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_Preface

The structure and electrunic properties of amorphous Csz
are quite different from thcse of liquid Ge, which is Jdensely
packed, has the octahedral local environments rather tian
tetrahedral and exhibits a metallic behavior-

Therfore it is interesting to investigate the physical
properties of amorphous Ge by .applying pressur--

It is found that the semiconductor to metal transition
occurs at pressure of 60 rbar in amorphous Ge. The transition
pressure is changed by addition of Sn. The atomic arrangem
of amorphous Ge-Sn alloys are tetrahedral with a random nea
est neighbour environment.

Effect of pressurs on amo>rphous. Ge-Ni alloys was studied,
Semiconductor tc netal transition occurs in the concentra%tiou
range below 30 at.’ Ni at almost the same pressure as in
amorphous Ge. Amorphous Ge-Ni alloys with over 30 at.Z Ni
concentration show metallic properties.

X-ray scatterel I tensity curves for amorphcus Ge-Ni alloys
in the concentration range over 30 at.% Ni show quite ;imilzr
pattern with those for liquid.

The investigations of the systematic wvariation c¢. sztomic
and electronic structure of such amorphous wlloys with concente
ration and also the extent of the similarity of physical pro-
perties in these amorphcus alloys with ti.ose in liquid stuote
are interesting.

The valence band spectra of cmornbcus Ge-.ii, G -2 and

Ge-Au alloys are invesiigated by means of Z-ray photo-2leciron



emission. The shape and positiecn of the peak in the spectrium
associated with d-state change with concentratiou,
This thesis contains three narts as follows

Part 1 Nonmetal to Metal Transition in Amorphcus

Ge and Ge-Sn Alloys under High Pressure

Part'ITI ¢ Effect cf Pressure on the Electronic

Properties of Amcrphous Ge-Ni Allc s

Part IIL

X-rav Photoemission Spectra of Valence Bands

in Amorplcus Ge-Ni, Ge-Fe and Ge-/fu Allovs



Part 1

Non-Metal to Metal Transition in Amorphous

C. and Ge-Sn Alloys under High Pressure



§1 Introduction

There has been many experimental and theoretical investiga-
tions(l) on the properties of amorphous Ge because it is the
most typical example of amorphous semiccnductors. Tlie structure
of amorphous Ge has been investigated by X-ray and electron
diffraction experiments. ?*4) The radial distribution function
deduced from the diffraction data shows that the atoms in the
amorphous Ge are surrounded by a tetrazhedron of other atoms
with an average separation similar to that in the crystalline
Ge., Several models(swq) for the structure of amorphous Ge
have been proposed on the basis of these results., The micro-
scopic structures, for example, the existence of vacancies,
voids and dangling bcnds ete. have been studied by means of the

(8,9)

measurements of the density, small angle scattering . of
electron diffraction(lo) and ESR.(ll) However the definite
picture for the structure of amorphous Ge seems to be unknown
at present, It should be also noticed that the structural and
electronic properties of amorphous Ge are quite different from
those of liquid Ge which is densely packed with the octahedral
local environments rather than tetrahedral and exhibits a metallic
behavior.(lz) This is in contrast to the fact that the amorphcus
metal and alloys produced by several methods behave like the
corresponding liquid state in the structural and electronic
properties.(l3)
The picture of conduction mechanism in amorphous semiconductor
has become clearer by various experimental and theoretical efforts.

The conduction process contains intrinsic and extrinsic conduc-

tions over the whole temperature range. At high temperatire the



intrinsic conduction is dominant and it appears with a large
activation energy. As Stuke(l4) has emphasized for mary amorphous
semiconductors the plot of logarithmic conductivity against
reciprocal temperature gives a good straight line as same as

for crystalline semiconductor. At low temperature the extrinsic
conduction becomes dominant. ZExtrinsic conduction is caused by
the hopping of the localized electrons in the bamnd tail or in

the vicinity of the Fermi level., A large number of as-deposited
filmg show a T'jslaw dependence of the conductivity up to room
temperature and even above, as suggested by Motto(lS) This seems
to suggest that the hopping in the localized states near the
Fermi level is dominant. Furthermore the tunneling experiments

support this situation.(ls)

If hopping conduction or phonon
assisted tunneling conduction really exists. which is :ne of the
most important feature in amorphous semiconductor, it is inter-
esting to investigate the effect of pressure on this c¢~nduction
mechanism, Tke hopping mubility can be expressed as follows;(l7)
- Edy, Py zod

M= (e d*Ppr; e ,

where )ﬁh is an average opticel phonon frequency,fﬁ is & constant,
Ed 1is the hopping activation energy, o gives the rate oi fall-off
of the localized wave functions, and 4 is the averase interatomic
separation. Therefore it is to be expected thai the mobility
increases very rapidly with decreasing A unless the wave functions
ere spread- out.

Since the density, structure and electronic properties of
amorphous Ge are quite different from those of liquid Ge, it is
interesting to investigaie the physical properties of amorphous



Ge by compression. The investigation on the change of mobility
gap or hopping conduction process with pressure is also important.
The measurement of resistivity as a function of pressure up to
28 kbar has been reported by Camphansen et al.(la) for the various
amorphous Ge prepared by the electrolytic, evaporation and sput-
tering method, and for those annealed at 153°C.

In this paper we report the effect of pressure on the
electrical resistance of amorphous Ge and Ge-Sh alloys under high

pressure up to 130 kbar.



