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1. Introduction

Metallic glasses form an interesting class of new materials,

not only because of their unique properties which make them suitable

for various applications, but also because they offer a possibility ,

of testing the theoretical models proposed for the effects of

topological disorder in metals. Although most studies have up to

now been devoted to systems involving transition metals, amorphous

alloys containing only "normal", i.e. free-electron-like metals,
like the amorphous Mg-Zn alloys, presently attract more and more

interest. This is largely due to the expected relative simplicity

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 pseudo-potential

methods (1-4), which succeeded in explaining the constitution diagrams

as well as the inter-relation between glass formation and phase

diagram from a microscopic quantum-mechanical basis. It has been

shown that the bonding in all stable phases arises from an optimal

embedding of the neighbouring atoms into the attractive minima of

the interatomic pair potentials, which means, for disordered phases,

the matching between the minima in the pair potentials and the maxima

in the partial pair distribution functions. The geometrical basis

is always tetrahedral close packing of the atoms ; this leads, either

to Frank-Kasper phases for a majority concentration of smaller atoms

(Zn in the MgZn case), or to random tetrahedral packing based on

icosahedral micro-units for a majority concentration of the larger

atoms (Mg in the MgZn case)(3). Besides, 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 n-cm), which makes them particularly suited

i for tests of theories basted on the Faber-Ziman Lheory, initially
developed for liquid metals on the basis of the nearly-free-electron

model and the use of the pseudopotent'al concept, under the assumption

of weak scattering, and later on generalized to amorphous metallic

alloys (5-10).
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Amorphous MgZn alloys have first been obtained by rapid quenching

from the melt in a narrow composition range around the deep eutectic

(Mg7 2Zn2 8 ) : 2 5<XZn<32 at.% (11). This range has later on been

somewhat extended, using the same melt-spinning technique

2 2 ,5<xZn<35 at.% (12). Amorphous MgZn alloys have also been prepared

in the form of thin films by a getter-sputtering technique on

substrates maintained at 77K, over a much wider composition range :

10<XZn<90 at.% ; however, the results of transport measurements

on these films are strongly scattered, which may indicate that all

.4 samples are not homogeneous (13).

The structure of amorphous MgZn alloys has been investigated

by neutron (12,14) and X-ray (11,15) diffraction. Both the

interference functions S(q) and the pair correlation functions G(r)

agree quite well with those obtained by a relaxed dense random packing

of hard sphere model with realistic pseudopotentials and periodic

boundary conditions (16), although the experimental peaks are lower

than those in the model. The first peak in the interference function

(or total structure factor) is located at ql = 2.62 - 2.65 R-1 for

Mg7oZn3 0  ; its position slightly shifts to larger q values with

increasing Zn concentration (12). The second maximum presents a

well-pronounced splitting. The prepeak which has been noticed in

several X-ray diffraction experiments at q = 1.54 X-l has been

interpreted as reflecting the existence of chemical short-range

order in the amorphous alloys (15,17) ; the spatial extension of

this short-range ordering is however believed to be rather small

8 X (15). The amorphous MgZn alloys crystallize slightly above room

temperature (11,18,19). The crystallization process consists in

4 two successive steps, in which the atoms take first the short-range

. order, second the long-range order of the crystalline phase Mg5 1Zn20 .

The transport properties of amorphous MgZn alloys prepared by

rapid quenching from the melt, have been studied in detail over

a wide temperature range (13, 20-23). The results of Hall effect

(21), electronic specific heat (24), magnetic susceptibility (25)

and Compton profile (26) measurements all reveal remarkably good

agreement with the predictions of a free-electron model, with Mg
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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 vicinity

of the composition of the crystalline phase Mg51 Zn20 (xZn = 28.2

at.%) (12).

