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Amorphous Mg-Zn alloys have been obtained in the form of thin films by coevaporation under ul-

trahigh vacuum on cold (=10 K) sapphire substrates, for Zn concentrations between 28 and 35

at. %. These films crystallize at about 350 K. Their dc electrical resistivity and their optical prop-
erties between 0.6 and 4 eV have been investigated in situ. The resistivity versus temperature
behavior is roughly similar to that reported for quenched bulk alloys but the resistivity values are

significantly larger. The complex dielectric constant follows the free-electron Drude model at low

energies up to 1.8 eV. The optical free-electron parameters are discussed and compared to those ob-

tained on other free-electron-like amorphous alloys. Special attention is paid to the average effective

number of conduction electrons per atom, which is found to be smaller than expected.

INTRODUCTION

Metallic glasses form an interesting class of new ma-
terials, not only because of their unique properties which
make them suitable for various applications, but also be-
cause they offer a possibility of testing the theoretical
models proposed for the effects of disorder in metals. Al-
though most studies up to now have been devoted to sys-
tems involving transition metals, amorphous alloys con-
taining only "normal, " i.e., free-electron-like metals, like
the amorphous Mg-Zn alloys, presently attract increasing
interest. This is largely due to the expected relative sim-
plicity of their electronic structure, since the conduction-
electron states can be assumed to be almost exclusively of
s and p character. Such a case can be treated theoretically
by ab initio pseudopotential methods, ' which succeeded
in explaining the constitution diagrams as well as the in-
terrelation between glass formation and phase diagram
from a microscopic quantum-mechanical basis. These
amorphous alloys are of significant importance from the
point of view of the electron transport properties. They
have, indeed, relatively low resistivities (of the order of
50—100 pQcm), which makes them particularly suited
for tests of theories based on the Faber-Ziman theory, ini-
tially developed for liquid metals on the basis of the
nearly-free-electron model under the assumption of weak
scattering, and later on generalized to amorphous metallic
alloys.

Amorphous Mg-Zn alloys have first been obtained" by
rapid quenching from the melt in a narrow composition
range: 25 &xz„&32 at. %%uoaroun d th edee peutectic
(Mg7zZn2s). This range has been somewhat extended later
on, using the same melt-spinning technique:
22.5&xz„&35 at. %%uo. 'Amorphou sMg-Z nalloy shave
also been prepared in the form of thin films by a getter-
sputtering technique on substrates maintained at 77 K,
over a much wider composition range: 10 &xz„&90
at. %."

The transport properties of amorphous Mg-Zn alloys

prepared by rapid quenching from the melt have been
studied in detail over a wide temperature range. ' ' The
results of Hall-effect, ' electronic specific-heat, ' magnetic
susceptibility, ' and Cornpton-profile measurements all
reveal remarkably good agreement with the predictions of
a free-electron model, with Mg and Zn both contributing
two electrons per atom to the alloy conduction band.
There is, however, some composition dependence of
several of these physical quantities, especially in the vicin-
ity of the composition of the crystalline phase Mg»Zn2O
(xz, =28.2 at. %).'

The aim of the present work is to prepare amorphous
Mg-Zn alloys in the form of thin films by coevaporation
of the two constituents under ultrahigh vacuum onto sub-
strates maintained at low temperature, to measure their
transport and optical properties in situ as a function of
temperature, and to compare the results to those reported
for bulk quenched amorphous alloys. Because the two
metal constituents, especially Mg, are highly oxidizable
materials, coevaporation under ultrahigh vacuum presents
the advantage of avoiding contamination of the samples
during their preparation. It also allows us to obtain thin
films with high-quality surfaces, well adapted to precision
optical measurements. Investigations of the optical prop-
erties are complementary to those of the transport proper-
ties, since they can give information on the conduction-
electron behavior in the presence of a high-frequency elec-
tromagnetic field; they are particularly useful in that
respect since they allow the separate determination of the
ratio of the average effective number of electrons per
atom n to their effective mass m, and the relaxation time
~, while dc electrical resistivity measurements only yield
the product of these quantities. Optical studies can, on
the other hand, bring some insight into the electronic den-
sity of states by revealing the existence of interband elec-
tron transitions; '

