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Neutron inelastic scattering study of Se-As-Ge glasses: A test of the vibrational
isocoordinate rule
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Determinations of the generalized neutron vibrational density of st@%0S made on samples of
Se-As-Ge glass alloys by neutron inelastic scattering at the NIST Center for Neutron Research are presented.
It is observed that up to a certain characteristic vibrational energy the GVDOS are nearly identical for alloys
over a broad range of compositions as long as they have the same average coordinatiord nuntbehe
present work this feature, referred to as the vibrational isocoordinaté\fLH9, is established for samples of
Se-As-Ge alloys over the entire glass-forming region With ranging from 2.16 through the theoretical
rigidity percolation threshold 2.4 up to 3.2. Compositional exceptions to the VIR have been found along and
near the Se-As binary alloy line aboye)=2.4.[S0163-1829)12105-3

I. INTRODUCTION from groups IV B and V B, present a rich array of glass
formers. In particular, the Se-As-Ge alloys, having covalent
Covalent, multicomponent glass alloys having a variety ofcoordination numbers from 2 to 4, provide an exceptionally
compositions with the same average coordination numbeproad range for studysee Fig. 1 in which the curved line
(r) (Ref. 1) are called “isocoordinate glasses.” Such glassegepresents the boundary of the glass-forming region found in
often display “isocoordinate rules,” namely, properties the text by Borisov¥). This system features local structures

which depend only orfr) and not on compositioh These from rings and chains in Se to quasi-two-dimensional struc-

isocoordinate rules are especially evident in the chalcogenid&reS @long the As-Se binary lifé to three-dimensionally
d network glasses such as GgS8 Glasses of this sys-

lasses, i.e., made with elements of group VIB: S, Se, anf9 : €S |
gre grotp fem have been report&dvith average coordination numbers

Examples of isocoordinate rules in chalcogenide glassersang'ng contmuously fronfr)=2.0 to 32 . .
Below are described our observations of isocoordinate

involving mechanical and thermal properties are the behav- S !
: . . S rule behavior in these glasses. Since there seems to be some
iors of ultrasonic elastic constants hole relaxation in Se-H

tral hole-burni i merftand the behavi £ th variety of methods in the literature, a detailed description of
spectral hole-burning expenme 479,n ) the benhaviors of the sample preparation and an outline of sample characterization
glass transition temperaturél,,™" dilatometric softening

) is provided. In connection with displaying valuesTof mea-
temperature$, and measures of hardnéss.Using bond ¢ req in this work, we plot them along with measurements

length as a ruler, these behaviors span length scales from they e, from the literature to display an isocoordinate rule and

macroscopic(elastic constants, hardngs® tens of bond  exceptions to it which turn out to be exceptions to the VIR as
lengths(spectral hole burning Similarly, using typical vi-

brational frequencies as a measure, the glass transition tem-
perature, spectral hole relaxation, and ultrasonic behavior are
all long-time-scale phenomena. It is likely that mechanical
constraint theories of covalent structures developed by
Phillips” and Thorpé® lie at the foundation of these phenom-
ena.

It is of interest in this connection to add to the already
existing isocoordinate rules the vibrational isocoordinate rule
(VIR) which was observed by Kamitakahaall! The VIR
is that the generalized neutron vibrational density of states
(GVDOY) of pairs of isocoordinated glasses are nearly iden-
tical up to some characteristic energy, typically about 20
meV. Compared to acoustic measurements, this observation
extends the time scale down by seven orders of magnitude ' N Y ARG '
and the length scale to a few bgnd lengths for isocoo?dinate Se 20 40 60 80 As
rule behavior. The exploration of the compositional extent gG. 1. The ternary glass diagram indicates the sample compo-
and frequency range of VIR behavior over the glass-formingsitions (circles which were used for this work in addition to the
region of the Se-As-Ge system is the subject of the preserfamples previously measured by Kamitakahatal. (Ref. 11)
study. (squares The straight lines across the ternary graph represent iso-

