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Neutron-diffraction study of bulk amorphous Al 3,Gegg alloy
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A neutron-diffraction study was carried out at 100 K on a bulk amorphoygaalg alloy produced by the
thermobaric technique. Fourier transformation of the measured structure factor and reverse Monte Carlo simu-
lations have been performed to obtain a total radial distribution function and three-dimensional atom configu-
rations. It was found that the effective coordination numbrer 4.5) is appreciably higher than 4, the char-
acteristic for tetrahedral coordination. The partial atom-atom correlations obtained are analyzed and the results
indicate a well-defined covalent bonding between Ge atoms and rather broad distribution for Al-Ge and Al-Al
nearest neighbor$S0163-182@09)02142-9

[. INTRODUCTION 16). It is possible to obtain these phases in a metastable state
at ambient pressure by means of thermobaric quendfihg.
As was shown in the set of previous studie$the meta- The recovered high-pressugephase with 68 at. % Ge has a
stable high-pressure crystalline phases in some binary sy§imple hexagonal structure and it transforms to the amor-
tems ofB elements, recovered at low temperature to ambienphous state on heating to 130 °C at normal presSuRre-
pressure, undergo transformation to the amorphous state |ininary measurements of the electrical properties have
the course of heating. The structure of the resulting bulkéhown that our amorphous product is a semiconductor.
amorphous alloys was studied by neutron diffractidrand It_ is of conS|der_abI_e_ interest to investigate what changes
transmission electron microscdby for Zn-Sb, Ga-Sbh, and &€ induced by a significantly large amount of trivalent Al in
Al-Ge systems. The composition of the amorphous alloy ofthe tetrahedral network of amorphous.tetra\./alent Ge.. Be!ow
the Zn-Sb system is ZgSh, (here and below in atomic We present the results of a neutron—dlffractlon_ investigation
percents, at.%which is close to that for the equilibrium ©f the bulk amorphous alloy of A}Gess composition.
equiatomic ZnSB? In the case of the Ga-Sb system, amor-
phous alloys can be obtained in the composition range 47.4—
52.5 at. % of Sb, thus including the composition of the equi-
atomic low-pressure phaséThe closeness in composition  The first step in the sample production was to produce a
of crystalline low-pressure phases and the amorphous alloygingle-phase sample of the high-pressughase by submit-
formed gives rise to a similarity in the short-range orderting a crystalline powder of the AGes; alloy to 9-GPa
observed for these phases. pressure at 320°C for about 24 h. This was followed by
At normal pressure, the Al-Ge system is a binary systentooling under pressure to liquid-nitrogen temperature and a
with the eutectic point at 424 °C and about 30 at. % of'Ge. release of the pressure to atmospheric. The final sample tab-
Both components have limited solid solubility and there ardets were in the form of discs, 7 mm in diameter and about 2
no intermediate equilibrium phases in Al-Ge alloys. How- mm thick, and the amorphous state was produced by heating
ever, it is possible to produce various metastable crystalliné20 °C/min) to 130°C. After production each tablet was
phases by rapid solidification of the melts or by fast annealehecked for crystalline inclusions by x-ray diffraction and
ing of thin amorphous film& °The equilibrium phase dia- stored in liquid-nitrogen Dewar.
gram of the Al-Ge system changes by applying high pres- The neutron-diffraction experiment was carried out on the
sure. The Ge solubility in Al increases up to 18 at. % at 7LAD diffractometer at the ISIS pulsed neutron source, Ruth-
GPa, and two intermediate phases are observed at higherford Appleton Laboratory, U.K® The data were collected
pressures for Ge compositions of 68 and 45-50 atR¥f.  in a wide range of neutron momentum trans@gifrom 0.5 to

II. EXPERIMENTAL DETAILS
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35 AL The ISIS pulsed neutron source produces neutrons
with a spread of energig®r wavelengthsthat gives an op-
portunity to measure the intensity of neutrons scattered from

the sample into fixed angle detectors as a function of time- i
of-flight. The data obtained can be directly transformed to &
momentum-transfer spectra. The time-of-flight technique @
makes it possible to measure a complete diffraction pattern 0

over the entire momentum-transfer range simultaneously.
The pellets of the amorphous AGe;g sample studied

were packed into a cylindrical vanadium container of

8.0-mm inner diameter. The measurements were carried out

using a standard “orange” cryostat kept at a temperature of

100 K. The experiment consisted of four measurements: with 1. . .00 v v 000y

the sample in the container, with the empty container, with- 0 5 10 15 20 25 30 35

out the sample and contain@he background measuremgnt Q (A

and with a vanadium rod. The vanadium neutron cross sec- ,

tion is almost entirely incoherent, and the latter measurement " 'C- 1. Total experimental structure factor for amorphous

was used for normalization of the sample data. The measurdd2C s alloy at 100 K.