§2  Experimental Procedure

2-1 Preparation of Samples

Amorphous Ge and its alloy films were prepared by evapora-
tion onto the mica substrates kept at or below room temperature

6

under vacuum better than 10~ ~ torr. The vacuum was kept below

.1.'»2Jt1.()_6

torr during evaporation.

The sample was evaporated from the basket of the tungsten
filament with 0.3 mm in a diameter which was outgassed carefully
under vacuum. The distance between the tungsten filament and tae
substrate was about 10 cm. The rates of deposition were about
500 g/min and the evaporations were performed about every one
minute at 10 minutes intervals in order to prevent the heating
up of the substrate due to the radiation from the filament as
possible.

The small pellets of Ge or Ge-Sn mixture with about 2 mm in
a diameter were dropped one by one into the baske’ of tungsten
filament through the guide of stainless tube under vacuum, and
then evaporated. It is well known that two constituents, Ge snd
Sn are competely soluble in the liquid state but dissoluble in
the solid state in almost the whole concentration range. Therefore
the Ge-Sn alloys melted in a evacuated quartz tube were rapidly
quenched into water in order to obtain the homogenecus alloy pellets,
The mica substrates shaved and cut from mica sheets were of 20 um
or more thicknesg and 1 mm square. The films of Ag and Au with
5000 X thickness deposited on the mica substrate were used as the
electrodes which were kept 0.1 mm apart from each other.. The
sample was deposited on the substrate through the mask with a slit
of 0.1 mm in width which was put on the substrate. The thickness



of samples used for the present measurement were usually.l~2 um.
The dimensions of sambles on the mica substrates are shown in

Fig. 1 schematically.

2-2 Apparatus

For measurements of electrical resistance at high pressure

up to 130 kbar, pressure was applied at room temperature by an
(19)

opposite anvil type apparatus developed by Balchan and Drickamer

using an external hydraulic press. A pyrophyllite pellet of the -

appropriate size and shape with 0.33 mm in a center thickness

and 3,00 mm in diameter was used for pressure medium., After

pre-compression the center flat area of the pyrophyllite pellet
into the centex

was removed with a drill and then the pyrophyllite ring was inserted

The schemeatic diagram of the center assembly are shown

in Fig. 2, in order tc make clear the situation of sample geometry.

The electrical contacts were made through the thin copper sheets

connecting between the cemented tungsten carbidesanvils and the

electrodes of film on the mica substrate ..

2-3 Calibration and Measureaent of Resistance

The electrical resistance was measured by detecting the
changes of potential across the sample caused by a small constant
direct current. The voltage and current probes were soldered to
the outside of steel jackets of the two anvils. Pressures were
determined by the fixed points of Bi(I-II),Bi(IV-V) and Pb(I-II)
transitions at 25.4, 77 and 130 kbar. It should be noticed that the
pressures generated in AgCl medium are sensitively affected by

the geometrical arrangements for all the parts of high pressure



cell. The error of calibrations was about 109/, Tc¢ decide

the pressure more precisely we measured the parallel resistance

of the sample and Bi film with about 1 um thickness deposited
just on the film of the sample . A typical example for the
measurement is shown in Fig. 3. In the present experiments, the
sharp transition from non-metzl to metal of samples took place

at pressure between the two fixed calibration points of Bi.
Therefore it was possible to decide the transition pressure within
the error of le2 °%,. The copper-constantan thermocouple was
inserted into near the sample through the hole of the side jacket

to measure the temperature of the sample,



§3 Results and Discussion

3=1 Pure Ge

Fig. 4 shows the electrical resistance versus pressure curves,
of amorphous and polycrystalline Ge. The polycrystalline Ge was
obtained by annealing the amorphous film at 500°C under vacuum
for an hour. It was ensured for the film annealed at 500°C to
show the crystalline lines indexed as a diamond type structure
from the X-ray diffraction measurement.

On increasing pressure, the-electrical resistance of the
polycrystalline film gradually increases up to about 50 kbar
and then decreases. It suddenly drops at pressure of 100 kbar which
is nearly the same as the previcus data for c¢rystalline Ge observed

(20) On the other hand the pressure

by Minomura and Drickarmer
dependence of the resistance in the amorphous Ge is very different
from the crystalline Ge. The resigtivity of amorphous Ge is
estimated to be 3x10%ﬂrcm at atmospneric pressure. It slightly
increases up to about 10 kbar and rapidly decreases by a factor
of 6~7. Then, it drops sharply down to about 2xlO2 pll-cm at
60 kbar and the second drop down to 2~3x10 ufl-cm appears at
about 100 kbar which corresponds to that observed for the poly-
crystalline films. It is noticed that the resistance changes
very little with pressure in the range of pressure between 60 and
100 kbar.

The pressure dependence of the resistance in the amorphous
Ge was precisely measured in the low pressure region by using
Cu-Be pressure bomb., Fig. 5 shows the result for the pressure

dependence of the resistance in amorphous Ge up to 10 kbar, where

the value of resistance is normalized by that at atmospheric

- 10 -



pressure, Paul and Brooks(Zl) have measured the change of the
resistance of crystalline Ge with pressure up to 30 kbar. Their
result is also shown in Fig. 5. It is noticed that the pressure
derivative of resistance g—%Esg,for as-deposited amorphous Ge is
u.Oxlo—zkba;’which is much smaller than that for crystalline Ge.
Recently Camphausen et al.(ls)‘have reported measurements of
resistance as a function of pressure up to 28 kbar for amorphous
Ge prepared by the three different methods and also annealed at
15300. Our data for amorphous Ge is in good agreement with their
result of unannealed sputtered Ge. They have shown. that
the variation of resistance with pressure for the annealed
amorphous sample ig very different from that for the unannealed
amorphous samples. The logarithmic resistance versus pressure
curves of annealed amorphous samples give a good straight lines
and their pressure derivative Q_%%_E are almost the same as that
of crystalline Ge. Another important
aspect is that the pressure coefficients of the optical gap, which
essentially gives the electrical gap of the intrinsic conduction,
are positive and almost the same for annealed and unannealed
amorphous samples in spite of the fact that the pressure coefficients
of resistance are quite different each other. Therefore it is not
unreasonable assumption that the extrinsic .conduction is pre-
dominant for the transport mechanism in as-deposited amorphous