The glasses of group VI B chalcogens, either by them<oordinates and the curved line displays the glass-forming region
selves or in combination with other elemeMtsespecially  proposed by BorisovéRef. 12.
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TABLE I. A list of the prepared samples, ordered by the average coordination number, is displayed. For each alloy the composition and
glass transition temperature based on the point of inflection method are given. The last two columns provide information on the preparation
procedure. The numbers need to be interpreted as following. For example, the 2.16 sample was heated slowly from 400 to 820 °C within 4
h, making stops at several intermediate temperatures. The sample was then kept at 82D hGuifal 30 min before it was quenched into
ice-water(iw). Other abbreviations: oiw oil-ice-water, oisw=oil-ice-salt-water, a&amorphous, and=crystalline.

(r) Se As Ge Tq preparation guenching/result
(at. % (°C) [°C (h:min)]
2.16 0.840 0.160 0.000 92 400-82000), 820(2:30 iw/a
2.4 0.600 0.400 0.00 196 400-82230), 822 (4:45 iw/a
2.6 0.550 0.300 0.150 274 250-76030), 750 (4:05 air/a
2.6 0.400 0.600 0.000 135 300-86050), 860(3:15, 780 (1:45 oiw/a
2.7 0.300 0.700 0.000 150 400-86015), 850(4:40), 780(1:00 oiw/a
2.8 0.400 0.400 0.200 346 143-768040), 750 (1:20 air/a
2.8 0.300 0.600 0.100 315 400-8en15), 820(5:00 oiw/c
600-10001:30, 1000(1:20, 82210:45, 720(1:00 oiw/a
3.0 0.325 0.350 0.325 419 600—-108045), 1050(11:35, 820(3:50 oiw/a
3.2 0.250 0.300 0.450 437 400-8(00), 800(5:00 iw/c
600—-1050(0:10), 1050(14:50, 750(5:45 oiw/c
820(0:20 oiw/a
3.2 0.175 0.450 0.375 445 400-1061040), 1050(12:20, 8221:10 oisw/c
822 (2:3H oisw/a

well. A discussion of neutron scattering results which estabpost-quench annealing temperatures depended strongly on
lish the validity of the VIR over the glass-forming region of sample composition. Preparation details are provided in
these alloys follows. Attention is then turned to the excep-Table I. The ampoules were removed from the furnace and
tions to the VIR which come in the frequency domain and inimmediately quenched in an ice-salt water mixture covered
the composition domain. The origin of each is examinedwith peanut oil. The peanut oil coats the hot ampoule as it
Finally, the concept that isocoordinate rules are associateehters the quench bath and, compared with water, apparently
with network connectivity only, and not with network topol- reduces the vapor layer isolating the ampoule from the bath,
ogy or dimensionality, is discussed. thus improving thermal contact. It was necessary to use pea-
nut oil for the high arsenic an¢t)=3.2 samples. For sev-
eral alloys the heating process had to be repeated as indicated
in Table | because of crystallization of the quenched sample.
A. Sample preparation In most instances the unopened ampoule with crystalline ma-
terial was placed directly back into the furnace for further

Th? Se-As-Ge alloys wer% prepared f°”°""'?69 the de_treatment. Crystalline material can often be distinguished
scriptions of Susmanetal,”™ Azoulay etal,” and

