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O isotope effects and vibration-rotation lines of interstitial oxygen in germanium
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The infrared absorption of interstitial17O and 18O has been measured at high resolution in natural germa-
nium in a multireflection geometry. The asymmetric mode of18O is observed to be broadened by interaction
with the phonon background while that of17O is unaffected. The broadening is confirmed by results on an
18O-enriched sample. All the O and Ge isotope shifts can be fitted or predicted rather accurately by a two-
parameter semiempirical model using values determined by Pajot and Clauws in 1988. In the multireflection
geometry, new lines of low intensity are also observed and they are ascribed to transitions with change of the
rotational state of16O between the ground and excited vibrational states. Energies of the two-dimensional16O
rotator are derived from these measurements, with a Ge isotope effect much smaller than the one deduced from
phonon spectroscopy.
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I. INTRODUCTION

When present in germanium crystals, isolated oxygen
usually located interstitially (Oi), bonded to two nearest
neighbor~NN! Ge atoms.1 The O atom is pushed off cente
and the Ge-O-Ge apex angle has been estimated to be
140°.2 Oi and the two NN Ge atoms can vibrate as a qua
isolated Ge2O molecule with an asymmetric mode ne
862 cm21 at liquid helium temperature~LHeT!. This mode
is often notedn3, by analogy with a free molecule withC2v
symmetry. A symmetric mode of Ge2O at 407 cm21 has
also been observed indirectly from its combination mo
with n3, near 1270 cm21(LHeT). This symmetric mode is
labeledn1, accordingly. In addition to then3 andn1 modes,
theory also predicts the existence of a third mode
213 cm21. This latter mode corresponds, liken1, to a radial
motion of the O atom, but while inn1, the two Ge atoms
move in phase with respect to the O atom, they move ou
phase in thisn2 mode .3 The nonlinear structure of the Ge
O-Ge bridge allows some kind of rotation of the O ato
about the Ge-Ge axis, restricted in a plane perpendicula
the Ge-Ge axis. The energyE0

l of this two-dimensional ro-

tator is quantized asBl22Dl 4, where B is the rotational
constant,D the centrifugal distortion coefficient, andl is 0 or
an integer. In a classical two-dimensional~2D! vibration-
rotation coupling scheme, the pseudorotation of O sho
couple with moden2 , whose frequency comes close to t
value ofv derived from the centrifugal distortion coefficien
D54B3/\2v3. The eigenfunctions of the 2D rotator a
(1/A2p)expilf with l 50, 61, 62, 63, etc., but the pseu
PRB 620163-1829/2000/62~15!/10165~8!/$15.00
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dorotation is weakly perturbed by the six Ge atoms seco
nearest neighbors of O. This results in a small perturb
term in cos 6f in the potential hindering free rotation of th
O atom, that splits the63n rotational levels. In silicon, no
splitting is detectable,4 but in germanium, a splitting of the
63 rotational levels has been detected by phon
spectroscopy.5 The eigenstates of the split levels are line
combinations of the23 and13 states so that they cannot b
strictly labeled as pure states. For convenience, we k
however this labeling.

The pseudorotation of the O atom combines with then3
mode in a coupling scheme different from the one for t
free diatomic molecule. In silicon, the electric dipole of th
n3 mode ~or A2u mode, when considering a Si3wSi-
O-SiwSi3 group withD3d symmetry! is essentially parallel
to the Si-Si axis and thus independent of the angle of rota
f.6 The selection rule for the rotational transitions in th
particular vibration-rotation scheme is thereforeD l 50 and
the observed structure is attributed to transitions where
rotational quantum numberl is the same in the ground an
excited vibrational states (u0,l &→u1,l & transitions!. The same
attribution has also been made in germanium: near LH
besides the ground state, three rotational states are popu
significantly, so that four vibration-rotation lines withD l
50, noted I, II, III, and IV, are observed.7 These four lines
correspond tol 50, 61, 62, and 23, respectively, and
their energies decrease in this order. High-resolution spe
of n3(16O) have shown that the relatively closely spac
lines of this structure~lines I and II are separated by abo
0.07 cm21) can be resolved at LHeT as the full widths
half-maximum~FWHM! are about 0.04 cm21.2,7,8 Line IV
10 165 ©2000 The American Physical Society
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is practically impossible to detect in natural germaniu
(nGe) because it is very weak and obliterated by other tr
sitions except for76Ge2O; it has been reported for the firs
time in quasimonoisotopic~qmi! 74Ge.7 Vibration-rotation
transitions associated withn3 involving a change in the val
ues of l between the ground and excited vibrational sta
have not been reported for Oi .