We present in the following the results obtained on a
series of amorphous Mgl Zn alloy films, with
26&xz„&35 at. %, all measurements being performed in
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situ, under ultrahigh vacuum. In Sec. II we briefly
describe the experimental setup, the deposition conditions,
and the different experimental techniques. In Sec. III we
investigate the variations of the electriml dc resistivity as
a function of temperature between 10 and 300 K, and we
analyze, on the one hand, the irreversible effects occurring
during annealing of the as-deposited films up to 300 K,
and, on the other hand, the reversible behavior of the
resistivity for annealed (stabilized) amorphous samples.
In Sec. IV, we examine the optical properties as deduced
from in situ reflectance and transmittance measurements
from 0.6 to 4 eV on as-deposited films, and we analyze
these properties in terms of the free-electron Drude
model. We discuss the values of the characteristic param-
eters of the conduction electrons as a function of composi-
tion.

II. PREPARATION AND CHARACTERIZATION
OF AMORPHOUS Mg-Zn ALLOYS

We use a special ultrahigh-vacuum experimental setup
which allows the preparation of the films by controlled
coevaporation on sapphire substrates maintained at low
temperature and the measurement of their optical proper-
ties (reflectance R and transmittance T), and their dc
electrical resistance in situ between 10 and 370 K. " The
base pressure in the experimental chamber is of the order
of 10 Torr, and remains smaller than 5. 10 Torr dur-
ing evaporation. The evaporation rates from the two
separate crucibles are controlled by two mlibrated quartz
microbalances coupled with an Apple II Plus minicom-
puter; a feedback process allows monitoring of the heating
of each crucible in order to keep constant the ratio of the
deposition rates of the two constituents. Both the compo-
sition and the average mass thickness d&, defined as

dg d Mg +d zlzz d Mg and d zlI being deduced from the in-
dications of the two quartz microbalances, with the Mg
and Zn density taken to be equal to 1.74 and 7.14' g/cm,
respectively, can thus be determined with an uncertainty
of +1%. The total deposition rate is in all cases of the or-
der of 10 A/sec.

The alloy composition has been checked by an a-
particle backscattering technique; the agreement with
the quartz-microbalance indications is quite good, within
a few percent.

The problem of the actual film thickness d was more
difficult to solve. Due to the very rapid oxidization of the
samples when submitted to ambient atmosphere, it proved
impossible to measure d by our usual x-ray interference
technique. We therefore tried to determine the film
thickness by using only the optical measurements per-
formed in situ just after deposition. In a first method, d
was taken as an additional adjustable parameter in the
analysis of the near infrared data in terms of the Drude
model; the results will be discussed in Sec. IV. The
second method consisted of determining simultaneously
the set of optical constants n; &, k; &, n;, k;, n;+ &, k;+ &

(n +ik being the complex refractive index), and the thick-
ness d from the E., T, and 6& values at three consecutive
frequencies co; &, m;, co;+&,' R and T are the measured film
reflectance and transmittance and 6z, phase change on re-
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FICi. 1. Density of amorphous Mg-Zn alloys versus Zn con-
centration xz„.. for quenched alloys, from Ref. 12(a); for co-
evaporated alloy films, if the film thickness is taken equal to the
average mass thickness d~ (b) or to the optical thickness do (c).

flection, is computed from the R data through a special
application of the Kramers-Kronig dispersion rela-
tion. ' The "optical-thickness" values do obtained by
these two methods are in reasonable agreement with each
other, but are systematically smaller than the "average-
mass-thickness" values d~,' for example, for a film with

d& ——600 A, do is found to be equal to 552 and 555 A by
the Drude method and the Kramers-Kronig method,
respectively. The values of the alloy density for our co-
evaporated films, corresponding both to d& and to do, are
reported in Fig. 1 as a function of the Zn atomic concen-
tration xz„. The density values obtained for bulk
quenched alloys' are also indicated in this figure; the
variation with xz„ is identical, but the density is slightly
smaller than for the coevaporated films. In the following,
we will consider the optical thickness do as the true film
thickness. However, we will use both d& and do for the
analysis of the optiml data in order to estimate the influ-
ence of the thickness value on the determination of the
free-electron parameters.

The film reflectance and transmittance at nearly nor-
mal incidence are measured in situ with a special vacuum
spectrophotometer, between 0.6 and 4.2 eV (2 and 0.3
pm). The accuracy of these measurements is of the order
of 0. 1—0.3 %, which is absolutely necessary for a reliable
analysis of the data. The measurements are performed
just after deposition, as well as at different annealing
stages if necessary. The complex dielectrical constant
e=e, +iez ——(n+ik) is computed from the R and T
values at any wavelength, using exact thin-film formulas
and taking into account multiple reflections inside the
transparent substrate; the thickness must be known for
this procedure.