17 . . i . . from glassy material by its dull color, black coating, or
Halfpap.” Several details are po_mted out in this SeCtlor!'bubble formation on the surface. Finally, all samples were
Quartz ampoules were cleaned in a 25 wt. % hydrOfluc’”Cannealed for 18—20 h at 100 °C below their glass transition
acid (HF aqueougbath and outgassed until the pressure sta;[ tures to reduce strains
bilized to 107 Torr. All sample handling was performed in emperatures '
a helium-filled glove box(oxygen level:<5 ppm, water
vapor level<0.05 ppm). The pure elements were treated in
the following way. Selenium shotALFA, purity 99.999 Sample characterization was done in three steps: x-ray
wt. %) was melted for 2—3 hours in a continuously evacuatedliffraction (XRD), energy-dispersive x-ray spectroscopy
(p~10"7 Torr) quartz ampoule to remove hydrogen and(EDX), and differential scanning calorimet®SC). XRD
oxygen as volatile KSe and Se@ High purity arsenic experiments using C « radiation were performed over a
(ALFA, purity 99.9999 wt. % was heated to 350°C in an range of 2%<26<120° to check for Bragg peaks and there-
evacuated quartz ampoule while the top part of the ampoultore any crystalline structure. Samples exhibiting Bragg
was kept at 25°C. This distills out the volatile oxide con- peaks were submitted to a modified cycle of heat treatment
taminants. Even though germaniuALFA, purity 99.999  and quenching until subsequent XRD measurements showed
wt. %) does not attract oxygen in great amounts on its surno further Bragg peaks to within the sensitivity of the mea-
face, it was heated under vacuum to 450°C overnight irsurement. The recorded XRD patterns were also monitored
order to reduce the oxygen content. for systematic variations of the first sharp diffraction peak

Weighed starting materials usually of the order of gramgFSDP, a signature of intermediate-range order.
measured to within 10 mg were loaded into 2-mm thick- EDX was used to test the homogeneity and stoichiometry
walled quartz ampoules, sealed under 10Torr dynamic  of the samples. Several small chunks of one sample batch
vacuum and transferred to a rocking furnace for further treatwere polished flat using 0.Jum alumina powder and
ment. The duration of heating in the rocking furnace andmounted within one EDX run. These spectra were then com-

Il. EXPERIMENTAL PROCEDURES

B. Sample characterization
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T Halfoap + 175384509€375 _ .
O Azoulay Ay 7 FIG. 2. An example of an isocoordinate rule
A a SenAsnG is the behavior of the glass transition temperature.
®5C40A849 €0 . "
A AR SerAsaG For underconstrained glasses the glass transition
300} + ¥Se30As60Geg i . e
—_ + A temperatures are independent of composition for
© SessAsyGe1s “ + isocoordinated alloys. Above the theoretical ri-
> o™t 0 5c30As7, g!dlty percolation threshqld ofr)=2.4 isocoor-
= ‘ g+t dinated alloys have a wider spread Tg. Two
200[- SeqoAsao @ A . exceptions, namely, ASe, and AsSe, can be
®ry found, with both of them being also outstanding
o * in their GVDOS. Samples used in this work are
SegqAsyg A ®5Se40As60 labeled with their composition. The uncertainty
100k 09 - . of theseTy's were found to be+5 °C. Refer-
2 ences for all additionaTl y's: Borisova(Ref. 12,
§ Halfpap (Ref. 25, and Azoulayet al. (Ref. 16.
Iilg T T T T T T
2.0 22 2.4 2.6 2.8 3.0 3.2