Ge compared to that in crystalline Ggh

The temperature dependence of resistance in amorphous Ge

under pressure and the pressure dependence of activation energy

- 11 -



are shown in Fig. 6 and Fig. 7 respectively. The activation
energy in Fig. 7 deduced from the derivative of logarithmic
resistance versus reciprocal of temperature near room temperature
does not represent the intrinsic activation energy. It must be
thought that the extrinsic conduction process is still dominant
in this temperature region, which has been studied by many
investigators at atmospheric pressure. The amorphous Ge exhibits
semiconducting behaviour up to 60 kbar. It is considered that
Ge sample shows metallic behaviour under the pressure between 60
and 100 kbar, since the resistance gradually decreases with
falling temperature and the samplé becomes superconductor nezr
5°K.(22) The sample under pressure over 100 kbar is metallic and
the temperature coefficient of resistance is small but positive as
shown in Fig. 8.

For the Ge sample under pressure between 60 and 100 kbar,
the sharp lines corresponding to crystalline structure could not
be detected in X-ray diffraction pattern. But the determination
of the definite structure at high pressure has not yet been
successful. The recent work(23) of amorphous Si under high pressure
has revealed that semiconductor to metal transition occurs at the
pressure of 100 kbar which is much lower than that observed for
crystalline Si, as same as in the case of amorphous Ge. On
decreasing pressure the resistance recovers to the same value
before compression, and the aspect of the resistance-pressure
curve is reproducible by repeating the appl}cation and release of

the sample in.

pressure, After releasing pressureﬁyhe metallic phase recovers

to semiconductor, however, the X-ray diffraction measurement shows

that the sample has an amorphous structure. This evidence encourages
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us to believe that the Ge sample under pressure between 60 and

100 kbar is amorphous. Thg;gzztern of the sample released back

from the pressure below the first transition point to atmospheric
pressure has been just the same as that of amorphous Ge at normal
pressure. However the samples released back from the pressure
between 60 and 100 kbar were crystallized., X-ray diffraction

lines of the sample released from the pressure of about 80 kbar
could be indexed for that of the same diamond structure as
crystalline Ge, while the sample released from the pressure

above 100 kbar shows the tetragonal structure. Bundy and Kasper(24)
have found that the tetragonal Ge consisted of linkages of rather
distorted tetrahedra can be formed when crystalline Ge with diamond
structure is compressed over 100 kbar and then released back to
atmospheric pressure. The sample under pressure over 100 kbar

(25) since the transition pressure

may have B-"Sn. type structure
coincides to that of crystalline Ge and also the structure of
the sample released from over 100 kbar is the same as that of
crystalline Ge.

Fig.4 fmay suggest that‘amorphous,non-metal to‘amorphous’
metal transition occurs at the pressure of 60 kbar by application
of pressure for amorphous Ge and the transition at 100 kbar, accom-
panied by the resistance drop by a factor of 2x10-% is due to the
crystallization to B-Sn type structure. Further work by the
present authors reveals that the transition pressure of amorphous
Ge annealed at 200, 300 and 400°C is the same as that of as-deposite

amorphous Ge.
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3-2 Amorphous Ge-Sn alloys

In the previous paper(22) we have reported the pressure
dependences of the resistances in amorphous Ge-Ni zlloys. The
sharpness of the transition from non-metal to metal
changes with additiongi to Ge and it becomes dull, though the
transition pressure does not change so much. The change in the
character of covalent bonding with addition of Sn to Ge may give
a large effect on the optical gap and localization of the carriers
with energies near the Fermi level in amorphous Ge. Therefore
it is interesting to explore whether the transition pressure
changes or not by addition of Sn.

In recent years the studies have been reported an amorphous
Ge-Sn alloys by a few authoers. S. Sato et alw(zs) have measured
the temperature dependence of the dc conductivity and the frequency
dependence of the ac conductivity at room temperature in Ge-Sn
alloy films. They have tried to interpret the results on the
basis of pseudo-gap model. The structural and optical properties
have been studied in details on these alloy systems with Sn con-
centration 0, 25, and 50 at®le by R. J. Temkin et a1. ") Accora-
ing to Temkin et al. the minimum optical gap decreases with
increasing Sn content.