The dc electrical resistance is measured versus tempera-
ture between 10 and 370 K by a four-point method; the
thermocouples are made of thin AuFe/chromel wires held
in contact with the film surface with two indium patches.
A special differential method, allowing the measurement
of resistance changes as small as 10 0 for resistance
values greater than 100 0, is used when the sample resis-
tance varies very little in temperature.
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We observed the amorphous alloy structure at room
temperature using electron microscopy and electron dif-
fraction, using pieces of the films detached from the sub-
strate with collodion and collected on microscope grids
after collodion dissolving. Unfortunately, due to the ra-
pid oxidization of the films at ambient atmosphere, the
diffraction patterns are difficult to analyze and no de-
tailed structure study could be made.

III. dc ELECTRICAL RESISTIVITY

125

75 . 0

25
25

I

30
xZ& (at. X)

FIG. 2. dc electrical resistivity p, (0 ), and optical resistivity

po (0), for as-deposited coevaporated amorphous Mg-Zn films
with different compositions.

Amorphous Mg-Zn alloy films with thicknesses of the
order of 550—700 A and Zn concentrations ranging from
26 to 35 at. %%uower edeposite da t aconstan t depositio nrate
of about 10 A/sec on sapphire substrates maintained at 10
K. The values of their dc electrical resistivity at the end
of deposition p, are comprised between 75 and 85 pA cm.
As shown in Fig. 2, there is no significant variation of p,
with the alloy composition. When increasing tempera-
ture, p remains approximately constant over a small tem-
perature range, up to about 30 K, then. decreases slightly,
goes through a plateau or a faint maximum around
150—200 K, and decreases again slowly above 200 K.
The total relative variation of the resistivity between 10
and 300 K does not exceed 10/o. This annealing behavior
is illustrated in Fig. 3 for films with different composi-
tions.

The films are still amorphous at room temperature, as
confirmed by electron diffraction. Despite the superim-
posed oxide diffraction rings, the diffraction patterns
clearly show an asymmetric broad first peak with a max-
imum at q =4m(sino)/A, =2.65—2.67 A., a characteristi-
cally split second peak with a maximum at q=4. 4 A
and a shoulder centered at q=4. 9—5. 1 A '. These re-
sults are in good agreement with those reported for bulk
quenched alloys. "' Crystallization only occurs above
room temperature, as shown in Fig. 3, by the steep de-
crease of the resistivity observed between 350 and 360 K.
This crystallization temperature is in good agreement
with those reported for quenched samples. ' ' It can be
noted that the temperature coefficient of the resistivity of
the crystalline phase is positive: =2)& 10 K ', again in
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FIG. 3. Variation of the dc electrical resistance r with tem-
perature T during annealing for coevaporated amorphous Mg-
Zn alloy films: (a) xz„——30.5 at. %, (b) xz„——33.5 at. %%uo, both
deposited at 10 K; (c) xz„——35 at. %, deposited at 77 K; this last
film has been annealed up to crystallization.

/

agreement with previous results. The diffraction pat-
terns after crystallization allow us to identify the already
described Mg5&Zn20 crystalline phase.

The complicated shape of the annealing curves p( T) be-
tween 10 and 300 K indicates that the structural relaxa-
tion of amorphous Mg-Zn alloy films, deposited by co-
evaporation on low-temperature substrates, takes place in
several successive steps, resulting either in a decrease (at
about 30 K and above 200 K) or in an increase (around
150—200 K) of the resistivity. The process observed at in-
termediate temperatures (100—200 K) seems to be the
most sensitive to the particular deposition conditions, and
could concern medium-range inhomogeneities.