Average Coordination Number <r>

pared to Se, As, and Ge standards. The homogeneity andder with dimensions 5.4 cm length by 1.6 cm diameter and
correct stoichiometry could be verified to within the 3% ex- 0.07 mm wall thickness. It was placed into an outer alumi-
perimental uncertainty of the spectrometer. The stoichiomaum foil container of dimensions 6 cm length by 2 cm di-
etries reported in Table I, however, are based on the weigh@meter and 0.15 mm wall thickness, and the whole assembly
of the starting materials used. was mounted into a 30-cm-diam evacuated Al can. The ex-
DSC heating measurements were performed on a Perkiposed sample area was defined by a cadmium mask placed
Elmer Joel JSM 5300. It has been shown by Mahadevan anoh the outer surface of the can. The samples, consisting of
Giridhar'® that for several chalcogenide glasses the glasships of dimensions a few mm, were on average 18 g. In
transition temperatures vary by 30 K for heating rates fromsubsequent runs, for an improved intensity 4.80 A incident
1.25 to 40 K/min. For this reason it is important to note thatneutrons were used. The redud@dange attending this se-
all scans were performed under the same conditions with kection had no apparent effect on the spectra. The 4.8 A
heating rate of 30 K/min. The glass transition temperaturespectra are downshifted by about 1 meV at 20 meV com-
were determined by the point-of-inflection method using thepared to the 2.435 A spectra. This discrepancy remains un-
heating curves. Glass transition temperatures versus averagesolved. The Al foil container was also changed to an an-
coordination numbers are displayed in Fig. 2. This graph is aular cylinder of 2 cm outer diameter having 2 mm sample
plot of our T4 along with values for Se-As-Ge glasses foundregion thickness to reduce multiple scattering and absorp-
in the literature. Since the data listed are from three sourcesion. A typical sample run lasted 22 to 28 h. The empty
differences due to experimental methods and evaluations aontainer runs were 13 h long and the vanadium run, which
the data are to be expected. Figure 2 illustratesTthesoco- ~ was used to calibrate the detectors, took 4 h.
ordinate rule. As already pointed out by Tatsumisagal.* Data were normalized to the scaled incident beam expo-
composition-specific variations, i.e., departures fromThe sure dose as determined by monitor detector counts. The
isocoordinate rule, become particularly noticeable above theample scattering intensity for subsequent analysis was ob-
theoretical rigidity percolation threshold ¢f)=2.4. Figure tained by subtracting smoothed empty container data multi-
2 indicates that at higher average coordination numisers,  plied by the ratio of sample run to empty run monitor counts.
e.g.,(ry=3.2), the isocoordinate rule appears to be in effect In reducing the data to extract the GVDOS several ap-
again. However, since the glass-forming region (fior val-  proximations are thought to be adequate for the qualitative
ues above 2.8 is reduced considera(sige Fig. 1, the valid- comparisons made in this study. Differences in atomic
ity of the Ty isocoordinate rule cannot be explored over amassesSe, As, Ge: 78.96, 74.92, 72.61 anand in coher-

very wide composition range. ent neutron scattering lengtkSe, As, Ge: 7.97, 6.58, 8.185
fm) were ignored. A rough estimate of multiple scattering
IIl. NEUTRON TOF EXPERIMENT showed that it did not affect the comparisons of GVDOS

_ _ . _ made in this work. The GVDOS was obtained in the inco-
Time-of-flight (TOF) neutron inelastic measurements herent approximation as described previodSlgorrecting

were performed at the Fermi Chopper Spectrom@@3 at  for multiphonon contributions and absorption using
the National Institute of Standards and TechnoldlyyST) MUPHOCOR®

Center for Neutron Research. In the first run incident neu-
trons of wavelength 2.435 A were chosen to provide suffi-
cient intensity, resolution, and a suitalflerange for the use
of the incoherent approximation in analyzing the data for the GVDOS determined in this work of Se-As-Ge alloys with
vibrational density of states. The sample container used imaverage coordination numbers ranging from 2.16 to 3.2 are
this initial Se-As-Ge experiment was an aluminum foil cyl- displayed in Fig. 3 as symbols with lines to guide the eye.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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. . FIG. 4. The VIR is best shown by plotting GVDOS of isocoor-
FIG. 3. GVDOS of Se-As-Ge alloys spanning the gl‘?'S‘Q"fo'rm'ngdinated alloys on top of each other. Data consist of F&&® Table

region from(r)=2.16 to 3.2 are displayed. Starting from the high- ) and IN4 (see Ref. 1L measurements(r)=2.16, [Se,Geyg
est(r) value, successive curves are shifted by 0.015 units on th%S . _ . '
E50AS0sGEs OSeAss; (r)=2.8, ASeAsGey,

vertical scale. The compositions of these alloys are as follows; . _

(1)=2.16, SeASs: (r)=2.4, SeAsy: (1)=2.6, SeAsOas OSaAsGe, DSapsGa; (32 OSedisuCas
€75AS150G6575.  Successive isocoordinated pair curves are

(r)=2.8, SqAs,Ge;;  (r)=3.0, S@hsssGerps:  (1)=32,  gpifieq by 0.030 units on the vertical scale.