Fig. 9 shows the intensity patterns of X-ray diffraction
without any correction for amorphous Ge-Sn alloys. The variation
of the diffraction patterns with increasing Sn concentration is
quite different from those of amorphous Ge-Ni alloys.(zz) ‘The
atomic arrangement is found to be tetrahedral with a random

nearest neighbour environment, Temkin et al. have studied the

- 14 -



structural properties of amorphous Ge-Sn allozs in more details.
The radial distribution function shows that the mean separation
between Ge atoms slightly increases with Sn concentration.
Fig. 10 shows the pressure dependences of resistances in
Ge-Sn alloys in the range of concentration less than 10 at.®/e Sn.
The resistivity does not change so much with Sn concentration at
atmospheric pressure and at room temperature. It could be seen
that the sharp transitions from non-metal to metal exist in
these concentration range and change with addition of Sn. The
resistances decrease with increasing pressure nearly in the same
way as that of pure amorphous Ge and the transition pressure
increases with increasing Sn content., The change of the transition
pressure with increasing Sn content was precisely determined by using
the method mentioned in §2 and it is shown in Fig. 11. Recently
it has been found that the transition pressure changes rema;kably
by the addition of Si to Ge and it increases by 20 kbar by the
addition of 10 at.%e Si content. It will be published later in detail
The measurements of X-ray diffraction, -Hall coefficient,
thermopower, optical properties etc. at various temperatures under
high pressure will be helpful for understanding the nature of

non-metal to metal transition in amorphous Ge anc Ge-En alloys.
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Figure Captions

Dimensiong of sample deposited on the mica substrate
used for measurement of elecirical resistaice st high

pressure.
Center assembly cf high pressure cell.

A typical example for the measurement of parallel
regsistance of sample and Bi films. Transition pressure
of sample is decided preclisely with respect to the two

fixed points c¢f Bi.

Electrical recistance versus pressure curves for
amorphous and polycrystalline Ge films, Polycrystal-
line films is obtained by annealing amorphous film at
500°C.

The normalized resistance’ versus pressure for amor-
phous and crystalline Ge., The result of crystalline
Ge is taken from the data by Paul and Brooks.(Zl)

Temperature dependence of resistance of amorphous Ge

‘near room temperature at pressure of 30, 45 and 60 kbar.

Pressure dependence of activation energy deduced from
the derivative of log resistance versus reciprocal

of temperature shown in Fig. 6.

Resistance versus temperature curve near room temper-

ature at pressure of 110 kbar.
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Fig. 9.

Fig. 10.

Fig. 11.

The intensity pattern of Z-ray diffraction for

amorphous Ge-Sn alloys.

Resistance versus pressure:curves of amorphous Ge=-Sn

alloys.

Transition pressure of amorphous Ge-Sn alloys with
respect to the Sn content. Transition pressure is

determined by the method shown in Fig. 3.
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Fig 4
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Fig 11
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Part 11

Effect of Pressure on the Electronic Properties

of Amorphous Ge-Ni Alloys
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§ 1. Introduction

The X-ray diffraction patterns (Mader et al 1967) from the
amorphous metals and alloys produced by evaporation onto a cold
substrate are nearly the same as those observed in a liquid
state. There are, however, large differences in the structure
and electrical properties between amorphous and liquid Ge.

The amorphous Ge behaves like a semiconductor, while liquid Ge
like metal. The radial distribution function of amorphous Ge
deduced from X-ray measurement shows that the first and second
peaks do not appear at the position corresponding to the liquid
state. The second peak is relatively high and the coordination
number at the nearest neighbour is about 4 (Richter and Breitling
1958) The density of amorphous Ge is approximately 4.8 gr/cm,
much lower than that in a liquid phase.

In this paper, we report measurements of X-ray diffraction,
density, and X-ray photoelectron spectra for the amorphous phase
of Ge-Ni alloys. We report also the variation of electrical
resistance with pressure up to 100 Kbar at room temperature for
amorphous Ge-Ni alloys in the concentration range to;§0 at %

Ni, which becomes metallic approximately at 60 Kbar.
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§ 2. Experimentals

Amorphous thin films of about 1Mm thickness are prepared

by condensation in 10-6

torr from the mixtures of fine powders
of Ge and Ni, rapidly quenched from their melt, onto mica or
glass substrates at room temperature, and at liquid Nz temper-
ature for the maximum concentration of 60 at % Ni.

Pressure are applied at room temperature by an opposed-
anvil type apparatus developed by Balchan and Drickamer (1961)
Pressures are determined by the fixed point of Bi(1l-2) and

Bi(3-5) transitions. The density is determined from the weight

using microbalance and the thickness using interferometer.
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§ 3. Results

X-ray scattered intensity curves I(K) of amorphous Ge-Ni
alloys are shown in Fig.l. Intensity of the first peak becomes
weaker and the position of the second peak shifts remarkably
to a lower value of K with increasing concentration of Ni.

It is noticed that I(K) curve in" amorphous Ge-40 at % Ni alloy
shows quite a similar pattern with liquid Ge-42 at % Ni alloy-
Fig.2a shows the pressure dependence of the resistance of amoxr-
phous Ge-Ni alloys. In the semiconducting amorphous Ge-Ni
alloy, the transitions to metallic states occur at pressure
around 60 Kbar, as same as the critical pressure observed in
pure amorphous Ge. No discontinuous jump in the resistance in
the metallic amorphous Ge-Ni alloys over 30 at % Ni is observed
under pressure. The concentration dependence of resistivity

of amorphous Ge-Ni alloys at atmospheric pressure and 60 Kbar
is shown in Fig.2b. The resistivity of amorphous Ge decreases
with increasing concentration of Ni and metallic conductivity
with the concentration over 30 at % Ni.