About 25 lines can be resolved inn3(16O) when observed
near LHeT. This apparent complexity is mainly due to t
existence of five Ge isotopes (70Ge, 72Ge, 73Ge, 74Ge, and
76Ge) with abundances within the same order of magnitu
This leads to 15 different Ge2O combinations, each with fou
lines. Some of these combinations, however, have the s
average Ge mass, taken as the mean value of the mass
the two Ge atoms bridged to the O atom~e.g., 72Ge2O and
70GeO74Ge); the corresponding transitions are thus v
close to each other and difficult to resolve individually.3 For
some purposes, the combinations can be defined by this
average massM. For 16O, the average separation betwe
corresponding lines of combinations withM and M 61 is
0.5 cm21 ~see the Appendix!. The spacings and the relativ
intensities of lines I, II, III, and IV are also such that ne
coincidences occur between different lines of nearby com
nations. All this explains why only 25 individual lines ar
resolved.

The rotation of16Oi has been directly observed and me
sured by phonon spectroscopy below 1 K and transitions
betweenu0,l & and u0,l 8& states have been detected innGe
between 1.3 and 4.8 meV~about 10.5 and 38 cm21) without
strict selection rules.5 The energies of the first rotational lev
els in the vibrational ground state have been deduced f
these measurements and the values calculated using a
dered rotator model are in good agreement with the exp
mental ones.3 The combination with the vibration-rotatio
data in the midinfrared allows to determine the spacings
the rotational levels in the excited vibrational state. They
slightly smaller than in the ground state.

The vibration-rotation spectrum of18O has been previ-
ously observed in germanium at low resolution or with
poor signal/noise ratio,8,9 and there is no information on
17Oi . It could be interesting however to compare the situ
tion in germanium with that in silicon, where a resonan
effect broadens then3(17O) structure.10

We report here results obtained from good-qua
n3(17O) and n3(18O) spectra in germanium with17O and
18O natural abundances. The18O spectra are compared wit
those in a sample enriched with18O. In the present paper
weak sidebands of then3(16O) structure have also been o
served and their origin is discussed.

II. EXPERIMENTAL RESULTS

In order to detectn3(17O) and n3(18O), a standard~S!
Ge:O sample with a high O concentration was cho
@;2.531017 at/cm3 using a calibration factor11 of 5
31016 at/cm22 for the room temperature absorption of th
n3(16O) mode at 855.7 cm21# and a trapezoidal geometr
adopted. With this geometry, the infrared~IR! beam enters
normal to one side of the sample, cut at 45°, makes sev
total reflections, and exits by the other side, parallel to
first. Considering the dimensions of the sample, an effec
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path length of the optical beam;22 mm is obtained. This
sample was fitted in a specially designed sample holder f
continuous flow Oxford Instruments optical cryostat, a
cooled in He gas at approximately 6 K. Another sample w
18O-enriched~OE! and used in the normal transmission g
ometry. With the same calibration factor as before, the c
centrations of16Oi and 18Oi in this sample are about 5 an
3331015 at/cm3, respectively. The IR measurements we
performed in the 230–1000 cm21 spectral range with
BOMEM DA31 and DA8 Fourier-transform spectrometer
using either a MCT detector with a cutoff at 700 cm21 or a
silicon bolometer.

The S sample had been annealed near 900 °C
quenched to destroy the thermal donors~TD’s! present in the
as-grown material.12 This is necessary to reduce to a min
mum the continuum electronic absorption because of
relatively long optical path through the sample. At roo
temperature, in the S sample, besidesn3(16O), a weak band
with a FWHM of 4.9 cm21 is also measured a
813.6 cm21. This band is distinct fromn3(18O), observed at
811.8 cm21 in the OE sample, and its origin is discuss
below.