SesAS3Geys-

The underconstrained glass wittr)=2.16 shows the less, there are noticeable and characteristic differences in the

“floppy mode” peak at 5 meV identified earlier by Kamita- GVDOS above~20 meV for different stoichiometric isoco-

kaharaet al! With increasing(r) value the floppy mode ordinates which reflect differences in the short-range order

intensity decreases and can be seen in the overconstrain€®RO of these glasses. One example is in ¢hp=2.4 data

glasses (r)>2.4) as a shoulder in the low-energy regime.of Fig. 5 where theA; mode of GeSg, tetrahedra is evident

This behavior was already observed in Ref. 11 on a differen@s a peak near 25 meV in theg&®,(A) spectrum but ab-

selection of Se-As-Ge alloys. sent in AsSe(O) in which the SRO about each As is closer

Figure 4 illustrates the central result of this work, namely,to trigonal. From this we conjecture that the broadband be-
that the vibrational isocoordinate rule holds over most of thdow 20 meV is sensitivenly to connectivity and not to net-
glass region: for underconstrained glassés)£2.16) as Work topologyas expressed in the short-range order. This
well as for overconstrained ondgr)=2.8, 3.2 (3.0 not broadband is dominated by modes extending widely over the
shown]. A review of Fig. 1 shows the very wide range of network and not by modes localized on robust “molecular”
compositions of the isocoordinate glasses whose spectra are
shown here. It should be pointed out that spectra of isocoor-
dinated glasses measured at NIST using 2.435 A incoming
neutrons and the earlier measurements of Kamitakahara
et al. taken at the Institute Laue Langevin TOF instrument
IN4 using 2.2 A incoming neutrongdifferent spectrom-
eters, wavelengths, samples made in three different laborato-
ries) are in agreement to withic 0.25 meV.

Most significant is the comparison in Fig. 5 of £ and
As,Se; which are isocoordinates terminating tkie)=2.4
line. Since it is expected that g is a predominantly
three-dimensional3D) network glass while AsSe; is a pre-
dominantly 2D one, it is remarkable to see that the low-
energy regions up to 20 meV are nearly identical.

Although the VIR appears to be a strong empirical rule,
its theoretical foundation remains obscure. The energy scale
for vibrations over the entire glass-forming region is nearly FIG. 5. Three Se-As-Ge alloys of average coordinat{oh
the same: it ends near 40 meV. This reflects the similarity in=2.4 are shown. Data consist of FGSee Table )l and IN4 (see
mass and bond forces among the three elements. NeverthRef. 1) measurements) SeGe,, [1Se75ASx50Ge)75, O S@AS;.

<r>=2.4

G(E) (meV)
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FIG. 6. The bottom curveg) Se,Ge; and[dSe;3As 4665 (both QA"
IN4 data, and the middle one) Se;sAs;Ge;s (FSC data are iso-
coordinates atr)=2.6 which follow the VIR. The top curve, FIG. 7. The x-ray powder patterns of £ (bottom and

As;Se ((ry=2.6) is an exception to the vibrational isocoordinate SesAs3Ge;s (top), both(r)=2.6, are compared. The top curve is
rule. Starting from the bottom, successive data curves are shifted ughifted up by 0.5.
by 0.030 units on the vertical scale.

