tendency is greatly
increased in the vicinity of a deep eutectic,**»%
the eutectic composition does not seem to have
a marked effect on the structural or electrical
properties of the amorphous phase.

More pronounced effects can be observed linking
a maximum in p and a change of sign of the TCR
with the presence of a compound (MgZn,). Be-
cause of the proximity in compostion of many
eutectics and compounds, one should be careful
before attributing to the eutectic an anomaly in p
or TCR. It would, of course, be better to obtain
electrical data on the amorphous and liquid phases
of the same system and as a result electrical
measurements on liquid Au-Si have been under-
taken.?® The understanding of amorphous Au-Si
alloys will also be enhanced by a study of the op-
tical properties which have been already briefly
discussed.*
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