X-ray (Al Kd) photoelectron spectroscopy is shown in Fig.3
as a function of Ni-concentration. The valence band of amorphous
Ge has the single broad maximum in the distribution and the band
structure of amorphous Ge is remarkably altered on the addition

. 0of Ni. A pronounced peak due to the d electron density of state
of Ni appears and intensity of this peak becomes stronger with
Ni concentration. The position of the peak corresponding to

the d electron density of state of pure Ni shifts toward lower
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energy side by alloying. The d spectrum in amorphous Ge-Ni
alloys are essentially unchénged with Ni concentration in the
range ‘of concentration less than 30 at % Ni, but it shifts
gradually with Ni content in large concentration of Ni. The
density of state at Fermi energy increases with Ni concentration.
The Fermi energy is determined, with a Au sample, as the posi~
tion where the 6s band is down to half its height. Fig.4 shows
the measured density of amorphous Ge-Ni alloys at room temper-
ature the density of amorphous Ge is 4.8 gr/cm and the densi-
ties of amorphous Ge-Ni alloys increase rapidly with Ni con-
centration and approach to the value of the supercooled liquid
Ge-Ni alloy down to room temperature in the concentration range
over 30 at &% Ni, deduced from data for pure liquid Ge and Ni

assuming ‘that two constituents are simply mixed each other,
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§.4. Discussion and Conclusion

Despite much published literature on the structure of amor-
phous Ge, it is not fully understood at present. The electronic
properties of amorphous Ge depends principally on the local en-
vironments of the constituent atoms, i.e., on the first coordi-
nation number. The homopolar binding force prevents the forma-
tion of a close packed metallic structure. A .further increase
of average coodination number is achieved by alloying. The
alloys are probably significantly more disordered than the pure
amorphous Ge. Here is a compositional disorder (Economou et al.
1970) in addition to the lack of long range translational order.
In order to satisfy the local valence requirements, the connec~-
t%vity of the network must change randomly, and local disorder
is consequently increased.

It is reasonable to consider the possibility that the
addition of Ni may break the covalent bond of amorphous Ge and
then the coordination number increases. The measurments of the
X-ray diffraction and density exhibits that the structures of
amorphous Ge-Ni alloys in the range of Ni concentration over
30 at % is similar with that in the liquid alloy and they become
metallic. This suggests that in such alloys the covalent may
completely disappear. In such metallic region with dense
packing, 4 valence electrons per atom of Ge go into conduction
band and 4s electrons of Ni would become non-localized state.
The conduction band in Ge-Ni alloy may be built up with a

mixing of valence electrons of Ge and Ni. It should be remarked
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that the shift of the peak due to the d electron density of state
of Ni as seen in Fig.3 reflects the change of Fermi level by
alloying (40,50 & 60 at %) In the small concentration range

of Ni, where the shift of peak in photoemission spectra is very
small with Ni concentration, as shown in Fig.3, the 4s electrons
of Ni added to amorphous Ge are extremely localized because of

a large number of spatial randomness and the deep potential of
Ni. Therefore there is only a very limited sharing of electrons
between Ge and Ni. The addition of Ni increases the concentra-
tion of broken bonds and the average separation between Ge atoms
is reduced. Finally it seems evident that the pressure induced
metallic state of amorphous Ge-Ni alloys has a critical density

which is equivalent to that of liquid state.
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Figure Captions
Fig.l X-ray scattered intensity curve of amorphous and liquid
Ge-Ni alloys.

Fig.2a The pressure dependence of the resistance of amorphous
Ge-Ni alloys at room temperature.

Fig.2b The concentration dependence of resistivity of amorphous
Ge-Ni alloys at atmospheric pressure (¢) and above 60 Kbar
(0) Dashed line shows that of liquid state measured by
Guntherodt & Busch (1971)

Fig.3 X-ray photoelectron spectra for amorphous Ge-Ni alloys.

Fig.4 The densities at amorphous Ge-Ni alloys at room temper-
ature.
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Part 111

X-ray Photoemission Spectra of Valence Bands
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§1 Introduction

Most metals are free to dissolve in one another when they
are liquid, and the atomic and electronic structure of number
of different alloy systems have been investigated as a function
of concentration in the liquid state. However there are very
few systems which show a complete range of solution in both
the liquid and the solid phase. For Ni-Ge system, the two
constituents are only slightly soluble in a Ni rich phase in
solid state and form so-called electron compounds which exist
as Ni3 Ge with the structure of Cu3Au type and NiGe with the
structure of MnP type. For Fe-Ge, the solubility of Fe in Ge
is very low and it is also impossible to make crystalline alloys
of Ge and Au in a whole concentration range. However the Ni-Ge,
Fe-Ge and Au-Ge systems are completely miscible when liquid.
The precise measurements for the physical properties of these
alloys are not easy, since their melting temperatures are con-
siderably high.

It has been shown that the amorphous alloys of Ge-Ni, Fe
and Au with various concentrations can be easily produced by
evaporation onto a substrate. The X-ray or electron diffraction
patterns of these alloys show highly diffuse diffraction rings.(l)
The X-ray scattered intensity curves I(k) for amorphous Ge-Ni
alloys in the concentration range over 30 at.% Ni show similar
patterns with those for liquid, though there are large differences
in the structural and electrical properties between amorphous
and liquid Ge. (2)(3) Recently Stritzher and Wihl have reported
that the amorphous Ge-noble metal alloys obtained by condensation

become superconducting in the range of concentration between 25
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and 80 at.%Au and Cu.(4) The superconductivity of these phases is
believed to be due to Ge forced into a metallic liquid-like
structure with a higher coordination number than that of the
semiconducting diamond structure. Therefore it is interesting
to study the systematic variation of atomic and electronic
structure of such amorphous alloys with concentration and also
the extent of the similarity of physical properties in these
amorphous alloys with those in liquid state.
Bush et al.(s) have measured the electrical resistivity,