The aim of the present work was to prepare amorphous MgZn alloys
in the form of thin films by co-evaporation of the two constituents 5-

under ultra-high vacuum onto substrates 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. Co-evaporation under ultra-

high vacuum presents the advantage of avoiding contamination of

the samples during their preparation, the two metal constituents,

* especially Mg, being highly oxidizable materials. It also allows

~.. to obtain thin films with high-quality surfaces, well adapted to

precision optical measurements. The optical properties of amorphous

MgZn alloys have never been investigated up to now. Such studies

are complementary to those of the transport properties, since they

can give information on the conduction-electron behaviour in the

presence of a high-frequency electromagnetic field • they are

"... particularly useful in that respect since they allow to determine

the ratio of the average effective number of electrons per atom

" n to their effective mass m, and the relaxation time "C separately,

* ,, while d.c. electrical resistivity measurements only yield the product

of these quantities. Optical studies can on the other hand bring

0some insight into the electronic density of states, by revealing

the existence of interband electron transitions (27-29).<-

We present in the following the results obtained on a series

of amorphous Mgl-xZnx  alloy films, with 26 <xZn<35 at.%, all

measurements being performed in situ, under ultra-high vacuum. In

section 2, we briefly describe the experimental set-up, the deposition

conditions, and the different experimental techniques. In section

3, we investigate the variations of the electrical d.c. resistivity

as a function of temperature between 10 and 300K, and we analyse

4. ",in detail, on the one hand the irreversible effects occurring during

annealing of the as-deposited films up to 300K, on the other hand,

a',

0::.
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the reversible behaviour of the resistivity for annealed (stabilized)

amorphous samples. In section 4, we examine the optical properties

as deduced from in situ reflectance and transmittance measurements

from 0.6 to 4 eV on as-deposited and annealed films, and we analyse

these properties in terms of the free-electron Drude model. We discuss

the values of the characteristic parameters of the conduction

electrons as a function of composition.

2. Preparat 'n and characterization of amorphous MgZn alloys

We use a special ultra-high vacuum experimental set-up which

allows to prepare the films by controlled co-evaporation on substrates
maintained at low temperature and to measure their optical properties

(reflectance R and transmission T) and their d.c. electrical

resistance in situ between 10 and 370 K (30). The base pressure

in the experimental chamber is of the order of 10-9 Torr, and remains

. smaller than 5.10-8 Torr during evaporation. The evaporation rates

from the two separate crucibles are controlled by two calibrated

quartz-microbalances coupled with an Apple II Plus minicomputer ; -*

a feed-back process allows to monitor the heating of each crucible
in order to keep constant the ratio of the deposition rates of the

two constituents. Both the composition and the average mass thickness

of the films can thus be determined with an uncertainty of ± 1%. _

The total deposition rate is in all cases of the order of 10 X/sec.

The alloy composition is checked by an c--particle back-scattering

technique (31) ; the agreement with the quartz-microbalance

* indications is quite good, within a few %. The problem of the actual 0

film thickness proved to be more difficult to solve. Due to the
very rapid oxidization of the films when submitted to ambient

atmosphere, making any measurement impossible outside the vacuum *

chamber, we could not apply our usual X-ray interference technique

(32) for determining the film thickness ; the fringe system was

indeed strongly modified by the presence of an oxide layer. The
0O
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average mass thickness dQ defined as dQ = dMg + dZn, dMg and dZn 4.

being given by the respective quartzmicrobalances (assuming that

the density D is equal to 1.74 and 7.14 g/cm3 for pure Mg and pure

Zn), would correspond to an alloy with a density Day equal to

dMgDMg + dZnDZn

Day =

dMg + dZn

i.e. O

MMgXMg + MZnXZn

Dav= DMgDZn MvgDZnXMg+ MZnDgXZn V

if MMg and MZn are the Mg and Zn molecular weights, and xMgand XZn

the Mg and Zn atomic concentrations (XMg = l-xZn = l-x) respectively.

Figure 1 shows the variation of this "average" density Day with

Zn atomic concentration x. The experimental values for bulk quenched

amorphous MgZn alloys obtained by Natsuda and Mizutani (12) are

also reported on this figure ; the variation with x is identical,

but the values are larger than the predicted ones : hD/Dav- 2.7%.

Unfortunately, we do not know the actual density of our films. We

have tried to determine their "optical" thickness from the in sItu

reflectance and transmittance measurements only, by two different

methods. The first one consists in considering the thickness as

an additional adjustable parameter when fitting the near infra-

red data to the Drude model, as explained in section 4. The second

one is based on a Kramers-Kronig analysis of the reflectance data.