The reversible variation of the resistivity versus tem-
perature between 10 and 300 K for amorphous Mg-Zn al-
loy films stabilized by annealing at room temperature is
shown in a few cases in Fig. 4. p varies very little over
the whole temperature range. It starts to increase very
lightly, goes through a faint, broad maximum, then de-
creases until room temperature, the variation being ap-
proximately linear. These results are at least in.qualitative
agreement with those reported for bulk quenched amor-
phous alloys. ' ' ' The shallow minimum around 10 K
pointed out by Matsuda and Mizutani' can be detected
for one sample. We also observe the T dependence
predicted at low temperatures by the extensions of the
Faber-Ziman theory ' over a small temperature range
below the maximum, as well as the empirical law:
p=p, „—A(T —T,„) ~ proposed by Matsuda and
Mizutani' above the maximum, before the approximately
linear variation sets in. The different quantities charac-
teristic of the resistivity behavior of the coevaporated
amorphous alloys are summarized in Table I for different
compositions. When comparing these results to those re-
ported for quenched alloys, the following can be noted:

(i) The resistivity values are significantly larger than
those corresponding to quenched alloys, which are usually
comprised between 40 and 60 pQcm, ' ' but smaller
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FIG. 4. Reversible variation with temperature T of the dc
electrical resistivity of coevaporated amorphous Mg-Zn alloy
films deposited at low temperature and annealed at room tem-
perature: xz„——33.5 at. % (A), 30.5 at. % (~), 28 at. % (0).

than those of cosputtered films, comprised between 100
and 130 pQ cm. '

(ii) The position of the maximum, although varying
somewhat from sample to sample irrespective of the com-
position, seems to be shifted to higher temperatures with
respect to that in quenched samples (=50 K).

(iii) The temperature coefficient of the resistivity es-
timated in the 1SO—2SO K range has somewhat smaller
absolute values than that in quenched samples (=2&& 10

Several rather sophisticated theoretical treatments,
which are all based on the diffraction model, i.e., the gen-
eralization of the Faber-Ziman theory to amorphous sys-
tems, have been proposed recently in order to interpret the
results of transport experiments on such low-resistivity
amorphous alloys. They only differ in the handling
of the different ingredients entering the Faber-Ziman
theory. All treatments succeed in reproducing the general
behavior of the dc electrical resistivity as a function of
temperature. This proves that the diffraction model,
which is basically a weak-scattering theory, is well adapt-
ed to such systems with resistivities smaller than 100
pQ cm. The theoretical values of the resistivity, of the or-
der of 43 pQcm for amorphous Mg-Zn alloys, ' are in

good agreement with the lowest experimental values ob-
tained for quenched samples. As for the exact p(T) varia-
tion, these ab initio calculations clearly show that it is the
result of a rather delicate interplay of structural, electron-
ic, and dynamical variables; this is particularly the case
for the location and relative intensity of the low-
temperature maximum, and for the slope in the vicinity of
room temperature. All treatments emphasize the dramat-
ic effect of the choice of the potential. On the other hand,
factors such as the Fermi wave vector and the packing
fraction influence not only the magnitude of the resistivi-
ty, but also the shape of the p(T) curve, and could play a
role in the scattering of the data relative to differently
prepared samples. Despite the success of these models,
some discrepancies with the experimental results concern-
ing, for example, the composition dependence of the resis-
tivity, or the thermopower behavior, suggest that the elec-
tronic transport properties of the amorphous alloys are
not fully taken into account. It may be worth noting that
the resistivity data obtained for coevaporated films vary
appreciably from sample to sample. This suggests that
films prepared by condensation of a mixed vapor on a
cold substrate present "defects" contributing to the elec-
tron scattering mechanisms, in variable proportion de-
pending on the peculiar deposition conditions. These de-
fects could be related to fluctuations of both chemical and
topological medium-range order.

IV. OPTICAL PROPERTIES

The complex dielectric constant of coevaporated amor-
phous Mg-Zn films, as determined at 10 K under ul-
trahigh vacuum immediately after deposition, appears to
follow a free-electron-like behavior over most of the spec-
tral range investigated. This is illustrated in Fig. S, which
shows the et and e2/1, spectra (e2/A, being related to the
optical absorption) obtained for a film with xz„——30.5
at. %, using the two thickness values do ——555 A and

dg ——600 A.
We assume that the optical properties of the amorphous

Mg-Zn alloys can be represented, at least in the near in-
frared, by the nearly-free-electron Drude model. We
therefore tried to analyze the experimental complex
dielectric constant with the expression

TABLE I. Quantities characteristic of the dc electrical resistivity behavior for coevaporated amorphous Mg-Zn alloy fi]ms w&th
different compositions: p values at 10 K before and after annealing, and at 300 K; ratio of the maximum value to the room-
temperature value p „/p 300 K; slope A of the plot: p=p, „—A(T —T „);temperature of the maximum T,„; temperature
coefficient a =(1/p)(dp/dT) as determined in the 150—250 K range.