time-of-flight spectra were transformed to structure factors

S(Q) by using the ATLAS correction program package. ures are mainly represented by Ge-Ge and Al-Ge atomic cor-

The total radial distribution functionG(r), was calculated relations, while the Al-Al correlations are hardly discernible.

by the Fourier transformation of th&(Q) spectra(with The experimental data in Fig. 1 clearly show that the
Qmax=35 A1) using the standard transformation tech-sample studied was a good quality amorphous material. No
niques, diffraction peaks, characteristic of crystalline inclusions,
were observed in the diffraction pattern recorded at the larg-
1 Qmax _ sina(Q) est diffraction angle(150°9, which has the best resolution
G(r)=1+— f Q[S(Q)—l]sm(Qf)WdQ, (0.5% AQ/Q). The maximum of the first and the second
2 por J0 ) Peaksinthe5(Q) curve are at about 1.96 and 3.35%and
@ oscillations are clearly seen up to 30° A
where po is the average atomic densitypd=0.0458 The G(r) function of amorphous AbGess, shown in Fig.
atom/A®, which corresponds to 4.410.06 g/cni) and the 2, exhibits a distinct and narrow first peakrgt=2.478 A.
modification functiona(Q) is given by a(Q) = 7Q/Qmax- There is no sign of a prepeak indicating some kind of chemi-
cal ordering. The first peak is very well separated from the
IIl. NEUTRON-DIFFRACTION RESULTS remainder ofG(r) and this, in principle, makes it possible to

) ) . . accurately calculate the coordination numbei.e., the av-

The aluminum and germanium nuclei are predominantlyarage number of atoms in the nearest-neighbor shell. Per-
coherent scatterers of neutrons. The corresponding scattemp@rming the appropriate integration of the total radial distri-
cross sections arey"=1.495 b ando&;=8.42 b. As the pytion function up to 3 A the valus=4.5+0.1 is obtained.
sample is a two-component alloy it is essential to know therhis is significantly larger than 4, which indicates that a
magnitude of the different structural correlations that makeyell-developed tetrahedral bonding network does not exist in
up the total scattering intensity. The contribution of the par-amorphous A},Gess. It should though be noted that the ratio
tial structure factorss;;(Q) to the corresponding tot&(Q)  of the positions of the second and the first peaksi),
is given by the expression: r,/r,~4.03/2.48<1.625 is close to the tetrahedral value

1.633. However, in order to understand the structure of
S(Q)=iEj Vxix; o fotTS; (Q). 7

5 T T T T T T T T T T
The sum is over all different types of atom paiisj§, X; is
the concentration of atom of type and a partial structure 4 .
factor S;;(Q) is defined in Ref. 20 as
. 34 -
o sin(Qr) D
Sij(Q)= 8+ 4mpoVXiX; JO [G(r)—1] ar radr. = ,
()
The relative weights of the oscillating part of Al-Al, Al-Ge, 14
and Ge-Ge partial structure factors of the toBQ) are
0.03, 0.16, and 0.81, respectively. 0O-—end ¥ v L
Figures 1 and 2 show the experimental structure factor o =2 4 6 Br (A)lo 12 14

S(Q) obtained and the corresponding total radial distribution
function G(r) for the amorphous AbGess sample. The FIG. 2. The total radial distribution functiofG(r), for amor-
weight coefficients above indicate that the curves in the figphous Ak,Gesg obtained by Fourier transformation 8{Q).
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TABLE I. Parameters obtained from a fit of the first peak of

G(r) for amorphous Al,Gesg alloy by a sum of three Gaussian :‘2_: h (a) _
functions. A% 4 A ]
2 1 ah 1
. — . — ol Al
Gaussian Position of Width of Coordination T \}‘\:’ i | )
peak number peak(A) peak(A) number z\lIIIII
p— A—l
1 2.4670.006 0.132 2.93 0 ® 10 15 20 25 QA7)
2 2.60+0.08 0.20 1.02 i
3 2.80£0.15 0.33 0.54 6 Ge—Ge
4_
amorphous Al,Gesg it is important to realize that the first 24