We know that the phase change on reflection &R at one 0
frequency wO can be obtained from the whole reflectance spectra

R (Lu') through the relation

R 7
* 0

4
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We can only compute that part of the integral between W 1 and (JIi,

which are the extreme points of the spectral range of measurement,

i.e.:

e ~£4 LoaR_ _ _)

We then assume that the rest of the integral can be approximated

by an expression of the form: A wo- + 3
so that : (w) 4--A-w-' + _P
The method consists in writing the systems of three equations

..

* R(n,k,d,td) = Rex

T(n,k,d,WO) = Tex

0R(n,k,d,LJ) = e  + AW + B

Rp

(R, T and tR being exact thin film formulas (33) and Rex, Tex the
experimental reflectance and transmittance values) for three

consecutive values of the frequency LJi-l, o~i, LOi+I . If we assui.e

that the A and B coefficients retain approximately the same values

for the three frequencies considered, one obtains in this way 9

equations for only 9 unknowns : the optical constants ni.l, ki I ,

ni, ki, ni+l, ki+l, the thickness d, and the coefficients A and

B ; this system is solved by a least-square fitting procedure.

Although neither method gives a unique and satisfactory result in

all cases, the "optical" thickness values which we have obtained

in a few favourable cases indicate that the density of our

co-evaporated amorphous films must be slightly larger than that

of bulk quenched samples : 6D/Dav - 5%. This assumed density Dalloy

is reported in figure 1 as a function of Zn atomic concentration.

In the following, we will use the average mass thickness dQ for

computing the electrical resistivity and for analysing the optical

properties ; we will also systematically employ the value dalloy

deduced when assuming D = Dalloy, in order to estimate the influence of

the choice of the film thickness on the determination of the

conduction electron parameters.

:.:.'.



The film reflectance and transmittance at nearly normal incidence

are measured in situ with a special vacuum spectrophotometer, between

0.6 and 4.2 eV (2 and 0.3 [A.m). 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 dielectric constant E = =(i+.K s

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 (34).

The d.c. electrical resistance is measured versus temperature

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 to measure resistance changes as small as 10-3-n- for

resistance values greater than 100 Q, is used when the sample

resistance varies very little with temperature.

We had planned to investigate the amorphous alloy structure

by electron microscopy and electron diffraction, using pieces of

the films detached from the substrate with collodion and collected

on microscope grids after collodion dissolving. Unfortunately, due

to the rapid oxidization of the films at ambient atmosphere, we

have up to now been unable to carry such detailed structure studies.

We have only checked that the alloy films were still amorphous at

room temperature.

3. d.c. electrical resistivity

As far as their d.c. electrical resistivity is concerned, two

N
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different types of samples must be distinguished

a) the first films were deposited on silica substrates held

at a temperature comprised between 15 and 20 K, and were rather

thin : 250 to 300 X. Their resistivity just after deposition is

of the order of 105 F.. cm, irrespective of the composition. When

increasing the temperature, C begins to decrease until 100-110K,

then increases quite strongly, reaches a pronounced maximum around

250K, and drops more or less abruptly when approaching room 2iIII

temperature. The relative variation of the resistivity between its

initial value and its maximum value seems to depend both on the

film deposition conditions and composition and on the heating rate,

but can be as large as 50%. This annealing behaviour is illustrated

in figure 2 for a film with XZn = 26 at.% and dQ = 259 X. In the

absence of any detailed structure study, it is difficult to conclude

*' about the specificity of the as-deposited samples. For most of them,

"S the reflectance and transmittance spectra at deposition temperature

exhibit a structure at about 0.9 J m, which is not found for the

other type of films ; this structure becomes more pronounced after

annealing at 300K. We will assume that these samples are not

completely amorphous or homogeneous, or have a peculiar short-range

order, and we will not consider them in the following.

b) the other films were deposited onto sapphire substrates

maintained at 10K ; the deposition rate was the same as precedingly,

* but probably more uniform. These films were also thicker, between

500 and 700 X. Their resistivity just after deposition are smaller

than precedingly : between 80 and 90 m, and do not vary

significantly with the film composition (figure 3). When increasing
temperature, C remains approximately constant over a small temperature

range, up to 30-40K, then decreases slightly, goes through a plateau

or a faint maximum around 150-200K, and decreases again slowly above

200K. The total relative variation of the resistivity between 10

and 300K does not exceed 10%. This annealing behaviour is illustrated

in figure 2 for a film with XZn = 30.5 at.% and dQ 600X. We believe

.'