The high-resolution spectrum of the S sample at LH
shows then3 mode of the three O isotopes~the natural pro-
portions of 16O, 17O, and 18O are approximately 100, 0.04
and 0.2, respectively! and two weak and rather broad ban
at 780 and 801 cm21. The composite spectrum of Fig.
showsn3(17O) andn3(18O) near 6 K. It looks as if a broad
band was superimposed to then3(18O) structure while noth-
ing conspicuous is seen forn3(17O). Three bands at 780
801, and 819 cm21 have indeed been reported
O-containing germanium irradiated at liquid nitrogen te
perature with high-energy electrons, after annealing
200 °C.9 The same bands also appear as weak feature
O-doped germanium after a dispersion quench from eleva
temperature and this is the reason for their observation
sample S. As the 819 and 780 cm21 bands disappear agai
during the initial stage of a 350 °C annealing sequence, it
been suggested in this context that the center giving

FIG. 1. Compound spectrum ofn3(18O) andn3(17O) at 6 K in
sample S with@Oi # near 2.531017 atoms/cm3 (@18Oi # and @17Oi #
are about 5 and 131014 atoms/cm3, respectively!. Some of the
average or true Ge masses are indicated above the pair of lines
II. Note the background superimposed ton3(18O), due to an
O-related defect mode. The apodized resolution is 0.02 cm21.
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PRB 62 10 167O ISOTOPE EFFECTS AND VIBRATION-ROTATION . . .
819 cm21 band is the O2 dimer.13 The S sample was thu
annealed under flowing argon gas for 5 min at 350 °C. T
produced a reduction of the intensity of the 780 cm21 band
and of the background ofn3(18O) while a small increase o
the band at 801 cm21 was observed. The reduction of th
background can be appreciated quantitatively by subtrac
the n3(18O) spectrum after this second annealing from
initial spectrum: the result is a weak line at 817.8 cm21 with
a FWHM of 1.8 cm21, clearly seen in Fig. 2. This line is th
‘‘819 cm21’’ band, superimposed ton3(18O) in the S
sample. This line is the one observed at 813.6 cm21 at room
temperature. In Fig. 2, its intensity corresponds to the fr
tion ~estimated to 40%! of the centers produced by th
quenching from 900 °C that have been dissociated by
annealing at 350 °C. No other annealing of the sample
performed in order to avoid further production of TD’s. An
other particularity ofn3(18O) is that the individual lines are
broader than those for16O and 17O. In order to better appre
ciate the effect, a full subtraction of the broad band from
spectrum of sample S was performed. The correctedn3(18O)
profile is then very comparable to the one obtained with
OE sample. Then3(18O) absorption in this latter sample
shown in Fig. 3, with nearly the same background as the
observed for the other O isotopes. The increase of the wi
from M576 to 70 inn3(18O) is attested from the decrease
the resolution of components I and II for decreasing val
of M. For masses 72 and 74, the comparison is diffic
because they can be obtained with different combination
Ge isotopes that give slightly frequencies, preventing nor
resolution of components I and II. A possible cause of
increase of the18Oi linewidths with respect to those of17Oi
and 16Oi is a resonant interaction with the three-phon
background of germanium. Only in qmi70Ge and in 76Ge
samples could the situation differ because of the shift of
phonon spectrum in the qmi samples compared tonGe (n
572.6 amu). This should change the strength of the in
action between the local mode and the phonon density

FIG. 2. Difference spectrum of S sample before and after
nealing for 5 min at 350 °C showing the16O-related vibrational
mode responsible for the background ofn3(18O). The intensity of
this mode corresponds to the fraction~about 40%! of corresponding
centers destroyed by the annealing at 350 °C~see the text!.
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states and a small shift of then3(18O) lines could eventually
be observed, similar to the effects observed withn3(16O).14

The broadening of the components ofn3(18O) also shows up
on the maximum absorption of this band: if the linewidt
were the same forn3(18O) and n3(17O), the ratio of the
maximum absorptionsI max(

18O)/I max(
17O) in sample S

should match the ratio of the natural isotopic abundanc
Now, after subtraction of the contribution of the 819 cm21

line to the intensity ofn3(18O), the ratioI max(
18O)/I max(

17O)
is ;3 while a value of 5 is expected. The frequencies
components ofn3(18O) andn3(17O) that can been identified
with a minimum of interferences with other lines are listed
Table 1. The values forn3(18O) are in good agreement wit
those given in Ref. 8. As mentioned before, the widths of

-

FIG. 3. Absorption at 6 K ofn3(18O) in the Ge sample with
@18Oi #53.331016 at/cm3. Some of the Ge masses are indicat
above the pair of lines I and II. Note the change on the resolutio
components I and II forM570 and 75 and the observation of th
components forM576. The apodized resolution is 0.02 cm21.

TABLE I. Frequencies (cm21) at 6 K of lines I, II, and III of
n3(18O) andn3(17O) in natural germanium for some values of th
average Ge massM. Missing values are due to strong interferenc
or to components too weak for detection.