peak exhibits a very distinct shoulder above 2.6 A. For a
guantitative description of the first peak it was fitted by a
least-squares method with a sum of three Gaussians. The
parameters of the fit are given in Table I. The origin of this
shoulder which, together with a tail, persists up to 3.1 A can
be explained as follows: from the composition of the alloy it
can be evaluated that the probability for an Al atom to have
another one or even two Al atoms as nearest neighbors is 0
relatively high because the average number of Al atoms near
Al atom is about 0.3 4.5=1.44. If it is assumed that Al
and Ge atoms do not form any covalent bonds, it may, from
a geometrical point of view, be easily anticipated that around 4
an Al-Al dimer (or trimer there will be a larger number of ]
Ge atoms than would have been the case if only covalent R
bonds with tetrahedral coordination were possible. This 0 .
would result in a coordination number for noncovalently 2 3 4 r(4)
bonded Al-Ge pairs greater than 4. Accordingly, the shoulder

and the taﬂ for the right-hand side of the first peak in the"ne) reduced structure factorQ[S(Q)—1] for amorphous
G(r) ranging up to 3.1 A may correspond to Al-Ge and Al3,Gese. Partial radial distribution functions for amorphous
Al-Al nearest-neighbor arrangements. Al;,Geys obtained by RMC modelingth) GaeadT), (€) Gacelr),

(d) Gaai(r); (e) the partial G;;(r)plotted in a larger scale for
Al-Al, Al-Ge, and Ge-Ge pairs by solid line with points, dashed
line, and solid line, respectively.

0 2 4 6 8 10 r(3)

FIG. 3. (a) Total experimentalpointy and RMC fit (dashed

IV. REVERSE MONTE CARLO SIMULATIONS

To elucidate the partial atom-atom correlations in the
amorphous alloy studied a reverse Monte CafRMC)  where the sum is over ath experimental data points, each
method was applied. This technique is described thoroughljiaving an erroro(Q;). A randomly chosen atom was then
in Refs. 21-23 and it has been already used, with differingnoved randomlywith a maximum step of 0.05 A, and obey-
degrees of success, for simulations of tetrahedrally coordiing the constraints conditionslf the new calculategy? was
nated amorphous $Refs. 24 and 25 Ge(Refs. 25 and 26 smaller than the previous one, this atomic move was ac-
and C(Refs. 25, 27-2p In the present RMC calculations cepted, otherwise the move was accepted with probability
1000 atoms of aluminum and germanium were randoml;@xq_(Xﬁew_Xgld)/z]_ Another atom was then randomly
generated in the cubic box of size of 27.95 A with properchosen to move and the above procedure was repeated until
concentration and average atomic density. Closest atontonvergence was reached, i.e., when the obtained three-
atom distance constraints were applied to prevent atomgimensional atomic configuration produces a calculated
from being closer than 2.25 A for any of Al-Al, Al-Ge, and structure factor, which satisfactorily describes the experi-
Ge-Ge pairs; the use of a larger value in the RMC simulamental data.
tions resulted in an abrupt vertical cutoff on the left-hand As can be seen from Fig(8® the agreement between the
side of the first peak of the parti@(r) functions(the details  calculated and experimental structure factors is exceltent
of the RMC technique could be found in Refs. 21%2Bhe  duced structure facto®[ S(Q) —1] are shown in the figure
structure factorS.,(Q) was calculated for this atomic ar- for better comparison at high€r values. All features of the
rangement, assuming periodic boundary conditions. The criexperimental curve are well reproduced over the wt@le
terion relevant to the agreement between the calculated arrgnge_ Figures ®)—3(e) show the partial radial distribution
experimental structure factors was calculated by using theunctions, which give new and complementary information
equation: on the atom-atom correlations. It is clear from the figure that
the shoulder at the right-hand side of the first peak in the
m total G(r) in Fig. 2 is really due to Al-Ge and Al-Al corre-
2_ N N2 N2 lations. The first peak in these two radial distribution func-
X 21 [Seall Q)= Sergd Q) (Q0)", @ tions is rather broad, with the tail at the right-hand side ex-
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FIG. 4. The distribution of the number of neighbors within the cos(0)

first coordination shell for Al-Al(top, left), Al-Ge (bottom lefp,

Ge-Al (top right, and Ge-Gelbottom righi. FIG. 5. Distribution of the cosine of the bond angIB§cos(@)],