Mg~ Zn
at. %

28
30.5
32.5
33.5

10K

as-deposit
(pQ cm)

78.5
85
78
82

10K

annealed 300 K
(pQ cm)

72.5
78
72.7
81

p3oo a

69.5
76.8
70.7
79.6

pmax /p300 K

1.023
1.015
1.024
1.023

(10 pAcm K ~
)

3
10

8

Tmax

45
80
90
85

—1.4
—0.7
—1.1
—1.2
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1

1+i(A, /A, ,)

where Ao , 2——~c /co&, co& (——4~%,rre /m o )
' the plasma

frequency of the nearly-free-electron gas with an effective

number per unit volume X,ff and an optical effective
mass mo, and A,,=2m.c1o 'Tp being the optical relaxation
time of the conduction electrons, assumed to be indepen-
dent on frequency. The real term P, which is equal to
1+(e,—1)+5et, accounts for the core polarization
(e, —1), and for the contribution of interband transitions
which may occur at higher energies:

70 (a) CO F2(CO )
5E't = f dc'

CO —CO

60

50

40

30

20

10

0
0. 5

40

I

1. 5
I

2. 5
I

3. 5

This contribution can be considered as a constant for
co &&cob, cob being the onset of interband transitions.

We used a least-squares-fitting procedure, with Ao
and I' as adjustable parameters. Due to the problems en-
countered in the determination of the actual film thick-
ness, we also considered d as an additional adjustable pa-
rameter. The fits were tried both directly on the (R, T)
data and on the computed (e&, E2) data, over spectral
ranges of increasing width towards high energies. Besides
the root-mean-square deviation per point X, our program
provided the asymptotic correlation matrix of the parame-
ters. Figures 5 and 6 show a comparison between the ex-
perimental ( e ~, Ez) and ( R, T ) values and the computed
values corresponding to three-parameter Drude fits in the
0.6—2 eV spectral range, for a film with xz„——30.5 at. %
and d~ ——600 A (do ——555 A). The optical data follow re-
markably well the nearly-free-electron model with a con-
stant relaxation time, from 0.6 to about 1.8 eV. At higher
energies, the optical absorption e2/A; takes slightly larger
values, while the deviation remains very small for e&. The
A,o and k values depend little on the spectral range chosen
for the fit, as long as it does not extend beyond 2 eV, and
they can be determined with a relative uncertainty of a
few per cent. In contrast, the I' values can vary appreci-
ably with the type of fit, but they remain small, roughly
between 0 and 1. We checked the reliability of the A,o and
A,, values obtained by this curve-fitting procedure by com-
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FIG. 5. Real part of the dielectric constant el (a) and optical
absorption e2/A, (b) versus energy for a coevaporated amorphous
Mg-Zn alloy film with xz„——30.5 at. %, as computed with

d~ ——600 A () and do ——555 A (0 ); the dashed curves corre-
spond to Drude fits in the 0.6—2 eV spectral range.
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FIG. 6. Reflectance 8 (0) and transmittance T (~ ) vs wave-

length k between 0.3 and 2 pm for the same film as in Fig. 5

(dg =600 A, xz„=30.5 at. %); the continuous curves corre-
spond to the Drude fit.
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paring them to those determined graphically via the fol-
lowing relations, easily deduced from the Drude expres-
sion:

40

30

20

Such a graphical determination is presented in Fig. 7 for
the same film as in Figs. 5 and 6 (d~ ——600 A); the corre-
sponding parameter values A,o-0.155 pm, A.,=1.90 pm,
P=l, are in good agreement with the Drude fit values:
A,o——0. 156 pm, X,=1.85 pm. The determination of the
optical thickness as a fourth adjustable parameter was
only possible in a few cases, due to a strong correlation be-
tween A.o and both A,, and d. As already emphasized, the
obtained values were

'

always consistent with the
Kramers-Kronig values, -and definitely smaller thag the
corresponding mass thickness values.