N0

q i I -
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Figure 3 :d.c. electrical resistivity ee computed with the film thickness N
d equal to dQ (+) and dalloy Wx, and optical resistivity eo deduced from
the optical parameters obtained with d = dalloy (*),) for as-deposited co-
evaporated amorphous MgZn films with different compositions.
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that these samples are truly amorphous over the whole temperature

4-o. range between 10 and 300K. Crystallization only occurs above room

temperature, as shown in figure 4 for a film with xZn = 35 at.%

and dQ = 614 X. The apparition of the Mg5iZn 20 crystalline phase

corresponds to the steep decrease of the resistivity observed between

350 and 360K. This crystallization temperature is in good agreement

with those reported for quenched samples (18,35). It can be noticed
that the temperature coefficient of the resistivity of the crystalline

phase is positive, again in agreement with previous results (18).

The annealing curves between 10 and 300K indicate that, for
our co-evaporated amorphous MgZn alloys deposited at low temperature,

irreversible relaxation effects occur in several successive steps

a first one starting at quite low temperature (30-40K) and yielding

a decrease of the resistivity ; a second one showing up around 150-

200K, corresponding on the contrary to a more or less important

increase of the resistivity ; a third one at still higher

temperatures, giving again a decrease of the resistivity. This last

process eventually saturates when the sample is kept at room

, temperature. The atomic rearrangements taking place during the film

relaxation must therefore be rather complicated. It may be worth

recalling that studies of the relaxation of bulk quenched alloys

above room temperature, just before crystallization onset, by both

resistivity measurements and X-ray diffraction experiments (18,35)

revealed a relaxation process resulting in an increase of the

*- resistivity, which was interpreted as a change of the short-range

order towards that existing in the crystalline Mg51 Zn2 0 phase. The

interpretation of our data may be different, since we observe such

phenomena far from crystallization. Moreover, the short-range order

in our co-evaporated samples is certainly somewhat different from

that in quenched samples, and probably presents more local

fluctuations, especially just after deposition. This may explain

the complexity of our e (T) curves.

The reversible variation of the resitivity versus temperature

between 10 and 300K for amorphous MgZn alloy films stabilized by

annealing at room temperature, is shown in a few cases in figure

5. varies very little over the whole temperature range. It starts

T U" . .
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to increase very slightly, goes through a faint, broad maximum,

then decreases until room temperature, the variation being

approximately linear. The more rapid drop when approaching room

temperature for some samples is an irreversible effect, due to the9

fact that these films were not allowed to relax completely when

previously annealed at room temperature. Our results are at least

in qualitative agreement with those reported for bulk quenched

amorphous alloys (12, 21-23). Our measurements are not going far

enough towards low temperatures to detect the shallow minimum around

10K pointed out by Matsuda and Mizutani (21). But we observe the

T2 dependence predicted at low temperatures by extension of the

Faber-Ziman theory (9,36) over a small temperature range below the

maximum, as well as the empirical law e =max-A(T-Tmax)3/2 proposed

by Matsuda and Mizutani (21) above the maximum, before the

approximately linear variation sets in (figure 6). The different
quantities characteristic of the resistivity behaviour for our co-

evaporated amorphous alloys are summarized in Table I for different

compositions. When comparing these results to those reported for

quenched alloys, the following remarks can be made

i) the resistivity values are significantly larger than those

corresponding to quenched alloys, which are usually comprised between

40 and 60 .iicm (20-24), but smaller than those of co-sputtered films,

comprised between 100 and 130 Qcm (13).

ii) the position of the maximum, although varying somewhat from

sample to sample irrespective of the composition, seems to be shifted

to higher temperatures with respect to quenched samples.

iii) the temperature coefficient of the resistivity near room

temperature has somewhat smaller absolute values than in quenched

samples.