for Ge-Ge-Ge, Ge-Ge-Al, Al-Ge-Al, Ge-Al-Ge, Al-Al-Ge, and Al-
Al-Al, calculated by using the results of the RMC simulations for
tending above 3 A. Very small correlations are seen up to 5.8morphous A},Gess.
A for Al-Al pairs and up b 7 A for Al-Ge pairs. As for the
Ge-Ge pair-correlation function, it exhibits a very sharp firstof the cosine of the bond angleB[cos()]. For this reason
peak, with a maximum at 2.48 A, which is slightly larger the bond-angle distributions for Ge-Ge-Ge, Ge-Ge-Al, Al-
than the covalent diameter for a Ge at¢2¥4 A), and the Ge-Al, Ge-Al-Ge, Al-Al-Ge, and Al-Al-Al were calculated
first peak is well isolated from the second one. The intensitypy using the results of the RMC simulations for amorphous
of the curve between these two peaks is close to zero, whichl3,Gesg and the results are shown in Fig. 5. Bonds were
means that the atoms in Ge-Ge pairs are connected by rathéefined by neighbors within the first coordination shedll (
well-defined covalent bonds. <3.1 A). The curve for Al-Al-Al cosine bond-angles distri-

The interesting feature of the atomic distribution obtainedbution shows very poor statistics because, as seen from Fig.
by RMC calculation should be mentioned. Thus, the smalles#(a), the probability for Al atom to have two or more other
distance between the Al-Ge atoms appears to be the shorteit atoms as the nearest neighbors is relatively small. The
interatomic distance in the systdisee Figs. &) and 3e)].  bond-angles distribution for “ideal” tetrahedral network
This means that the closest Al-Ge pairs surely cannot bshould show only one maximum corresponding to the tetra-
described by a common hard-spheres model. hedral angle#=109.5°. Figure 5 clearly shows that Ge-

Using the three-dimensional atomic coordinates obtained>e-Ge cosine bond-angles distribution exhibits a broad peak
the probability functions for atoms of typehaving atoms of around cosf)=—0.3 (corresponding t@=107.5°, which is
typej as nearest neighbors were calculated. The correspondlose to tetrahedral angl@nd a sharp peak at c#¥&0.5
ing curves are shown in Fig. 4. The average coordinatiorfcorresponding ta@=60°). These features indicate a pres-
numbergnumber of atoms in the first coordination sphere ofence of large amount of tetrahedral arrangement of the Ge-
radius 3.1 A calculated are: 1.37 for Al-Al, 4.16 for Al-Ge, Ge-Ge atoms in the alloy and, in addition, “triangular” con-
1.96 for Ge-Al, and 2.88 for Ge-Ge pairs. One can concluddigurations of the atoms in amount of about 19P%n
that most Ge-Ge nearest neighbors do not form tetrahedrabtegrated area under the peak at é&p=0.5]. This angle
units. The more probable elementary unit around a Ge atori@=60°) is characteristic of close packing in the system,
consists of 2.88 othdrovalently bondedGe atoms and 1.96 and, actually, the “triangular” atomic configuratiofisorre-
Al atoms, which means a Ge atom has 4.84 nearest neiglsponding to cos{)=0.5] are very common for the liquid
bors in average. This is not seen from the analysis of the totaltate of Si and Ge sampl&The observed effect correlates
radial distribution functiorG(r) discussed above because it well with the results of recent RMC studféof structure of
represents the sum of parti@;(r) weighted by the coeffi- amorphous Ge, Si, and C that have identified a presence of
cients, which are small for Al-containing correlations due tocovalent bonding with corresponding local tetrahedral order-
the small coherent neutron-scattering cross section for Aing and a rather large portion of “triangular” atomic ar-
atoms,(see Sec. I)l. The total coordination number for Al rangements in these systems. The distribution for Ge-Ge-Al
atoms(due to Al-Al and Al-Ge correlationsis 5.53 and it  cosine bond angles looks very similar to Ge-Ge{&ee Fig.
was expected to be large due to supposed noncovalent bong), but with a larger amount of “triangular” atomic configu-
ing between them. For Al-Al pairs the average coordinationrations, ~24%. The distributions involving two Al and one
number is 1.37. Aluminum atoms are consequently conGe atoms do not show a well-defined peak corresponding to
nected mainly in groups of two or three atoms and do notetrahedral atomic arrangement. The peak at&ed{.5 for
construct a continuous network through the sample—there ithese distributions is rather large, 36% for Al-Al-Ge and
no percolation of aluminum atoms in the sample. 38% for Al-Ge-Al, indicating their “triangular” close-