The values of the parameters A, o and A,, (as well as the
corresponding fico& and A/ro values) determined for amor-
phous Mg-Zn alloys with Zn concentrations varying from
28 to 33.5 at. %, are summarized in Table II and Fig. 8.
Only the values corresponding to the assumed true film
thickness do have been retained in the table, but the figure
presents the results obtained with both thickness values
d~ and do. %'e have also reported in Table II the values
of the average effective number of conduction electrons
per atom n, rr computed from A,o by assuming an optical
effective mass equal to the free-electron mass (these values
are displayed in Fig. 9), as well as the values of the ratio
of the optical effective mass to the free-electron mass
mo /m computed from Xo by assuming an average effec-
tive number of conduction electrons per atom equal to 2,
which is the common valency of both constituents. We
have eventually indicated, both in Table II and in Fig. 3,
the values of the optical resistivity po, defined as the re-
ciprocal zero-frequency limit of the optical conductivity
6=co@2 /4m, and given by.

2 ~o ~o2

Po=
c A~ Nffewo

These results call for the following comments:
(a) The values of A,o are significantly larger than those

expected from a free-electron model in which each con-
stituent would contribute two electrons to the alloy con-
duction band, with an optical effective mass equal to the
free-electron mass; for example, for xz„-30 at. %, the
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FIG. 7. Graphical test of the Drude model for the same film
as in Figs. 5 and 6, using d =d~ ——600 A: (a) e2/k vs —el, (b)
(e2/A, ) ' vs A,

predicted free-electron value of ko should be of the order
of 0.107 pm, while the experimental value is of the order
of 0.150 p, m. The difference definitely exceeds any possi-
ble experimental uncertainty.

' If we try to fit the optical
data with the Drude model, with A,o fixed at the free-
electron value and d taken as an adjustable parameter, the
obtained d value is unreasonably too small, for example,
d =391 A, compared to d& ——600 A in the case of the
film already discussed. This discrepancy between the ex-
perimental A,o value and the value predicted by a simple
free-electron model can be interpreted as due either to a
value of the effective average number of conduction elec-

TABLE II. Values of the free-electron parameters as deduced from the Drude analysis of the optical data for amorphous Mg-Zn
alloys with different compositions (see text for the definitions).

xz„(at. %)

28
30.5
32.5
33.5

Ap (pm)

0.148
0.148
0.142
0.140

Scop (eV)

8.38
8.38
8.73
8.86

neff

0.98
0.97
1.05
1.08

mp /m

2.04
2.05
1.90
1.85

(pm)

1.88
1.78
2.02
1.53

fi/~p (eV)

0.66
0.70
0.61
0.81

pp (pQ cm)

77.7
82.0
66.5
85.4
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FIG. 8. Values of the plasma wavelength A,o (a) and of the relaxation wavelength A, (b) vs atomic Zn concentration xz„ for co-
evaporated amorphous Mg-Zn alloy films, as deduced from the Drude analysis of the optical data, with d =d~ (o ) and d =do (~).
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trons per atom, as deduced from the optical properties,
much smaller than 2, or to an enhancement of the optical
effective mass of the conduction electrons with respect to
the free-electron mass. The first interpretation is in con-
tradiction with the results of Hall-constant measurements
on quenched amorphous Mg-Zn alloys, ' which give an
average number of conduction electrons per atom of the
order of 2, varying only slightly with composition (these
values are also reported in Fig. 9), as well as with those of
Compton profile and electronic specific-heat coeffi-
cient' experiments, which both yield a Fermi wave vector
kF in good agreement with the predicted free-electron
value. The second interpretation, in terms of optical mass
enhancement, has previously been chosen to explain simi-
lar discrepancies observed between the optical results and

the predictions of a free-electron model, in the case of
free-electron-like amorphous Sn-Cu and Sn-Au alloys.
The ratio mo Im was found to be comprised between
about 1.6 and 1.7 for Sn-Cu and between 1.8 and 1.4 for
Sn-Au, for noble metal concentrations varying from, 20 to
80 at. %.

(b) The values of A,, are comprised between 1.5 and 2.5
pm, which corresponds to A/1 p values comprised between
0.8 and 0.5 eV. These values seem to depend rather sensi-
tively on the peculiar film structure, so that their varia-
tion with the alloy composition cannot be clearly estab-
lished. The optical relaxation times in amorphous Mg-Zn
alloys are significantly larger than in similarly prepared
amorphous Au-Ge and Ag-Ge alloys, or amorphous
Au-Sn and Cu-Sn alloys, which is consistent with the
lower resistivities of these alloys. The corresponding
mean free paths are of the order of 15—20 A, which is ap-
preciably larger than the interatomic distances, so that a
free-electron model can be justified.