O isotope M ~amu! Line I Line II Line III

18O 70 819.62 819.55 819.33
17O 70 840.72 840.65
18O 71 819.07 819.01 818.79
17O 71 840.18 840.11 839.90
18O 72 818.54 818.48
17O 72 839.68
18O 72.5 818.19
17O 72.5 839.32
18O 73 817.98 817.93
17O 73 839.13 839.07 838.86
18O 73.5 817.67
18O 74 817.45 817.40
17O 74 838.62 838.55
18O 75 816.96 816.90 816.71
17O 75 838.14 838.07 837.86
18O 76 816.46 816.40 816.2
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components of the17O band are comparable to those of16O
~Fig. 4!. There is a slight increase of the Ge isotope sh
when going from16O to 17O, visible in Fig. 4. Inversely, the
separations between components I, II, and III for the sa
value of the Ge mass, slightly decrease from16O to 18O.
These changes in the spacings produce in turn small cha
in the overall profiles of the bands. In all the series of spec
we have obtained, it was very difficult or impossible to o
serve component III(70Ge2

17O), whatever the detector use
Inversely, lines which could have been attributed to com
nents I and II ofn3(76Ge2

17O) have been observed in the tw
spectra with the best signal-to-noise ratio, despite the v
small intensity expected.

The absorption of the S sample in the normal transmiss
geometry has also been measured in the 400 cm21 range at
LHeT to try to detect then1 mode ~in this range, the two-
phonon absorption of the Ge lattice forbids the use of a m
tireflection geometry!. However, when careful subtraction o
the phonon background is performed, no absorption is
tected. This is likely to be due to the small dipole mome
associated with the mode, combined with a predicted h
width near 10 cm21. On the other hand, then11n3 combi-
nation mode of18Oi could be detected in the OE sample
1215.8 cm21. The exact position for16Oi is 1269.4 cm21,
hence a16O-18O isotope shift of 53.6 cm21 for this combi-
nation. From a comparison with the averaged16O-18O iso-
tope shift ofn3 ~see legend of Table III!, the corresponding
shift for n1 is found to be only 9.3 cm21, indicating a
smaller amplitude of the O atom in this particular vibrati
as compared to the motion of the Ge atoms.3 The same O
isotope shift is only 1.2 cm21 for the n1 mode of Oi in
silicon10 and such a small value is due to the nearly line
structure of the Si-O-Si bridge.

In the S sample,n3(16O) saturates because of the optic
path length, but a series of weak and relatively sharp feat
are observed on both sides of this band~Fig. 5!. The most
intense series of lines is shown in Fig. 6 on an expan

FIG. 4. Comparison ofn3(17O) in sample S withn3(16O) at 6 K
in a nGe sample with@Oi #5831015 atoms/cm3. Some of the Ge
masses are indicated above the pair of lines I and II. ForM570 and
75, lines I, II, and III are indicated. Differences in the profiles a
due to the slightly smaller spacings between lines I, II, and III
17O. The abscissa scale and the resolution (0.02 cm21) are the
same for both spectra as for Fig. 3. The16O spectrum is displayed
between 860 and 864.5 cm21.
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scale: it displays the same Ge isotope effect as the16O cen-
tral band, but with only one transition for each Ge combin
tion instead of four in the central band. These Ge isoto
series are clearly related to the central band and those on
high-energy side look more intense than those on the l
energy side. In a spectrum obtained at 15 K, a small rela
decrease of the intensity of the high-energy features c
pared to the low-energy ones was observed. It is difficult
obtain significant data above 15 K because of the broade
of the lines. We none the less interpret the high-energy s
series as transitions where the value of the rotational qu
tum numberl of 16O is lower in the vibrational ground stat
than in the excited state and the inverse for the low-ene
series. These high-energy series are labeledH1 , H2 , H3, and
H4 in order of increasing energies. Two series of lines co
parable to the preceding ones are observed on the low-en
side ofn3(16O) and two lines pertaining to a third series a
also detected. These latter series are labeledL1 , L2, andL3.
From their relative intensities, it has been possible to
tribute the lines within a series to definite values of the
mass, averaged or not, and the result is given in Table
About 20 more or less equally spaced lines, which can c
tain Ge isotopic series, are also found between 8

r

FIG. 5. Sidebands ofn3(16O) at 6 K showing different series o
isotopic lines. The intensity of the starred line (M573) is about
431024 times the peak absorption for this mass forn3(16O).