It is known that the orientational correlations in disor- packed atomic configurations and, therefore, predominantly
dered structures could be well represented by the distributionontetrahedral arrangements in these units. The bond-angles
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distribution for Ge-Al-Ge has poor-defined structure, which(the starting material in Ref. 32 was fine mixture of fcc Al
has to be a consequence of their very broad bond-anglemd diamond-type Ge prepared by mechanical alloying of the
distribution. elemental powdejs Furtherin situ structure investigations
using synchrotron radiation are necessary in order to observe
V. DISCUSSION formation of the amorphous AlGe-II under pressure.
o ) The position of the first two halos for AlGe-1 observed in
It is interesting to compare th8(Q) and G(r) data for  the electron-diffraction pattefhhad values of 1.96 and 3.27
the amorphous A}Ges alloy studied and for pure amor- A -1 The first coincides with the present data but the value
phous Ge produced by deposition technigtiat first sight  for the second peak is smaller than the 3.35%fbserved
the spectra appear very similar, but the quantitative valuefere, In Ref. 32 the diamondlike structure of amorphous
are completely different. The amorphous Ge is less densg|Ge-| was postulated and the nearest-neighbor distance in
(po=0.03975 at/A) compared to the AlGess alloy (b0 amorphous AlGe-l was calculated to be about 2.4c8m-
=0.0458 at./R), but the peaks in th&(r) spectrum in the pared with 2.48 A determined in the present investigation
present study are slightly shifted to larger distanitee po-  from the partial Ge-Ge radial distribution functiorSo, it
sition of the first peak irG(r) for amorphous Ge is at 2.463 seems that the amorphous AlGe-l sample obtained in Ref. 32

A (Ref. 32]. This results in the principal difference that the has common features with the sample investigated in the
first coordination number for amorphous ;4Bess is 4.5  present paper.

(with a contribution of only 2.88 due to Ge-Ge correlatipns
while it is 3.68 for amorphous Ge.

Reference should be made to the recent studies of amor-
phous Al-Ge alloys by Yvon and coworkefsDegtyareva It is shown that for the amorphous £Ge;q alloy pro-
et al,* and Barkalovet al.>* The authors of Ref. 32 pro- duced by heating of the quenched high-pressure phase at
duced two types of amorphous Al-Ge alloy by the pressureambient pressure the effective coordination numbar (
induced solid-state reaction and studied their structure by=4.5) is appreciably higher than 4, which is characteristic
transmission electron microscopy at ambient conditions. Fofor a tetrahedral coordination. The first peak of the total ra-
high-pressure treatments Al-Ge alloys of 20-60 at. % Gaelial distribution function has a pronounced right-hand shoul-
were prepared by mechanical alloying. The state, calledier visible up to 3.1 A. The RMC calculations for amor-
amorphous AlGe-I, was produced by applying a pressure bghous AL,Ges have shown that the partial radial
tween 2.5 and 8 GPa at room temperature and then releasinigstribution function for Ge-Ge correlations exhibits a sharp
the pressure to ambient. The stability range of AlGe-1 wageak at a distance close to the value for the Ge-Ge covalent
located within 60-100 at.% Ge interval. Another state,bond, but Ge atoms do not form a tetrahedral arrangement
amorphous AlGe-Il, was obtained at pressures above 8 GPghe corresponding first coordination numbenis 2.88). It
It had a higher density and was described as a metalliclikgvas found that the Al-Ge and Al-Al correlatioriwith total
phase with a coordination number close to 12. n=5.53) increase the effective coordination number to the

In Ref. 33 energy dispersive x-ray diffraction was appliedobserved value of 4.5 and result in the formation of the broad
to study the structural transformations under pressure aight-hand shoulder of the first peak in the to@{r) func-
room temperature in amorphousz4Ge;, alloy produced by tion. It was concluded also that aluminum atonms=(1.37)
the method described in Ref. 17. Amorphous sample crystado not construct a continuous network through the sample.
lized to the phase with a simple hexagonal struct(ye
phase at pressures between 4.3 and 5.5 GPa. Jlphase
was stable up to 47 GP@imilar results were obtained in
Ref. 34 for the A},Ge;s amorphous alloy This is 5 times This work has partly been financed by the CNRS—Russian
higher than reported in Ref. 32 pressure of 8 GPa for formaAcademy of Science Collaboration Agreement under Con-
tion of the amorphous AlGe-Il. When the pressure was retract No. 4069, by the Royal Swedish Academy under Con-
leased they phase underwent reverse transformation to thdract No. 1454, by the RFBR Grants No. 96-15-96806 and
starting amorphous staté3* No. 99-02-17007, and by the Grant No. 34-1997 for young

Thus, formation of the amorphous state like AlGe-II re- scientists from the Russian Academy of Sciences. The au-
ported in Ref. 32 was not observed in Refs. 33 and 34. Thishors would like to thank ISIS for the provision of neutron
can be attributed to the different compositions of the startindbeam facilities. One of the authof®.1.B) thanks the Alex-
alloys and also to the different initial states of the samplesander von Humboldt Foundation for support.

VI. CONCLUSIONS
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