magnetic susceptibility and Hall coefficient of liquid Ge-Fe,
-Co,-Ni and-Cu alloys. The concentration range which shows the
negative temperature coefficients for the resistivity of Ge
alloys increases from Cu to Fe alloys. From the experimental
data for the concentration dependence of the electronic proper-
ties of these alloys, they have suggested the following schematic
density of states of d-electrons for different concentration of
Fe-Ge alloys. For pure liquid Fe, the density of states is

split into two peaks and the Fermi energy lies on the low energy
side of the high energy peak. On alloying with Ge, the split-
ting is reduced, the middle of the 3d-band and Fermi energy

move into the positions of the virtual bound state for ligquid

Ge rich alloys. Therefore, the density of states at the Fermi
energy increases for Fe rich alloys and decrease beyond a certain
concentration, for which the Fermi energy moves through the
second, but reduced peak. Therefore it is interesting to obtain
the information concerning the density of states for these alloys.

Recently many investigators have carried out the measure-

ment for the density of states of Ni, Co, Fe, Au, and Cu etc. by
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using X-ray photoelectron spectroscopy (XPS) technique.(6)(7)(8)

They have shown that XPS can in principle provide a rather
direct determination of the density of states near the Fermi
level as well as very precise information on core electron bind-
ing energies. Since the kinetic energy of the photoemitted
electron is very large compared with the band width and the
energy losses due to the scattered electrons photoexcited inside
the sample are distributed over a large range, the use of XPS
technique ensures the predominantly bulk nature of the transi-
tion, a small contribution of inelastically scattered electrons,
and nearly energy-independent escape depth. Baer and Bush(g)
have studied by using XPS technique the density of states of
Al which is well known as one of nearly free electron metals
and found the striking similarity of the valence band spectrum
with computed density of states. This study of Al demonstrates
that XPS is a satisfactory technique for studying the density
of states and the different processes involved in the XPS have
a weak influence on the shape of band spectrum which is closely
related to the density of states.

In the present paper X-ray photoelectron emission studies of
amorphous alloys between Ge and Ni, Fe and Au are reported
X-ray photoelectron emission spectra have been obtained which
contain information gbout the position and shape of d-bands as

well as about the position of core levels.
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§2 Experimental Procedure

Spectra were measured on a KEC-X 200 electron spectrometer
using the characteristic Al k“l,z X-ray (1.486 KeV) radiation.
The kinetic energy of photoemitted electrons was analyzed in a
hemispherical electrostatic analyzer and the energy selected
by the spectrometer was varied in step of 0.1 eV. The counts
at each energy were accumulated. The total instrumental resolu-
tion including the X-ray line width is slightly better than 1.0 ev.

To prepare amorphous specimens, the mixtures of Ge and Ni,
Ge and Fe, and Ge and Au with various concentrations, rapidly
quenched from their melts, wereé evaporated onto clean stainless
steel plate at room temperature from the tungsten filament in
the sample preparation chamber. The tungsten filament and Ge
alloys were carefully outgassed. The background pressure was
initially 1 x 10~° mm Hg and it rose to 2 x 10~° mm Hg during
the evaporation. The sample was carefully evaporated step by
step for a very short period to prevent the crystallization of
the condensed sample due to the radiation from tungsten filament.
The total evaporation time was one minute. The distance between
the substrate and tungsten filament was about 10 cm. The
thickness of amorphous films obtained by evaporation was about
500 A, The films were then directly transferred to the analyzer.
On recording the spectra, the vacuum of photoemission chamber
was maintained at 107! mm Hg.

In spite of this careful preparation, 0(ls) and C(ls) were
present in the spectra. The intensity ratios of the contaminant

0(1s) to Ge(3d), Ni(2p), Fe(2p), and Au(4f) lines were very small
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and no increase of the intensity ratio was observed during the
measurements. There was no change of the shape in the core level
signals due to the oxide formation in Ni, Fe and Au atoms near
the surface. All runs were made under the condition which 0(ls)
line had negligible intensity and the core levels have narrow

and stable widths.

Since the evaporation rates of the constituent atoms in
alloys might be different, there could be some ambiguities for
the determinations of alloy concentrations of the sample. It
was seen that the intensities of the inner core levels in the
Ni, Fe and Au changed almost linearly with the corresponding

concentration.
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§3 Experimental Results

The ionic structures of Ge-Ni, Ge-Fe and Ge-Au alloy
films used for the present measurements are amorphous, except
pure Ni, Fe and Au. For pure Ni, Fe and Au specimens it is
impossible to obtain the amorphous states by condensation at

(1)

room temperature. In the previous paper we reported the
X-ray scattered intensity curves of amorphous Ge-Ni alloys.,

It is well known that there are large differences in the
structural and electronic properties between amorphous and
liquid Ge. Amorphous Ge behaves like a semiconductor, while
liquid Ge like metal. However X-ray patterns of amorphous
Ge-Ni alloys remarkably change with increasing concentration
of Ni, and become similar to those in liquid alloys in the
range of Ni concentration over 30 at. % , where transition from
semiconducting to metallic state occurs.