Several rather sophisticated theoretical treatments, which are -

all based on the diffraction model, i.e. the generalization of the

.O.
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Faber-Ziman theory to amorphous systems, have been proposed recently

in order to interpret the results of transport experiments on such

low-resistivity amorphous alloys (37-42). They differ in the handling

of the different ingredients entering the Faber-Ziman theory,

essentially the electron-ion scattering potentials, the partial
dynamical structure factors and the vibrational density of states.

Some of them take into account the effect of a finite mean free

path, either through the concept of phonon ineffectiveness (saturation

effects) (37-39), or via the blurring of the Fermi surface (40).

All treatments succeed in reproducing the general behaviour of the

d.c. electrical resistivity as a function of temperature. This proves

that the diffraction model, which is basically a weak-scattering

theory, is well adapted to such systems with resistivities smaller

* than 100 %cm. The theoretical values of the resistivity, of the

order of h3,I acm for amorphous MgZn alloys (40,41), are in good

agreement with the lowest experimental values obtained on quenched

samples. As for the exact f(T) variation, these ab initio

calculations clearly show that it is the result of a rather delicate

interplay of structural, electronic and dynamical variables (41) ; 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 dramatic effect

of the choice of the potential. On the other hand, factors such

as the Fermi wavevector and the packing fraction influence, not

only the magnitude of the resistivity, but also the shape of the

* (T) curve, and could play a role in the scattering of the data

relative to differently prepared samples. In spite of the success

of these models, some discrepancies with the experimental results 10

concerning for example the composition dependence of the resistivity,

or the thermopower behaviour, suggest that the electronic transport

properties of the amorphous alloys are not fully taken into account.

It may be worth-recalling that actual samples, especially our co-

evaporated films, can present structural "defects", or local

fluctuations of both chemical and topological short or medium-range,

order which may contribute to the electron transport mechanisms

and explain for example the observed large values of their

resistivity.
S
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______ U4i. Optical propeti-ies

As already mentioned in section 3, the two types of MgZn films ii
which can be distinguished on the basis of their annealing behaviour

(as followed by in situ resistance measurements), also differ by

their optical properties. For the first films deposited on silica

substrates, the reflectance and transmittance spectra exhibit a

structure (a minimum in R and a maximum in T) centred at about

0.95 1-m as shown in figure 7 in the case of a sample with dQ = 259 0

and XZn = 26 at.%. This structure in R and T results in a well-

marked shoulder in the optical absorption spectrum t2Xk, at about

1.25eV, as shown in figure 8 for the same film as before. These

features are practically not modified after annealing at 300K (figure

8). On the contrary, for the films deposited subsequently on sapphire

substrates, the R and T spectra are smooth in this spectral range,

and the optical absorption 62/A appears to follow a free-electron-

like behaviour, as illustrated in figures 9 and 10 in the case of

a film with dQ = 600 X and XZn = 30.5 at.%. From these data, we

assume that the films of the second type are truly amorphous MgZn

alloys, while the films of the first type are, even just after

deposition, probably at least partially phase-separated. This may

be due to the fact that the deposition conditions in our first

experiments were not optimized, in particular that the evaporation

rates were not sufficiently uniform. In the following, we will

restrict ourselves to the films of the second type.

We assume that the optical properties of the amorphous MgZn

alloys can be represented, at least in the near infra-red, by a

nearly-free-electron model. We therefore tried to analyse the

experimental complex dielectric constant in terms of the Drude model:

-

=W

W o.4 /
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where is the plasma frequency of the nearly-M L

free-electron gas with an effective number per unit volume Neff

and an optical effective mass o, and-[U is the optical relaxation

time of the conduction electrons, assumed to be independent on

frequency. The real term P, which is equal to 6

accounts for the core polarization (,- I), and for the possible

contribution of interband transitions occurring at higher energies :

this contribution can be considered as a constant for C) <<WAb, CJ b

being the onset of interband transitions. The Drude formula can

thus be written as a function of wavelength

21-
+-I (A/.

