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We report the polarized Raman spectra of vitreous Ge ' O2, Ge "02, GeO&, and GeO&. This
yields the ' O~' O and Ge~ Ge isotopic shifts for nearly all vibrational modes of the pure
glassy material. The shifts of the broad high-frequency (infrared-active) modes are as predicted by
a nearest-neighbor central-force ideal continuous —random-network model. The shift of the broad
dominant Raman line indicates a small but significant dependence on the Ge mass, and this sug-

gests an effect of disorder not included in the central-force theory. The narrow "defect" line at 530
cm appears to be all oxygen motion, and is tentatively identified with a regular ring of bonds.
The narrow line at 345 cm ' is unique in that it exhibits very little oxygen shift; it seems to consist
largely of Ge motion, for which we have no firm explanation.

INTRODUCTION

Measurement of the isotope shifts of the vibrational fre-
quencies of pure glasses have only recently been carried
out on a small number of materials'; they have proven
very useful in identifying the origin of spectral features,
particularly the relatively narrow lines that have been as-
signed by Galeener to regular rings of bonds in the
otherwise disordered networks. In particular, Galeener
and Mikkelson have reported Q~ 0 isotope shifts in
vitreous (v-) Si02, while Galeener and Geissberger have
reported the Si—+ Si shifts in the same material. The
latter authors have also reported the ' B~"Bcation iso-
tope shifts in v-Bz03 and found no shift for the sharp
808-cm ' line that is widely believed to be due to planar
B303 (boroxol) rings. Similar data on u-8203 have been
measured independently by Windisch and Risen, who
also reported ' O~' 0 shifts in U-B&03.

In this paper we report careful measurements of the
'60~' 0 and Ge~ Ge isotope shifts in pure u-Ge02.
The largest oxygen isotope shifts (45 cm ') are similar to
those seen in v-SiOz (Ref. 1) and u-8203 (Ref. 4); however,
the largest cation shifts (6 cm ') are at least 3 times
smaller than in U-Si02, and this places serious demands on
experimental techniques since some of the lines are —100
cm ' wide. We draw our conclusions largely from the
oxygen shifts and regard the germanium shifts are merely
consistent or supportive.

The structure of v-GeOz is commonly taken to be a con-
tinuous random network (CRN) of GeOq tetrahedra which
shares corners only, not edges. We find that the isotope
shifts of the nmjor (broad) features of the Raman spectra
are consistent with this model. However, the isotope
shifts of two weak (narrow) Raman lines are not predicted
by the CRN model when eoaluted in central forces only
These two narrow lines may represent defects (point or
ring) in the actual glass structure, inadequacies in the

idealized form of the CRN structure used in our analysis,
or artifacts due to the absence of noncentral forces in our
force-constant model. These possibilities are elaborated
upon in the section entitled General Comments.

SAMPLE PREPARATION

The ' 0 sample with natural-abundance Ge (atomic wt.
of 72.6) was prepared in powered form via the hydrolysis
of GeC14 with H20 enriched to 98 at. % ' 0. The pro-
cedure was developed' at the Department of Chemistry,
Brown University, and has been used" for the synthesis of
Si02 enriched in ' 0. For the present synthesis, excess en-
riched water was used as the suspending liquid (rather
than diethyl ether, used in the Si ' 02 synthesis). " This
was done to preclude oxygen scrambling due to the rela-
tively high solubility of Ge02 in ether. The yield of 250
mg of Ge ' 02 from 3 g H2

' 0 was only 3% of the
theoretical yield. No attempt was made to recover the ex-
cess H2' 0 which was evaporated from the powder. The
product was a finely divided off-white powder shown by
Raman spectroscopy to be poorly crystallized hexagonal
Ge02. The —25-cm ' isotope shift of the main Raman
line verified that the Ge02 powder was -98 at. % ' 0 en-
riched. This powder was melted into a glass sample by
procedures to be described later in this section.