FIG. 6. Closeup of theH1 series ascribed to theu0,0&
→u1,62& vibration-rotation transition of16Oi showing Ge isotopes
attribution. The FWHM of the components is about 0.08 cm21.
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TABLE II. Frequencies (cm21) at 6 K of lines of H andL sidebands series ofn3(16O) band ascribed to
definite values ofM. The predicted RI, deduced from natural Ge isotopic abundances, are normalized
for M571.

H1 H2 H3 H4 L1 L2 L3 M ~amu! RI

76 0.05
866.47 870.21 876.36 845.00 75 0.51
866.7 74.5 0.11
866.95 870.69 873.32 876.84 845.56 850.86 852.3 74 1.5
867.18 870.93 851.10 73.5 0.51
867.43 871.17 873.81 877.32 845.94 851.33 852.8 73 2.1
867.67 871.41 851.6 72.5 0.38
867.95 871.69 874.32 877.84 846.41 851.81 72 2.0
868.21 71.5 0.29
868.46 872.19 874.84 878.33 846.92 852.3 71 1.0
868.97 847.43 70 0.38
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and 860 cm21, at the base ofn3(16O) and attributions for
some of them are discussed later. The lines of theH andL
series are typically 1024–331024 times less intense tha
the corresponding lines of then3(16O) band.

III. DISCUSSION

A. The n3„
17O… and n3„

18O… bands

First, from the comparison of the Oi spectra in silicon and
in germanium, it seems that the broadening observed
n3(17O) in silicon is due to a resonance effect and not to
nature of the O isotope. In germanium,n3(18O) is at the
same frequency as a local mode related to16O, but it is
difficult to understand how the two modes can interact
they are both localized. The intensity of the low-temperat
three-phonon background is nearly the same for the thre
isotopes, but we assume thatn3(18O) is broadened by a reso
nance with a three-phonon combination at a frequency s
ciently close to the high-energy side of this band. The
isotopes shifts of the components of then3(16O) band have
first been modeled in a quasifree molecule approximat
neglecting the coupling with rotation. For a nonlinear sy
metric triatomic Ge-O-Ge molecule with an apex angle 2a, a
value of the ration3( iGe2

i O)/n3(Ge2O), where the indexi
denotes any isotopic substitution, can be determined wi
the central forces framework:

n3~ iGe2
i O!

n3~Ge2O!
5AMGeMO~M iO12M iGesin2a!

M iGeM i O~MO12MGesin2a!
, ~1!

whereMX is the mass of atomX.15 To take into account the
binding of the quasimolecule with the crystal, an interact
massm8 was added empirically to the mass of the Ge ato
The value of this interaction mass and of the apex anglea
had to be determined self-consistently by a best-fit proced
with a selected experimental shift.2 The first determination
yieldedm8511.65 amu and 2a5140°.2 Another set of val-
ues ~23.1 amu and 111°) has been obtained from sligh
different experimental values using a more restricted fitt
range.8 The former set~11.65 amu and 140°) has been test
by computing all the frequencies of components II for t
three O isotopes and for different values of the Ge mass
or
e
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e
O
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n
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nGe. With only one experimental frequency@component
II( 70Ge2

16O) in nGe at 863.853 cm21# as n3(Ge2O) in ex-
pression~1!, the maximum deviation with the experiment
values using this set is 0.05 cm21. With the set~23.1 amu,
111°), deviations as large as 0.6 cm21 are found with the
same procedure. For this reason, we think the set of Ref.
physically more significant.

Within this model, a value of 0.6 Å is obtained for th
distance between the O atom and the Ge-Ge axis~a Ge-O
bond length of 1.74 Å is assumed!. This value is very close
to the one derived from anab initio calculation using a
cluster-Hartree-Fock approximation, intended to determ
the radial potential limiting the O motion.3 The vibration
modes of this system can be obtained in the cluster-Be
lattice approximation.16 Isotope effects can thus be calc
lated by making the suitable isotopic changes. Significant
and O isotope shifts are summarized in Table III. This ta
shows that the calculations predict accurately the O isot
shift, determined for a Ge mass of 73 amu, while the
shifts, determined by replacing all the atoms of the cluster
the same Ge isotope, are overestimated.