Fig. 1 shows the experimental valence band spectra from
amorphous Ge-Ni alloys without any éorrection. To get the
"“"true" density of states, corrections have to be .applied to
the data. The transition probagbilities are a function of the
energy of the initial state, varying by about 10 % over the
width of the d-band in Ni, It is at present impossible to
correct for this effect. The Fermi energy was determined, with
a thin layer of Au evaporated at the position where the 6s-band
is down to half its height. The spectrum of the valence band
of Ni forms a narrow band as a result of the comparatively
localized nature of the d-wave function and appears as a single

peak with maximum intensity at -1.0 eV below EF and a half width

of the order of 2.7 eV. The maximum density of states can be
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somewhat closer to the Fermi level as a consequence of the
total instrumental broadening. The main peak associated with
Ni d-states in the density of states of amorphous Ge-Ni alloys
shows a remarkable shift to lower energies with respect to
the Fermi level EF with addition of Ge to Ni. 1In high concen-
tration region over 70 at.% Ge, where alloys show semiconduct-
ing prOpertyi the change of position of peak is relatively
small with increasing concentration of Ge and it is difficultd
to determine precisely the positions of the peaks since the
peaks merge into broad valence band of Ge. The half width of
the main peak becomes narrower with increasing concentration
of Ge, though there are considerable ambiguities for the estima-
tion of the half-width because of a high background at low
energy region.

The raw data for the valence band regions of amorphous
Ge-Fe alloys are shown in Fig. 2. The spectrum of the valence
‘band in Fe is broadened towards lower energies because of the
high contribution of small energy losses and no precise location
of the bottom of the band is possible in this case. The spectrum
shows. a main peak with maximum at -1.2 eV, The main peak in
the density of states associated with Fe d-states shifts towards
lower energies relative to EF with addition of Ge to Fe. The
change of positions of the main peaks in the spectra of amorphous
Ge-Fe alloys is comparatively small in the Ge rich range of
concentration nearly as same as in the case of amorphous Ge-Ni
alloys. The half width of main peak decreases with increasing of
Ge content.

Fig. 3 shows the valence band spectra from amorphous Ge-Au

- 50 -



alloys. The photoelectric cross section of Au is extremely high
compared to the other metals. The peaks originated from the
d-state of Au sites appear in the spectrum when only 2 at.94 Au
is added to Ge. The intensities of the spectra shown in Fig. 3
are normalized for the heights of the maximum peaks to be the
same for the all of spectra. The half width of the d-band of
pure Au is approximately 5.4 eV and the two separated peaks are
located at -3.2 eV and -6.0 eV- The contribution of scattered
electrons to the spectrum is very small and has a negligible
influence on the band shape. The position of the peak which
lie at lower energy side does not change on alloying with Ge,
while that at higher energy side remarkably shifts towards lower
energies relative to EF‘

Fig. 4, 5 and 6 show the positions of peaks with respect
to E

in Ge 3d3/2 core electron Bpectra obtained from the

F
measurement for Ge-Ni, Fe and Au alloys. The positions with
respect to EF are almost independent of the concentration of
alloys within the experimental errors.

The positions of Ni 2P3/2 core level with respect to EF in
Ge-Ni alloys are plotted as'a function of concentration in Fig. 7.
The position of Ni 2P3/2 core level with respect to Ep shifts
to lower energies with increasing Ge. As shown in Fig. 8, only
small shifts of Fe 2P3/2 core level are observed for Ge-Fe alloys.

Fig. 9 shows the concentration dependences of Au 4f and 4f

7/2 5/2
core levels with respect to EF in Ge-Au alloys. The change of

Au 4f

7/2 core level is quite similar to that of Au 4f The

5/2°
positions of Au 4f5/2 and 4f7/2 core levels are found to undergo
considerable changes with Ge concentration, and the positions

shift to lower energies with the addition of Ge, as in the case
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of Ge-Ni alloys.
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§4 Discussion

The physical properties of the transition metal alloys

(20) on the basis of a rigid band

were first discussed by Mott:
model. This model assumes that the parent metals and alloys
of them have the same distribution of energy states, and these
states are filled to a level appropriate to the electron-to-atom
ratio of the system. Cu-Ni alloy which has .long been considered
the prototype alloy whose magnetic properties are explained by
the rigid band model. However the recent measurements of X-ray
photoelectron emigsion by Hufner et al.(ll) has demonstrated
that rigid band model is quite inappropriate for all Cu-Ni alloys.
In alloys of Cu-Ni, Cu d-states are located in the energy region
associated with Cu d-states in pure Cu and similarly Ni d-states
are located in the energy region associated with Ni d-states in
pure Ni. The density of states of Cu-Ni alloys can be made up
by superimposing those of Ni and Cuﬂ‘ Therefore there is indeed
only a very limited sharing of electrons by the two constituents.
The density of states of Cu-Ni alloys at the Fermi level deduced
from their data is in good agreement with theoretical predictions
based on the coherent potential approximation.(12)
Takekura and Kanamori(l3) have discussed the electronic
structure of impurity atoms of non-transition elements in tran-
sition metal (Al in Ni and Pd, etc.) on the basis of ab initio

(14) The

calculation with the use of pseudo-Greenian method.
vaience orbitals of s and p symmetries of the impurity atom may
combine with the s, p and d orbitals of surrounding host . atoms
to form bonding and antibounding molecular orbitals. According to

their calculation, the density of states for the s or p orbitals
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of Al as impurity in Ni shows generally a hump below or in the
lower half of the-d-bands; it is followed then by a dip which
is broad for the s-orbital extending in the whole range of
the d-bands. For the p-orbitals, the bottom of the dip is
situated around the top of the d-bands.

The variations of the positions of main peaks associated
with the d-states of Ni énd Fe with concentration are plotted
in Fig. 10. The main peaks associated with d-statgg of Ni
and Fe in the density of states of amorphous Ge-Ni and Ge-Fe
alloys show the remarkable shift to lower energies with respect
to the Fermi level with addition of Ge to Ni and Fe.