The ' 0 sample with natural-abundance Ge (and oxy-
gen) was obtained as a high-purity (99.999%-pure) powder
from Alfa Products. '

The Ge and Ge samples with natural-abundance 0
(atomic wt. —16) were purchased as powdered GeOz from
Oak Ridge National Laboratories. The raw materials
were 98.6 at. % Ge and 98.9 at. % Ge, respectively. A
significantly larger change in mass could have been
achieved by using Ge rather than Ge but the Ge
stable isotope was prohibitively expensive. '

The powdered materials were fabricated into glass sam-
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ples as follows. 200-mg charges of the Ge (and Ge)
powders were melted in air at 1200 C for several hours in
11&5&4 mm rectangular Pt boats. This resulted in
clear vitreous samples containing a few fine bubbles.
These samples were annealed at 1100'C for 1 h and air
quenched. The Pt boats were cut and peeled from the
samples leaving free-standing pieces of glass with smooth
surfaces, which showed no strain under crossed polarizers.
The samples were mounted in a holder which allowed the
scattered light to be collected from the long face of the
sample bottom, thus obviating polishing of the samples.

The ' 0-enriched GeOz powder was melted at 1200 C
for several hours and annealed at 1100 C for 1 h in a Pt
crucible. The melting and annealing were done in a sealed
quartz tube to prevent oxygen exchange. The powder was
first sintered in air for 20 min at 1200'C to produce a
solid mass in the Pt crucible. This facilitated sealing the
sample in a quartz tube and resulted in less than 3 Jo oxy-
gen exchange. (This estimate is based on a previous exper-
iment in which a small amount of Ge' 02 powder was
melted in air at 1200'C for 6.5 h; the Raman spectrum of
this glass indicated that about 50% of the ' 0 had been
exchanged for ' 0.) We encountered some difficulty in
peeling the Pt boat free of this sample; however, a shard
of colorless virtually bubble-free U-GeO2 enriched to
—95% 0 was obtained.

We found the U-Ge02 spectra to be rather insensitive to
thermal history in the range employed. For example,
there were no observable variations in peak wave number
(+2 cm ') or relative line strength (+5%) for a sample
which was water quenched after annealing at 800'C, or
900'C, or air quenched after annealing at 1100'C.
Nevertheless, we made a point of annealing and quenching
all samples in the same way.

EXPERIMENTAL RESULTS

The HH- and HV-polarized Raman spectra were ob-
tained in the 90' scattering configuration using the 4579-A
radiation from a Coherent Radiation Enc. CR12 Ar+-ion
laser, a Spex 1401 double monochromator, and a RCA
31034A GaAs photomultiplier. The spectral slit width
was less than 5 cm ' throughout the spectral range uti-
lized.

The resultant polarized spectra for U-Ge ' 02 are shown
in Fig. 1(a). These data show evidence for slight polariza-
tion scrambling, associated with the imperfect surfaces of
the samples and the very small bubbles observed in the
sample interior. Thus, the polarization ratio of the dom-
inant line at 420 cm ' is IHH/I~v-1 1, substantially
smaller than the value of 50 that has been reported' in
very pure bubble-free and well-annealed bulk samples of
natural-abundance v-Ge02. The effect of reduced polari-
zation ratio is to produce no perceptible change in the HH
spectrum, but to add relative strength to the 420-cm
line in the HV spectrum. We emphasize that the observed
polarization scrambling is too small to influence the re-
sults used in this paper.

The broad features marked ru; in Fig. 1(a) have been as-
cribed to the host disordered network of the glass, ' while
the narrow features X; are considered to be of unproven
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FIG. 1. Polarized Raman spectra of vitreous GeOq contain-
ing (a) 99.8 at. %%uo ' Oan d(b )95at. %%u
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tope shifts listed in Table I.

origin. Because X2 increases with neutron bombardment,
it has been called a "defect" line. ' Since X& aligns with
an infrared-determined longitudinal-optical (LO) frequen-
cy, this sharp feature has been termed an LO mode';
however, the LO assignment has been strongly questioned
in recent work. ' '

The polarized Raman spectra for u-Ge' 02 are shown
in Fig. 1(b). They are qualitatively similar to the spectra
for natural-abundance (' 0) material shown in Fig. 1(a).