0-C

0 -t-. 
w-

withAo 2'irc/Ljp and :.TTCr.-.

We used a least square curve fitting procedure, either directly

on the (R,T) data, or on the computed ( ) data, takingA,

and P as adjustable parameters. Due to the problems encountered

* in the determination of the actual film thickness, we employed in

the computations both the average mass thickness dQ and the thickness

dalloy corresponding to a density larger than the average Mg/Zn

density by 5% as explained in section 2. We also considered the

thickness d as an additional adjustable parameter in the curve-

fitting procedure (in this case, we used only the (R,T) data). Fits

between the data and the Drude model have been tried over spectral

ranges of increasing width, from 2 or 2.5 m (depending on the

accuracy of the measurement in the low-energy part of the spectrum) 0

to 1.2, 1, 0.8, 0.6 and 0.4 .m respectively. The results obtained

in the case of a film with dQ 600 ? (dalloy = 555 X) and XZn =

30.5 at.%, are summarized in Table II. We have used, either the (R,T),

Ile
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Fit no Fit ronQ d (A) XoqQm) X (147n P-

CR-')
1. 2-2. 0 ps 600 0.159 1.99 1.0 4*10 "

a

2. S-Z. O 00 Go 0.156 1.85 0.286 S.Z-10

(R--s

3 0. 4-Z. O p 600 0.147 1.71 0.457 1. Z-10
06 a -X-C -P)

* CR).
4 a. 6-Z. apM 600 0.145 1.64 0.057 1.6-10' '

(IX. -),, -P)..

3 0. 6-2. 0 PM 5"0 0. 140 1.68 0.030 S. 3-1D'
0,.9 -X-C -P-d)

6 a. 8-Z. a pm 55Z 0.147 1.78 1.0 8-10,
0,.a -X,-C-D)

7 V. S-Z. 0opi 555 0.149 1.75 -0.05 G- '
C,,,-1,..-P)
(R--T)

8 0. 8-2. OpP 55 0.148 1.79 1.0 1.10 s

_ _ . -X-C) _

CR-T)1-

9 .B-Z. a pm 391 0.1035 1.15 -E. Z 6010 ._

CX.z-P-cd) I_-----_

Table II Results of several fits of the experimental reflectance (R) and
transmittance (T) data with the Drude model for an amorphous

, MgZn alloy film with XZn = 30,5 at.% and dQ = 600 X (dalloy
555 X). The fit number, the spectral range used for the fit and
the adjustable parameters, the values of the thickness d, plasma
wavelength Ao, relaxation wavelength Ar and polarization term P,
and the root mean square deviation per point - are indicated in
each case. Any parameter which has been fixed at a given value
in a particular fit is underlined. The asterisk points out the
parameters which happen to be highly cokrbldted.

a~a,
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or only the (R) data ; the root mean square deviation per point is also

indicated. Our program gives the assymptotic correlation matrix

of the parameters, which allows to estimate the coupling of the

different parameters. Figure 9 shows a comparison between the

.', experimental (R,T) values and the values corresponding to the Drude

model, computed with the parameters deduced from the fit (2). Figure

10 presents a comparison between the experimental ( , ) values

determined from the (RT) data with d = dQ, and the (s,) values
1 2

corresponding to the Drude model, computed with the parameters deduced

from fits (2) and (3) respectively. Figure 11 shows a similar

comparison between the experimental and model ( values, the

thickness value being in this case that obtained by fit (5) with
'four parameters, A,A , TP and ct, i.e. d = 530 X. When examining

*0 -C
all these results, one can make the following remarks

a) the optical data follow remarkably well the nearly-free-

electron Drude model with a constant relaxation time, from the lowest

energies (0.5-0.6 eV) up to about 1.8 eV. At higher energies, the

optical absorption E-2/A takes slightly larger values than the

model ones, while the deviation remains very small for E1. It is

therefore wiser to restrict the fitting procedure to the spectral

range (0.5-1.8 eV), i.e. (2,5-0.7 [Lm). The three parameters J&,A
and? are not strongly correlated and can easily be determined ;

however, the parameter P, the value of which is expected to be close

to, but larger than 1, often takes very small, or even negative

evalues. If the fit domain is restricted to low energies (for example

2-1.2 rLm), P on the contrary takes larger values. Fixing P at a

value equal to 1 or 2 does not however modify appreciably the values

of the two other parameters, jko and A (see fits (7) and (8)).