The valence orbitals of Ge may combine with the s, p, and
d orbitals of surrounding Ni atoms to form bonding and antibond-
ing orbitals. As a result, the density of states of Ge in Ni
may have a hump with high density distribution of- electrons near
the bottom of the d-band of Ni to form bonding state. Therefore
the shift of main peak to lower energies with addition of Ge as
shown in Fig. 10 may suggest that the valence orbitals of Ge
combine with the d-orbital of Ni to form bonding orbitals, and
this bonding states extend with increasing Ge content, eventgally
to that of valence orbitals of Ge. It is interesting that in the
high concentration region over 70 at.% Ge, where alloys show
semiconducting property, the change of position of peak is
relatively small with increasing concentration of Ge.

The same explanation for the shift of main peak above
mentioned may be also appropriate to the case of Ge-Fe alloys.

The positiohs of main peaks of d-states of Au are situated

in the low energies, much lower than those of Ni and Fe. 1In the
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photoelectron emission spectra of Au-Ge alloys the middle of
main peak associated with d-states of Au moves towards lower
energies referred to Ep. It is noticed that the main peaks

do not continuously merge into the valence band structure of

Ge with decreasing concentration of Au in contrast to the cases
of Ni-Ge and Fe-Ge alloys..

The splitting of the peak associated with the d-band of
Au observed for Au-Ge alloys is believed to be a spin orbit
effect. Fig. 12 shows the variation of the separation between
two peaks with Ge concentration. The separation between peaks
decreases with increasing Ge content in the alloys. This evidence
may be attributed to the mixing of the d-orbital in Au with the
s, p-orbitals in.Ge.

The apparent variation of Ni2P;,,, Fe 21?3 /p» and" probably
of Au \4f5/2 and 4f7/2 core levels with alloying may be attributed
to the change of Fermi level since Ni 2P3/2 and Fe 2P3/2 core
levels lie in considerably lower energies with respect to Fermi
energy. Thus, as shown in Fig. 12, it is reasonable gssumption
that the Fermi levels of Ge-Ni, Ge-Fe and Ge-Au shift towards
to higher energies with the addition of Ge to Ni, Fe and Au.

It is noticed that the change of the Fermi level in Ge-Fe with
Ge concentration is quite small compared to other alloys. TFig.
13 shows that the 3d3/2 core levels of Ge in Ge-Ni, Ge-Fe and
Ge-Au alloys are shifted towards lower energies by the same
amounts corresponding to a highering of the Fermi level. There-.
fore, the electron binding energies of core levels of Ge in Ni,
Fe and Au are higher compared to that in pure Ge and decrease

with increasing of Ge concentration,
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The fact that the electron binding energy of 3d3/2 core
level of Ge in Ni is higher compared with that in pure Ge as
shown in Fig. 13 suggests the transfer of charge from Ge atoms
to Ni atoms to form the bonding between Ge and Ni. The charge
flow due to the bonding between Ge and Ni decreases with in-
creasing Ge concentration.
The measurement of the Mdssbauer isomer shift for Au alloys(l5)
indicates that there is a rather substantial flow of s-like
electron charge onto Au sites on alloying, consistent with the
view'that Au is relatively electronegative. This evidence is
entirely consistent with the behaviour observed for Ge-Au alloys
in the present work.

in
Our spectra for the pure amorphous Ge isAexcellent agreement

with the recent results obtained by Ley et al.(l6)

The density
of states of the valence band of amorphous Ge extends 15 eV

below E As pointed out by Ley et al., the gross variation of

P
intensity for the amorphous Ge with respect to energy is similar
to t@e crystalline Ge measured by them. The pegk near EF arised
fpom p-like bonding orbital remains essentially the shape of
crystalline Ge and other two s-like peaks situated in lower
energies side observed in crystal merge into a single broad
peak of intermediate energy in the amorphous state.

Finally, the photoelectron emission spectra obtained from
the present experiment is to be helpful for obtaining the knowledge
of. the density of states in liquid alloys.

It may be considered that the spectra from the valence bands

for amorphous Ge-Ni, Ge-Fe and Ge-Au alloys in the metallic

region are similar to those for liquid states.
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Figure Captions

XPS valence band spectra for amorphous Ge-Ni alloys.
The Fermi energy was determined, with a Au sample, as
the position where the 6s band is down to half its
height.

XPS valence band spectra for amorphous Ge-Fe alloys.

XPS valence band spectra for amorphous Ge-Au alloys.

Position of Ge 3d3/2 core electron level with respect

to E. in amorphous Ge-Ni alloys.

Position of Ge 3d3/2 core electron level with respect

to Ef in amorphous Ge-Fe alloys.

Position of Ge 3d3/2 core electron level with respect
to E, in amorphous Ge-Au alloys.

Change with alloying of Ni_2P3/2,level with respect
to Ef in Ge-Ni glloys.

Change with alloying of the position of Fe 2P level

3/2
with respect to Ef in Ge-Fe alloys.

Changes with alloying of the positions of Au 4f5/2 and
4f7/2 levels with respect to Ef in Ge-Au alloys.

Position of the peak associated with d-states referred
to Ef in the XPS valence-band spectra oﬁ amorphous

Ge-Ni and Ge-Fe alloys.

Shift of Fermi level in amorphous Ge-Ni, Fe, Au alloys.
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Fig., 12 Concentration dependence of the splitting of the

valence band in Ge-Au alloys.

Fig. 13 Change with alloying of electron binding energies of

core levels of Ge in Ni, Fe and Au,
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Fig. 6
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