We shall discuss the first order features with the aid of
Table I, in which the lines are grouped according to their
assumed physical origin: network, "defect, " or unknown.
The observed positions of all first-order Raman lines for
u-Ge' 02 are listed in column (a), while those for u-

Ge' 02 prepared under the same conditions are given in
column (b). The observed shift b, induced by substitution
of ' 0 for ' 0 is given in column (c). The spectra were
taken with expanded scales at least four times and the
peak positions were determined by bisecting the features
at several signal levels; this enabled us to project a position
for the peak, whose uncertainty is measured by the num-
bers in parentheses in column (c). Note the larger uncer-
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TABLE I. Comparison of the observed positions (crn ') of the first-order Raman spectral features in vitreous Ge ' Oz with those
of vitreous Ge' O2. Observed isotope shifts 6 are compared with theoretical values kcF calculated using the NN-CF-ICRN model
developed in Refs. 15 and 19. Experimental uncertainties are given in parentheses in column (c). Comparison of columns (c) and (d)
shows that the oxygen shifts of the high-frequency lines m3 and co4(TO, LO) are predicted quite well by the CF model, while the shift
of the dominant Raman line co[ is too small for the CF theory. Other estimates correspond to assumptions of oxygen motion only
(Ao), motion of an isolated Ge-0 pair (5„),and germanium motion only (A~, ). Those estimates that are consistent with the observa-
tions, within the experimental error, are placed in square brackets, [ ]. Thus column (h) indicates that the tv, isotope shift is con-
sistent with a significant admixture of Ge motion, like that in a Ge-0 pair. The shift in X[ suggests largely Ge motion, while that of
Xq is consistent with largely 0 motion, or with Ge-0 motion.

Observations CF Other estimates

Label

Origin
of

feature

Measured
in (a) (b) (c) (d) (e) (f)

spectrum Ge "02 Ge ' 0~ 6 =(a)—(b) AcF ——(e) —(f) Ge ' 02 Ge ' 0~
(g)
~o

(h)

CO]

603

a)4(TO)
co4(LO)

X]
X2

Network
Network
Network
Network
Unknown
"Defect"

HH
HH

HH;H V
HH;H V

HH
HH

402
546
822
928
340
505

420
563
861
973
345
530

—18(+2)
—17(+2)
—39(+ 2 }
—45(+2)
—5(+3)

—25(+7)

—24

[—17]
[—39]
[—4S]

394
537

(780)
886

418
554

(819)
931

—24
—32
—49
—56
—20

[—30]

—26
[—40]
[—4S]
—16

[—2S]

0
0
0
0
0
0

tainty associated with the weak feature X2. Also note that
the shifts are relatively large compared to their uncertain-
ties (except for X~ which shows a surprisingly small shift).

The shifts upon Ge~ Ge substitution were so small
that the spectra were qualitatively indistinguishable from
Fig. 1(a). The new spectra are therefore not shown. In-
stead, the observed positions are listed in columns (a) and
(b) of Table II, and the resultant isotopic shifts in column
(c). Note that the uncertainty in the shift of X2 is not
quite as large as before (because the overall spectral shape
is unchanged). Otherwise, the uncertainties are essentially
as before, and the germanium shifts are therefore deter-
mined with much less precision than the oxygen shifts.

COMPARISON %ITH THEORIES

The observed isotopic shifts will be compared with vari-
ous theoretical estimates which are presented in columns
(d)—(i) of Tables I and II.