features in the glass such as the tetrahedron giving rise to tHsS€0 0ne expects a slow cooling run along the isopleth to
A, mode. Then the energy at which departure from VIRresult, beginning at 673 K, in precipitation of pure As fol-
behavior occurs corresponds to vibrational modes in whichowed by freezing at the eutectic temperat(®@2 K) of a
local SRO, not just average connectivity, begins to matterfine mixture of trigonal As and monoclinic ASeg, in the
Model calculations are underway to test this péthThus ratio of the eutectic composition (ASe). Monoclinic
regions of the spectrum displaying exceptions to the VIR aré\s,Sg, is a molecular crystal in which these “cage” mol-
expected to have considerable localized character. As showgtules are weakly bonded to each other by van der Waals
below, there are also glass compositions which are exceporces. It is then reasonable to expect a quench along the
tions to the VIR even within the first broadband. same isopleth to result in a “polymerized” network glass
The exceptions to the VIR found so far occur along andcontaining some fraction of isolated /&g, molecules and
near the Se-As line beyondr)=2.4. In particular, As-rich regions. Raman and infraf@dspectroscopy of crys-
As;Se, (r)=2.6, displays a peaky behavior in the low- talline As,Se, exhibit strong sharp lines at the frequencies
energy region(see Fig. 6. As a direct comparison to 134, 190, 207, 240, and 248 crh and weaker features at
As;Se, three additional 2.6 alloys, which follow the VIR, 92, 104, 109, 114, 136, 144 crh In the range below
are also displayed in the lower part of Fig. 6588, which 180 cni * this list contains three frequenciéd2, 114, and
was prepared and measured on four separate occasions, ¥4 cnmi ) which lie near the ones observed in this work.
ways displays the same atypical behavior in the low-energy The phase diagram also exhibits crystalline phases of
regime. X-ray, DSC, and Raman measurements performedls;Se; which can be achieved only by long anneals below
on portions of samples made in this study show clearly tha#00 K. This phase decomposes above that temperature to a
this alloy is indeed a glass. In particular Fig. 7 displays thesolid mixture of trigonal As and monoclinic ASeg. It is
x-ray powder patterns of the isocoordinated alloyg®e  possible, but less likely, to have admixtures of,8s; in the
and SeAs;Ges. No Bragg peaks for either sample were glass as well. Consequently, of the observed vibrational
observed, demonstrating that the alloys are indeed glassfrequencie®® of this molecule the lowest ones, 107 and
Compared to Fig. 6 where the GVDOS of these glasses arb40 cm !, are possible candidates for two of the features
very different, Fig. 7 shows that the x-ray patterns are ratheseen above.
similar except for a few subtle differences. There is a notice- SeyAs; with (r)=2.7 is also an exception to the VIR as is
ableQ shift and narrowing of the FSDP of ASe, compared  Se;sAsgGeys with the same coordination number. It should
to SegAs;Ges. The Raman measurement ons8s, shows  be emphasized that these glasses show sharp features at es-
an intense, broad, asymmetric feature centered aentially thesamefrequencies as ASe), although these fea-
~230 cni'! and no noticeable peaks at lower frequenciestures are beginning to be less evident in the Ge-containing
where the neutron results show sharp features at 10.7, 14.g@lass SeAsgGeys. VIR behavior is nearly completely re-
and 18.6 (-0.1) meV (86, 114, and 150 cm', respec- covered for the isocoordinate glass;88;Ge,.
tively). The fact that the sharp features found in the exceptions to
A clue to these departures from the VIR may be discernedhe VIR occur at the same frequencies suggests a common
from an examination of the equilibrium crystalline phase dia-physical origin: the separation in these glasses on a nano-
gram of AsSe _,,%! which indicates that at the composition scopic scale of regions containing isolated molecules. If in-
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deed this explanation for the exceptions is correct, it wouldrom connectivity, namely, the presence of isolated, weakly
show thatdepartures from the VIR correspond to departuresbound molecules in these glasses displaying characteristi-
from connectivityand this would support the conjecture that cally sharp molecular vibrational modes.

the VIR is an expression of connectivity alone. The verifica-

tion of the existence of isolated molecular fragments in these

glasses and their identification is the subject of current re- ACKNOWLEDGMENTS
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