The rotation of the O atom shows up indirectly in th
splittings between components I, II, III, and IV. These sp
tings represent the differences between the same rotati
energy levels in the vibrational ground and excited sta
For 16O, the splittings are 0.07, 0.30, and 0.78 cm21 for
I–II, I–III, and I–IV, respectively. For18O, the I–II and
I–III spacings measured forM575, where the resonan
broadening effect is thought to be weak, decrease to 0.06
0.28 cm21 ~uncertainty:60.01 cm21). Values of the first
rotational energy levels of16O deduced from phonon spec
troscopy are listed in Table IV. Phonon spectroscopy
also been performed on anGe sample implanted with18O.
The rotational energies for this isotope are smaller by a f
tor 0.935 than the ones for16O, while a ratio 0.889516/18 is
expected.17 This larger value has been explained by assu
ing that the Ge atoms bonded to the O atom accompany
rotation.3 This seems to be confirmed by the observation
Ge isotope shifts of the16O rotational transitions in qmi Ge
samples, which are too large to be explained by only
effect of the change of the average lattice mass.17
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TABLE III. Three first rows: comparison of the experimental values of the II(70Ge)-II(75Ge) spacings
(cm21) for the three O isotopes with: the values from the central-forces molecular model~Semiempirical!
and from theory. Four last rows:16O-17O and 16O-18O isotope shifts for II(70Ge) and II(75Ge). For~a!, the
interaction parameter massm8 is 11.65 amu and the angle 2a of the bent Ge-O-Ge group is 140°; for~b!, m8
is 23.1 amu and 2a is 111°. M575 amu (74GeO76Ge) is chosen rather thanM576 amu because of its
intensity. The low-resolution averaged values at LHeT of the17O and18O isotopes shifts with respect to16O
are 23.3 and 44.3 cm21, respectively.

Exper. Semiempir.~a! Semiempir.~b! Theory

16O (70Ge-75Ge) 2.49 2.49 2.48 3.30
17O (70Ge-75Ge) 2.58 2.56 2.54 3.39
18O (70Ge-75Ge) 2.65 2.62 2.61 3.49
70Ge (16O-17O) 23.20 23.18 22.86 23.20
75Ge (16O-17O) 23.28 23.25 22.94 23.29
70Ge (16O-18O) 44.30 44.34 43.71 44.34
75Ge (16O-18O) 44.46 44.47 43.84 44.54
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B. The sidebands ofn3„
16O…

For the interaction of the rotation of the O atom with t
n3 mode, the selection ruleD l 50 is strictly valid for a linear
configuration of the quasimolecule. The Ge-O-Ge group
clearly not linear, so that the dipole moment of then3 mode
has a component perpendicular to the Ge-Ge axis, which
allow vibration-rotation transitions withD lÞ0. In order to
explain the origin of the Ge isotope series of Table II, w
have determined the approximate position of the first tra
tions with D l 561 and62. Using the values of Table IV
and of the table in the Appendix, the first four transitio
with D l 511 for M573 amu are found to be located b
tween 863.7 and 871.8 cm21. In any case, theu0,0&→u1,
61& transition cannot be observed because of the inte
absorption at the center of the band, but the three other o
could be. There are no lines observed near the predi
positions and theH lines extend between 867.4 an
877.3 cm21. For D l 512 transitions, there is a reasonab
agreement between the predicted frequencies~867.5, 871.3,
and 877.1 cm21) of the u0,0&→u1,62&, u0,61&→u1,23&,
and u0,62&→u1,64& transitions for M573 amu and those
of H1(73), H2(73), andH4(73) in Table II. This can pro-
vide guidelines for the attribution of the sidebands
n3(16O). TheD l 522 selection rule has also been tried f
the L series. There again, the agreement seems reason
the u0,62&→u1,0& transition forM573 amu is predicted a
857.0 cm21 and in the set of more or less equally spac
lines at the base ofn3(16O), one line is found at
857.06 cm21, that is ascribed to that transition. Th
u0,23&→u1,61& transition is predicted at 852.8 cm21 com-
pared to 852.8 cm21 for L3(73). Theu0,13&→u1,61& tran-
is

an

i-

se
es
ed

f

ble:

d

sition is predicted at 850.6 cm21, but no line is observed
near this frequency. This absence could be due to the c
bination of a population effect with a smaller transition pro
ability. SeriesL1 is attributed to theu0,64&→u1,62& tran-
sition, despite the fact that theu0,64& state is only weakly
populated at 6 K. The reason is here again the good ag
ment between the predicted and observed values and the
that all the other possible combinations predict frequenc
larger than the ones observed.L2 ~73! at 851.33 cm21 is
quite close to the value of 851.3 cm21 predicted for the
frequency of theu0,23&→u1,0& transition; inversely, no
high-frequency line could be attributed to theu0,0&→u1,
23& transition, predicted at 872.7 cm21. These results are
given for M573 amu, but comparable results are obtain
for M571, 72, and 74 amu. They show that vibratio
rotation transitions, not obeying strict selection rules, are
served in the present case. In Table V, derived from
preceding attributions, the rotational energies are expres
in terms of those of the different vibration-rotation lines o
served.The only plausible attribution for theH3 series is the
u0,61&→u1,13& transition. ForM573 amu, the predicted
value is 873.5 cm21, to compare with 873.8 cm21 for
H3(73), a value significantly larger than expected. For
vibrational ground state, the agreement with the rotatio
energies obtained from phonon spectroscopy is good,
this seems to confirm the validity of our attributions. Th
energy of theu0,13& level could however not be determine
as no transition originating from this level has been iden
fied. From the good agreement between the two methods
energy of theu0,13& level given in Table V obtained by
adding to the value for u0,23& the value for the
rst

ed from
5%
TABLE IV. Second row: experimental values (cm21) of the energies above the ground state of the fi
rotational levels of16O in nGe derived from phonon spectroscopy~Ref. 18!. The values in meV are given in
parentheses. Last row: estimation of the energies of these levels in the excited vibrational state, deriv
the mid-IR data. Thel 513 and 64 values in brackets are extrapolated by assuming that they are
smaller than in the vibrational ground state.

l 561 l 562 l 523 l 513 l 564 l 565

1.4 ~0.17! 5.4 ~0.67! 10.9 ~1.35! 13.1 ~1.63! 21.1 ~2.62! 32.6 ~4.04!
1.3 5.1 10.1 @12.5# @20.1#
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PRB 62 10 171O ISOTOPE EFFECTS AND VIBRATION-ROTATION . . .
u0,23&2u0,13& spacing obtained by phonon spectrosco

for nGe.17 The numerical values of Table V are in line wit
the decrease of the rotational energies in the vibrational
cited state, but we note that theu0,23&2u0,13& splitting is
smaller than theu1,23&→u1,13& splitting.

As already mentioned, a Ge isotope effect on the ro
tional energies has been measured by phonon spectros
using qmi Ge samples. It has been interpreted as due t
accompanying motion of the two Ge atoms NNs of the
atom during the rotation, which consequently reduces
rotational energies with increasing masses of the Ge
topes. However, the width of the phonon resonances innGe
are smaller than what is expected from a superposition of
shifts due to the different Ge isotopes bound to the O at
This could be explained by a large interaction with the l
tice, which averages the Ge masses, but this seems t
contradicted by the existence of a Ge isotope shift of then3
mode and the small FWHM of the lines. From the IR resu
a shift of 20.0760.04 cm21 of the u0,0&→u0,64& rota-
tional energies is found betweenM570 amu and M
575 amu. This value is smaller by nearly an order of ma
nitude than the corresponding shift measured by pho
spectroscopy between qmi70Ge and the mean of qmi74Ge
and 76Ge for the same transition.17 This can be interpreted a
a reduction of the amplitude of the displacement of the t
Ge atoms from the Ge-Ge axis at rest accordingly an
seems to show that the role of the average mass of the la
in this kind of isotope shift has to be reconsidered. T
result also differs from the conclusions drawn from the
ready mentioned ratio of theu0,64& rotational energies mea
sured for16O and 18O in nGe. This ratio was closer to unit
than the value16

18 expected when considering the rotation
the O atom alone. In that case, it could be due to the na
of the 18O-implanted Ge sample, where the implanted zo
has a lattice parameter different from the unimplanted
and phonon resonance experiments on bulk samples enri
with 18O are desirable to fix this point.

From Table V the energies of theD l 50 u0,13&
→u1,13& and u0,64&→u1,64& transitions for

TABLE V. Spacings of the first rotational levels of16O in nGe
expressed as functions of combinations of the mid-IR lines
served in this paper and before. With regard to the frequenc
L35I1IV-H2. The numerical values are determined using the f
quencies forM573. ForM570 and 75, the values of theu0,20&
2u1,64& spacing are 21.54 and 21.47 cm21, respectively. For the
u0,0&2u0,13& spacing, see the text.