The theoretical shifts in column (d) are based on the

nearest-neighbor (NN) central-force (CF) idealized
continuous —random-network (ICRN) model, first pro-
posed by Sen and Thorpe' and developed for application
to Raman data by Galeener. ' According to this theory
the (broad) network lines are given by

co~ ——(a/Mo )(1+cos8),

ca3 —(ct/Mo )( 1 +cos8) + (4a/3Mo, )

ta4( LO) = (a/Mo )( 1 —cos8) + (4a/3M', ),
(2)

(3)

where a is the CF constant, 8 is the most probable value
of the Ge-O-Ge angle, and Mo and MG, a~e the oxygen
and germanium masses. This model was previously fit to
data on natural-abundance U-Ge02 in Ref. 15, with the re-
sult that 8=128' and a=431 N/m. Using these values,
Mo, ——72.6 (for natural abundance) and Mo ——18, we
predicted three of the frequencies in column (e) of Table I,
while column (fl was obtained using Mo ——16. The fourth
frequency ca4 [transverse optical (TO)] is listed in

TABLE II. Comparison of the observed positions (cm ') of the first-order Rarnan spectral features in vitreous ' Ge02 with those
of vitreous GeO2. Observed isotope shifts 6 are compared with theoretical values AcF calculated using the NN-CF-ICRN model
developed in Refs. 15 and 19. Experimental uncertainties are given in parentheses in column (c). Comparison of columns (c) and (d)
shows that the germanium isotope shifts for co], co3, and co4(TO, LO) are all consistent with the CF model within experimental uncer-
tainty. Because the observed shifts 6 are small, co&, X&, and X2 are consistent with both oxygen motion only (6o) and with motion of
an isolated Ge-0 pair (6„). No feature is consistent with germanium motion only (A~, ). Those estimates that are consistent with the
observations, within experimental uncertainty, are piaced in square brackets, [ ]. Ambiguities are partially resolved by comparison
with the oxygen-shift data in Table I.

Observations CF theory Other estimates

Label

CO]

603

~4(TO)
~4(LO)

X)
X2

Origin
of

feature

Network
Network
Network
Network
Unknown
"Defect"

HH
HH

HH;H V
HH;H V

HH
HH

417
560
858
970
343
530

415
565
863
970
345
530

—2(+3)
—5(+2)
—5(~2)
—6(+2)
—2(k2}

0(+4)

[—3]
[—4]

418
S52

(817)
930

Measured
in (a) (b) (c) {d) (e)

spectrum ' Ge0$ ' Ge02 ~ ——(a) —(b) ~cF——(e) —(f} ' Ge02

418
559

(820)
934

[0]

0

[o]
[o]

(f) (g)
Ge02

(h)

[—2]
[—3]
[—4]
[—S]
[—2]
[—3]

—11
—15
—24
—27
—9

—15
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co =k/MG. ,
and resultant isotopic shifts given by

ho, =co' —co=co[(Mo, /Mo, )'~ —1] .

(6)

For oxygen substitution these shifts are all zero, as listed
in column (i) of Table I. Thus, no experimental oxygen
isotope shift is consistent with the assumption of Ge
motion only.

Our third and last simple assumption is that the oxygen
and germanium masses are both involved, as in a diatomic
0-Ge "molecule" according to

parentheses because it is given by the calculated co4(LO)
minus the observed TO-LO splitting [taken from columns
(a) and (b)]. There is presently no way to make an a priori
prediction of the TO-LO splitting in a glass. ' ' ' ' The
differences between columns (e) and (f) are taken as the
theoretically predicted isotope shifts entered in column
(d).

The oxygen isotope shifts [column (c) of Table I] for the
high frequency modes cv3, tv4(TO), and A@4(LO) are in ex-
cellent agreement with the predictions [column (d)].
These infrared-active lines' correspond to the 5 functions
in the vibrational density of states of the Sen-Thorpe
model, ' and the predictive value of the NN-CF-ICRN
model is supported for these modes. Here, and in the rest
of the tables, those calculated shifts which are consistent
with experiment within the estimated experimental error
are enclosed in square brackets, [ ].