(c) The optical resistivity po deduced from the optical
parameters A,o and A,, is in all cases of the same order of
magnitude as the dc electrical resistivity p, . This is an
additional argument in favor of the use of a free-electron
model for the analysis of the optical data. The difference
between po and p„which varies from sample to sample,
can probably only be attributed to experimental uncertain-
ties on the optical data.

0
20

I

25
I I

30 35
xZ~ (at. X)

40

FIG. 9. Average number of conduction electrons per atom n

vs atomic Zn concentration xz„ for amorphous Mg-Zn alloys:
(0 ) deduced from Hall-constant measurements on quenched al-

loys (Ref. 12); (~) deduced from the Drude analysis of the opti-
cal data obtained on coevaporated alloy films. (with an effective
mass equal to the free-electron mass).

V. CONCLUSION

We have succeeded in preparing amorphous Mg-Zn al-
loys in the form of thin films by coevaporation under ul-
trahigh vacuum on sapphire substrates maintained at low.
temperature (=10 K) for Zn concentrations ranging from
26 to 35 at. %. The samples can be annealed in situ up to
room temperature while remaining amorphous; they crys-
tallize at about 350 K, like quenched bulk alloys. The dc
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electrical resistivity and the optical properties between 0.6
and 4 eV of these amorphous alloy films have been inves-
tigated in situ in order to avoid contamination. - The
behavior of their resistivity versus temperature is found to
be similar to the one reported for quenched bulk alloys,
with only small differences in the details of the curves,
i.e., in the location of the maximum, slope of the high-
temperature part, etc., and it can be well interpreted in the
framework of the diffraction model. However, the abso-
lute values of the resistivity are significantly higher than
those for quenched alloys. This suggests that thin films,
even after annealing at room temperature, contain defects,
probably related to medium-range inhomogeneities, which
may contribute to the electron scattering.

The analysis of the optical properties unambiguously
shows that the complex dielectric constant follows re-
markably well the free-electron Drude model with a con-
stant optical relaxation time ~p, at least at low energies
and up to about 1.8 eV. The optical resistivity, computed
from the conduction-electron parameters deduced from
the Drude analysis of the optical data, is in all cases very
close to the dc electrical resistivity, which supports the va-
lidity of the model and the consistency of the analysis.
The tri/ro values are comPrised between 0.5 and 0.8 eV,
and seem to be more sensitive to the film structure than to
its composition. They are significantly smaller in these
amorphous alloys between two simple metals than in oth-
er free-electron-like amorphous alloys involving noble
metals, which can be traced back to the fact that their
conduction electrons have essentially s and p character.
The Drude analysis also yields the values of the ratio of
the average number of conduction electrons per atom to
their optical effective mass. These values are definitely
smaller than those expected from the free-electron model
with an optical mass equal to the free-electron mass,
which creates a serious problem. Since both the number
of conduction electrons per unit volume and the density of
states at the Fermi level are known to be close to the free-
electron values from other experiments, one must admit
that the optical effective mass is much larger than the
free-electron mass: mo /m=2. Values of mo /m larger

than 1 are also systematically found for crystalline
polyvalent metals. '"' In this case, they are well ex-
plained, on the basis of the sum rule:

(with X„„~ the total electron density and X the number
of conduction electrons per unit volume), by a transfer of
oscillator strength from intraband transitions of the con-
duction electrons to "parallel-band" interband transitions
of these same electrons, connected with the perturbations
of the free-electron band by Brag g reflection planes
(Brillouin-zone planes). Such an interpretation is dif-
ficult to retain in the absence of long-range order, but we
can keep the idea of a transfer of oscillator strength be-
cause of interband transitions, whatever the origin of the
latter. The deviations observed at high energies between
the experimental complex dielectric constant and the
Drude model could- be an indication for such transitions.

It may also be worth recalling that photoemission and
soft-x-ray emission experiments performed on the parent
CaA1 amorphous alloys have revealed unexpected struc-
tures in the total valence-band density of states, as well as
a striking modification of the Al p partial density of occu-
pied states with respect to pure Al. Computations on
Cap 75Alp» with the Cu3Au structure have, on the other
hand, predicted a splitting of the valence band. It would
be very interesting to determine whether the valence band
of amorphous Mg-Zn alloys also exhibits strong devia-
tions from a free-electron band. -If it was indeed the case,
the application of the Drude model, which is as a rule
strictly valid for a free-electron gas only, could lead to in-
correct results concerning the conduction-electron
behavior.
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