Spacing IR combination Energy (cm21)

u0,0&2u0,61& I1IV-( H21L2) 1.50
u0,0&2u0,62& H1-III 5.34
u0,0&2u0,23& I-L2 11.07
u0,0&2u0,13& @13.26#
u0,0&2u0,64& H1-L1 21.49
u1,0&2u1,61& II1IV-( H21L2) 1.43
u1,0&2u1,62& H1-I 5.03
u1,0&2u1,23& IV-L2 10.27
u1,0&2u1,13& L31H3-(II1L2) 12.95
u1,0&2u1,64& H11H4-(I1III) 20.26
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M573 amu areI -0.31 cm21 and I -1.23 cm21, respec-
tively. The u0,13&→u1,13& transition is very close to line
III ( I -0.30 cm21) and its detection would be very difficult
For M576 amu, theu0,64&→u1,64& transition should be
located at 859.7 cm21 and no line occurs at this exact fre
quency. This line should be weak because of the popula
of the level and of transition probabilities, but we could e
pect to detect it. The energies of theu0,62&→u1,61& and of
the u0,23&→u1,62& transitions forM573 amu have been
calculated from Table V. They are 858.51 and 856.36 cm21,
respectively. If one line at 858.57 cm21 could be ascribed
to u0,62&→u1,61&, the line closest to a possibl
u0,23&→u1,62& transition is at 856.58 cm21 and the attri-
bution is unlikely. Many lines among those between 855 a
860 cm21 have not been attributed and we note that some
them have a FWHM near 0.03 cm21. It has been checked
that they are not due to residual gases in the interferome
The surface of the sample has been properly cleaned, bu
etched so that the possibility that some of these lines a
from an unwanted attenuated total reflection spectrum of
face contaminants cannot be excluded.

IV. CONCLUSION

Low-temperature IR measurements on a natural G
sample using a multireflection geometry have allowed us
obtain high-resolution spectra of the asymmetricn3 mode of
interstitial 17O and 18O. They show that the widths of th
17O lines are comparable to those of16O while those of18O
increase significantly with decreasing values of the Ge i
tope mass. The results on18O have been clarified by using a
18O-enriched sample. The broadening ofn3(18O) is attrib-
uted to some short-range resonance with the three-pho
continuum. It is verified that the Ge and O isotope shifts
this mode are predicted with a good accuracy by a tw
parameter semiempirical model. Weak sidebands ofn3(16O)
have been attributed to transitions involving a change of
value of the rotational quantum number of the O atom ro
ing about the Ge-Ge axis. An analysis of these transiti
allows us to determine the energies of the O rotator in
vibrational ground and excited states for different masse
the Ge atoms. The Ge isotope effect on the rotational e
gies is found to be much smaller than the one found
phonon spectroscopy on qmi Ge samples. This implie
smaller displacement of the Ge atoms NN of the O atom t
estimated previously and phonon resonance measurem
on bulk-doped17O and18O nGe samples could be a valuab
test of that point. These results show also the existence a
second order of vibration-rotation transitions without spec
selection rules and to our knowledge, such transitions h
not been reported before in molecular spectroscopy.
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APPENDIX

Average frequencies (cm21) of the components of the
n3(16O) bands innGe at LHeT for the different values of M
The uncertainty is60.01 cm21. The values of frequencie
of the D l 50 lines used for the attributions of theH and L
lines are taken from this list. In this list, different frequenci
corresponding to the same value ofM have been average
when necessary. Each line is identified by a value ofl and by
its common labeling, given in parentheses. The relative
tensities~RI’s! for eachM value are normalized toM571.
em

l

.I

s

un

.

h,
l-

-

The respective intensities at 6 K of components I, II, and
can be appreciated from Fig. 4 forM570 and 75 amu.

0 ~I! 61 ~II ! 62 ~III ! 23 ~IV ! M ~amu! RI

863.92 863.85 863.63 863.14 70 0.3
863.40 863.33 863.10 962.62 71 1.0
863.16 863.08 862.86 862.37 71.5 0.2
862.90 862.83 862.60 862.11 72 2.0
862.63 862.56 862.33 861.85 72.5 0.3
862.40 862.33 862.09 861.60 73 2.1
862.14 862.07 861.84 861.36 73.5 0.5
861.90 861.83 861.61 861.12 74 1.5
861.67 861.60 861.37 860.89 74.5 0.1
861.43 861.36 861.13 860.65 75 0.5
860.96 860.89 860.66 860.18 76 0.0
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