The oxygen isotope shift of co1 is significantly less than
predicted by the NN-CF-ICRN theory. As we shall show,
this indicates the involvement of Ge motion, none of
which is predicted by Eq. (1). We have previously report-
ed evidence for Si motion in the ~1 mode of v-Si02 and as-
cribed it to an effect of real disorder in the glass that is
not included in the ICRN structural model. A detailed
description of that effect can be found in Ref. 2.

Since the X1 and X2 lines are not due to the ICRN,
their shifts are not compared with any of Eqs. (1)—(3).
We thus find it informative to compare our observations
with expressions which describe simple limiting cases
where the exact structure need not be specified.

The first of these is the assumption that a given mode
frequency depends only on the oxygen mass, according to

(4)

where k is an effective force constant not dependent on
Mo. This is therefore of the same form as Eq. (1) and
predicts the same isotope shift, given by

ho=co' —co = to[(Mo/Mo )'~ —1],
where the prime denotes the heavier mass. For ' 0~' 0
the result is Ao ———0.0572cu. These shifts are given in
column (g) of Table I using co from column (b). The X2
line is the only one whose shift is consistent with oxygen
motion only. Note that the greatest percent discrepancy
between columns (b) and (g) is for the X& line, which must
therefore involve significant Cxe motion.

A second simple model assumes Ge motion only with
frequencies given by

to =k/p,
where

p =Mo +MG.,—1 —1 —1

(8)

DISCUSSION

We shall first draw some general conclusions by com-
bining the correspondences indicated by square brackets in
Tables I and II.

Network lines

The NN-CF-ICRN theory is adequate to predict the ox-
ygen and germanium isotope shifts of the co3, to4(TQ) and
co4(LO) network lines. This theory is not fully adequate
for the dominant Raman line co1 since the experimental
shifts indicate Ge motion not predicted by the theory.
This cation motion is probably due to the disorder that ex-
ists in the glass but not in the theory, as discussed in Ref.
2 for v-Si02. It is unlikely to be accounted for by mixing
of the symmetric stretch motion' with the rocking
modes' that are left out of the NN-CF-ICRN model; this
mixing is much larger in U-Si02 than in U-Ge02. The
fact that the measured shifts in co4(TO,LO) also agree with

6& in Tables I and II is an accident associated with the
near equality of (1—cos8) and —, in Eq. (3).

These obserUations point to the need to compare results
with a network theory which properly includes the noncen-
tral forces. It will be interesting to see if inclusion of non-

is the effective mass in the center-of-mass system of an
O-Ge pair. The resultant isotopic shift is given by

to' —to =—to[(p/lj, ') 'i 1],—
where the prime denotes the heavier effective mass. For
' 0~' 0 the result is 6&———0.0466&@, and this gives the
predictions in column (h) using co from column (b). Thus,
the dominant Raman line co] shifts by an amount con-
sistent with Eq. (8), as do co4(TQ,LO) and X2. These
correspondences do not tell us the exact amount of Ge in-
volvement. In ~1 or X2, for example, the extent could be
as large as that in an isolated 0-Ge pair. Note that X1
seems to have much more Ge motion and is nearly con-
sistent with Ge motion only.

We have also tested the possibility that the frequencies
vary according to co =k/(Mo+Mo, ), with negative re-
sult for all lines, under oxygen and germanium substitu-
tions.

Comparisons of the aforementioned "theories" with the
Ge~ Ge results are shown in Table II. The large num-

ber of entries in square brackets suggests that the data are
consistent with several of the models; i.e., the small Ge
shifts 6 are not determined precisely enough to differen-
tiate completely among the models. For this reason we
will take the correspondences in Table I more seriously.
In any case, however, the Ge substitution data is clearly
inconsistent with Ge only motion for any of the lines, and
is also clearly inconsistent with oxygen only motion for m3

and co4(TO,LO). These definite statements were also sup-
ported by the oxygen-substitution data of Table I.
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central forces alone will describe the isotope shifts in co~ or
if more realistic disorder is also required.