b) it proved possible in a few cases to determine

and P from the (R) data alone (see fit (4)), which may be interestingU for thick films, the transmittance of which becomes extremely small

and difficult to measure. However, the parameters Xo and A are

then strongly correlated.
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c) the determination of the thickness from the optical data

only, by considering it as an adjustable parameter in the Drude

fitting procedure, is not possible in all cases, because A, becomes
strongly correlated both with d and with A . For the film considered

here, we succeeded in determining d, P being taken both as an

adjustable (fit (5)) or fixed (fit (6)) parameter. The obtained .

values are clearly different from dQ, and have been used to define -.

dalloy, as explained in section 2. It may be worth-noticing that r,

the values of the parameters A and A deduced from the (0) data .
0 -C

alone using the thickness dQ are of the same order of magnitude

as those deduced from the (R,T) data using, not this "wrong" thickness

dQ, but the more correct" thickness dalloy. This can simply mean

that the reflectance is less sensitive to the film thickness than

the transmittance.

d) we have verified that the values of the parameters A and
0

A obtained by a computer-fitting procedure as explained above

are consistent with those determined graphically by the relations,

easily deduced from the Drude expression

A
which gives A , then P, and

-2 Az?2

'**~~ AOAOeV*

which gives 0. The straight lines obtained when plotting

Ei/iversus (-El), and(/V_/l versus X-2 for the same film

discussed above (with dQ = 600 are presented in figure 12. The

corresponding parameter values are :)o-0.155 ILm,. :. 1.90" m,

ZP, 1.

U m m
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The values of the parameters A 0  and X (as well as the

! corresponding t andl values) determined for amorphous MgZn

alloys with Zn concentrations comprised between 28 and 33.5 at.%,

are summarized in Table III and figure 13. Only the values

corresponding to the assumed actual film thickness dalloy have been

retained in the table, but the figure presents the results obtained

V." with both thickness values dQ and dalloy. We have also reported

in Table III the values of the average effective number of conduction

electrons per atom neff computed from Ao by assuming an optical

effective mass equal to the free electron mass (these values are

displayed in figure 14), as well as the values of the ratio of the

optical effective mass to the free-electron mass mo/m computed from

Ao by assuming an average effective number of conduction electrons

per atom equal to 2, which is the common valency of both constituents.

We have eventually indicated, both in Table III and in figure 3,

the values of the "optical resitivity" eo, defined from the optical
parameters by the expression

fer C N

These results call for the following comments

a) the values of Ao are significantly larger than those expected

from a free-electron model in which each constituent would contribute

*two electrons to the alloy conduction band, with an optical effective

mass equal to the free-electron mass ; for example for XZn-e 30 at.%,

the predicted free-electron value of Ao should be of the order

of 0.107 Fm, while the experimental value is of the order of 0.150

• O &m. The difference definitely exceeds any possible experimental

uncertainty. If we try to fit the optical data with the Drude model,

with o fixed at the free-electron value and d taken as an adjustable

parameter (see Table II), the obtained d value is unreasonably too

S, small : d = 391 X, compared to dQ= 600 X in the case of the film

corresponding to Table II. This discrepancy between the experimental

_ko value and the value predicted by a simple free-electron model

.. .... .... ..
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Figure 14 Average number of conduction electrons per atom n versus atomic Zn
concentration xZn for amorphous MgZn alloys :(x) deduced from Hall constant

~measurements on quenched alloys (ref.12) ;()deduced from the Drude analysis

of the optical data obtained on co-evaporated alloy films (with an effective
mass equal to the free electron mass).
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can be interpreted as due, either to a value of the effective average

number of conduction electrons 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 contradiction with

the results of Hall constant measurements on quenched amorphous

.- ~: MgZn alloys (12), 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 figure 14), as well as with those

of Compton profile (26) and electronic specific heat coefficient

(24) experiments, which both yield a Fermi wavevector 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 similar discrepancies observed between the

ioptical results and the predictions of a free-electron model, in

the case of free-electron-like amorphous SnCu and SnAu alloys (28).