"Defect" line X~

The isotopic shifts of the "defect" line X2 are consistent
with oxygen motion only, but they are also consistent with
an admixture of Ge motion as large as that in an isolated
Ge-0 system. This uncertainty is due to the weakness of
X2 and the subsequent imprecision of its measured fre-
quency. On the other hand, X2 has been observed' to in-
crease with neutron bombardment like the ring defect line
at 606 cm ' in U-SiQ2, and the latter has oxygen motion
only. ' We therefore tentatively assign X2 to a regular
ring of the type discussed in Ref. 6. The ring may be
fourfold or threefold, but is almost certainly not twofold.
This speculative assignment will be tested by comparison
of the frequency of X2 with that of the dominant Raman
lines of threefold and fourfold cyclic germoxane molecules
when measurements on the latter become available.

Line of unknown origin X~

The oxygen isotope shift of X& is surprisingly small
( —5 cm ') and quite inconsistent with oxygen motion
only or even with isolated Ge-0 motion. (See Table l.)

We therefore suspect that X& cannot be associated with a
regular ring, since in all other reported cases' the iso-
tope shifts of the dominant Raman lines of regular rings
show oxygen motion almost exclusively. In contast, the
isotopic shift data for X& are consistent with largely Ge
motion, involving a modest admixture of Q motion. That
is, the shift lies somewhere between columns (h) and (i) in
Tables I and II.

In the absence of an identification for X&, we offer the
following comments. The Xi line is sharp and highly po-
larized. This suggests a symmetric stretch motion,
which with other observations' argues against the origi-
nal' LQ assignment. The very large component of Ge
motion might suggest a Ge-Ge defect or a three-bonded
Ge atom, but these structures seem to be ruled out by the
failure of X& to increase in Ge-rich samples. ' It is certain
that this region of the spectrum (below about 400 cm ')
involves "rocking" and acoustic modes, as described in
Ref. 18. Therefore, an explanation of Xi may depend
upon proper inclusion of noncentral forces in the vibra-
tional theory. In that case X~ may be due to the host net-
work, but this seems inconsistent with the narrow width.

In preliminary work on isotopic shifts in U-As203 we ob-
serve a sharp low-frequency line which is due largely to
As motion in puckered threefold rings, but this motion
is due to the three-connected nature of the As atoms and
would not be expected for tetrahedrally connected Ge
atoms (even in puckered rings). Until better arguments
are found, we must consider X& to be of unknown origin,
perhaps associated with noncentral forces in the host net-
work.

GENERAL COMMENTS

A principal result of this study is to suggest the need
for a dynamical analysis which includes noncentral forces
and is capable of predicting small isotope shifts. An
analytical theory like the Bethe-lattice or a non-CF ex-
tension of the NN-CF-ICRN theory' ' is likely to give
the necessary precision, which is more difficult to obtain
with a finite-cluster calculation like that of Bell and co-
workers.

The existence of two unexplained features (X& and X2)
raises questions about the completeness of the CRN
model. For example, small-order rings may have to be in-
troduced (to account for X2) or perhaps other perturbative
departures from the CRN model will be required. Dif-
fraction data supporting the basic CRN as a first-order
model has been discussed by Leadbetter and Wright,
Sayers, Stern, and Lytle, and more recently by Wright
et al. ' Other Raman ' and infrared ' data, which
have not focussed on Xt and X2, have been said to support
the CRN model, ' as have the large-cluster calculations of
Bell and co-workers, and the analysis of inelastic neu-
tron scattering studies by Galeener, Leadbetter, and
Stringfellow. '

More recently, Phillips has suggested that X~ and X2
are evidence for a radically different structural model in
which v-Ge02 consists of microcrystalline clusters. He
proposed that the two lines are due to dangling oxygen
atoms on the cluster surfaces; however, this now seems
unlikely because the isotopic shifts expected for such Ge-
Q systems are inconsistent with our observations of most-
ly oxygen motion (X2) and mostly Ge motion (X~ ).
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