The ratio mo/m was found to be comprised between about 1.6 and 1.7

for SnCu, between 1.8 and 1.h for SnAu, for noble metal concentrations

varying from 20 to 80 at.%

b) the values of A.k are comprised between 1.5 and 2.5 in,

which corresponds to/ values comprised between 0.8 and 0.5 eV.

These values seem to depend rather sensitively on the peculiar film

.d %.structure, so that their variation with the alloy composition cannot
be clearly established. The optical relaxation time in amorphous

*@ MgZn alloys is significantly larger than in similarly prepared

amorphous AuGe and AgGe alloys (29), or amorphous AuSn and CuSn

alloys (28), which is consistent with the lower resitivities of

these alloys, and can probably be traced back to the fact that their

* conduction electrons have essentially an s and p character. The

corresponding mean free path is of the order of 15-20 X, which is
appreciably larger than the interatomic distances, so that a free-
electron model can be justified.

c) the optical resistivity deduced from the optical parameters

%AN 1\o and 1\1 is in all cases of the same order of magnitude as the

%i,

jop'
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d.c. electrical resistivity . This is an additional argument

in favour of the use of a free-electron model for the analysis of
the optical data. The difference between oand ewhich varies .

from sample to sample, can probably only be attributed to experimental
uncertainties on the optical data.

5. Conclusion d' J

We have succeeded in preparing amorphous MgZn alloys in the

form of thin films, by co-evaporation under ultra-high vacuum on

sapphire substrates maintained at low temperature ( 10K), for Zn

concentrations ranging from 25 to 35 at.%. The samples can be annealed
0 in situ up to room temperature while remaining amorphous ; they ...

crystallize at about 350K, like quenched bulk alloys. The d.c. X

electrical resistivity and the optical properties between 0.6 and

4eV of these amorphous alloy films have been investigated in situ

in order to avoid contamination. The behaviour 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 absolute 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.

As for the optical properties of the amorphous alloy films, although

we encountered some difficulties in the determination of the film

thickness, their analysis unambiguously shows that the complex

dielectric constant follows quite well the free-electron Drude model,

at least at low energies up to about 1.8 eV. The "optical resistivity"

deduced from the optical conduction electron parameters is in all

cases very close to the d.c. electrical resistivity. The optical

relaxation time l/-t is comprised between 0.5 and 0.8 eV and seems

4 to be sensitive to the film structure more than to its composition ;

.
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1it/ is smaller in these amorphous alloys between two simple

metals than in other amorphous free-electron-like alloys involving

a noble metal. The values of the average optical effective number

of conduction electrons per atom raise a problem, since they are

definitely smaller than the value expected from the free-electron

model, i.e. 2, and indeed found in Hall effect experiments. This

discrepancy could indicate that the alloy conduction band deviates

strongly from a free-electron band. It is worth-recalling that

photoemission and soft-X-ray emission experiments performed on the

parent amorphous alloys CaAl have revealed unexpected structures

in the valence band density of states, as well as modifications

of the Al p partial density of occupied states with respect to pure

Al (43). Computations on Ca0 .7 5 A10.2 5 with the Cu3Au structure

have on the other hand shown a splitting of the valence band into

two parts. The Al partial density of states is clearly separated

into s states and p states at high and low binding energies

respectively, due to the reduced overlap of the orbitals from nearest

neighbour like-atoms. As for the Ca states, they are subject to

strong hybridization, which also leads to a splitting. We intend PN.

to verify whether such effects exist in amorphous MgZn alloys, as

soon as we succeed in protecting our samples from oxidization.

Interband transitions between occupied and unoccupied states could r%

then be responsible for the deviation between the experimental complex

dielectric constant and the Drude model observed at high energies

(>.8 --V').
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