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O isotope effects and vibration-rotation lines of interstitial oxygen in germanium
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The infrared absorption of interstitidfO and %0 has been measured at high resolution in natural germa-
nium in a multireflection geometry. The asymmetric mode'd is observed to be broadened by interaction
with the phonon background while that 6fO is unaffected. The broadening is confirmed by results on an
180-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 of®0 between the ground and excited vibrational states. Energies of the two-dimert§@nal
rotator are derived from these measurements, with a Ge isotope effect much smaller than the one deduced from
phonon spectroscopy.

[. INTRODUCTION dorotation is weakly perturbed by the six Ge atoms second-
nearest neighbors of O. This results in a small perturbing
When present in germanium crystals, isolated oxygen iserm in cos & in the potential hindering free rotation of the
usually located interstitially ((, bonded to two nearest- O atom, that splits the-3n rotational levels. In silicon, no
neighbor(NN) Ge atoms. The O atom is pushed off center splitting is detectabl&,but in germanium, a splitting of the
and the Ge-O-Ge apex angle has been estimated to be nead rotational levels has been detected by phonon
140°2 O, and the two NN Ge atoms can vibrate as a quasispectroscop§7.The eigenstates of the split levels are linear
isolated GeO molecule with an asymmetric mode near cOmbinations of the-3 and+ 3 states so that they cannot be
862 cni® at liquid helium temperaturé_HeT). This mode  Strictly labeled as pure states. For convenience, we keep

is often notedv,, by analogy with a free molecule witd,, ~ NOWever this labeling. _ ,
symmetry. A symmetric mode of G@ at 407 cm® has The pseudorotation of the O atom combines with the

also been observed indirectly from its combination mode][nOdz_”: a _Couplllng :Ischleme_l_dlfferfhnt frlomt _th%_onle fofrt':]he
with v, near 1270 crﬁl(LHeT). This symmetric mode is ree diatomic molecule. In stiicon, the electric dipole ot the

. e v3 mode (or A,, mode, when considering a SESi-
labeledv,, accordingly. In addition to the; and v, modes, O-SE=Si; group with D sy symmetry is essentially parallel

t2h1e30ry _alsqrhpr?dtltcts thg existence dOf If”l tht|rd mcd)q? an the Si-Si axis and thus independent of the angle of rotation
cm °. This latter mode corresponds, likg, to a radia ¢.% The selection rule for the rotational transitions in this

motion of the O atom, but while inv,, the two Ge atoms 4 ticylar vibration-rotation scheme is therefateé=0 and
move in phase with respect to the O atom, they move out ofhe ghserved structure is attributed to transitions where the
phase in thisv, mode ~ The nonlinear structure of the Ge- otational quantum numbéris the same in the ground and
O-Ge bridge allows some kind of rotation of the O atomeycited vibrational stated@,)—|1/) transitions. The same
about the Ge-Ge axis, restricted in a plane perpendicular tgyipytion has also been made in germanium: near LHeT,
the Ge-Ge axis. The enerdg}, of this two-dimensional ro- pesides the ground state, three rotational states are populated
tator is quantized a8l?—DI*, whereB is the rotational significantly, so that four vibration-rotation lines withl
constantD the centrifugal distortion coefficient, amds 0 or =0, noted I, II, I, and 1V, are observedThese four lines

an integer. In a classical two-dimension@D) vibration-  correspond td=0, =1, +2, and —3, respectively, and
rotation coupling scheme, the pseudorotation of O shouldheir energies decrease in this order. High-resolution spectra
couple with modev, , whose frequency comes close to the of v5(*%0) have shown that the relatively closely spaced
value ofw derived from the centrifugal distortion coefficient lines of this structurdlines | and Il are separated by about
D=4B%#%%»3. The eigenfunctions of the 2D rotator are 0.07 cm ) can be resolved at LHeT as the full widths at
(1/27)expil g with | =0, =1, =2, =3, etc., but the pseu- half-maximum(FWHM) are about 0.04 cm.>"® Line IV
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is practically impossible to detect in natural germanium 0.20 T T A
("Ge) because it is very weak and obliterated by other tran-
sitions except for’°Ge,O; it has been reported for the first
time in quasimonoisotopi¢gmi) ““Ge. Vibration-rotation
transitions associated with; involving a change in the val-
ues ofl between the ground and excited vibrational states
have not been reported for, O

About 25 lines can be resolved in(°0) when observed
near LHeT. This apparent complexity is mainly due to the 75 70
existence of five Ge isotopedGe, "“Ge, "*Ge, "“Ge, and ootd e “j i |
’8Ge) with abundances within the same order of magnitude. ] m
This leads to 15 different G® combinations, each with four 000 w«w}k L*vw,
lines. Some of these combinations, however, have the sam 815 8i6 817 818 8o 820 837 88 63 840 841
average Ge mass, taken as the mean value of the masses Wavenumber {cm”)
the two Ge atoms bridged to the O atdeng., "°Ge,O and
“GeO“Ge); the corresponding transitions are thus very £ 1. Compound spectrum o(**0) andws(170) at 6 K in
close to each other and difficult to resolve individudlliyor sample S with O,] near 2.5 101 atoms/cr ([120,] and[Y’0/]
some purposes, the combinations can be defined by this Gge about 5 and % 10" atoms/crf, respectively. Some of the
average masdl. For *°0, the average separation betweenaverage or true Ge masses are indicated above the pair of lines | and

18
0.16 4 v 0) 24 72 i
73

- 17, -
0.12 v("0) -

0.08 1
75

Absorption coefficient (cm™)
N

corresponding lines of combinations wiM andM *1 is  |I. Note the background superimposed tq(*?0), due to an
0.5 cmi'! (see the Appendjx The spacings and the relative O-related defect mode. The apodized resolution is 0.02 lcm
intensities of lines I, Il, Ill, and IV are also such that near

coincidences occur between different lines of nearby combipath length of the optical beam22 mm is obtained. This
nations. All this explains why only 25 individual lines are sample was fitted in a specially designed sample holder for a
resolved. continuous flow Oxford Instruments optical cryostat, and
The rotation of*®0; has been directly observed and mea-cooled in He gas at approximately 6 K. Another sample was
sured by phonon spectroscopy held K and transitions &0-enriched(OE) and used in the normal transmission ge-
between|0) and |0,|’) states have been detectediGe  ometry. With the same calibration factor as before, the con-
between 1.3 and 4.8 mef@bout 10.5 and 38 cit) without  centrations of*°0; and *80; in this sample are about 5 and
strict selection rule3 The energies of the first rotational lev- 33X 10* at/cn?, respectively. The IR measurements were
els in the vibrational ground state have been deduced fromerformed in the 230-1000 cmh spectral range with
these measurements and the values calculated using a hBOMEM DA3+ and DA8 Fourier-transform spectrometers,
dered rotator model are in good agreement with the experidsing either a MCT detector with a cutoff at 700 chor a
mental ones. The combination with the vibration-rotation silicon bolometer.
data in the midinfrared allows to determine the spacings of The S sample had been annealed near 900°C and
the rotational levels in the excited vibrational state. They areqjuenched to destroy the thermal don@rB’s) present in the
slightly smaller than in the ground state. as-grown material? This is necessary to reduce to a mini-
The vibration-rotation spectrum offO has been previ- mum the continuum electronic absorption because of the
ously observed in germanium at low resolution or with arelatively long optical path through the sample. At room
poor signal/noise rati®? and there is no information on temperature, in the S sample, besidg6'%0), a weak band
10, . It could be interesting however to compare the situawith a FWHM of 4.9 cm?! is also measured at
tion in germanium with that in silicon, where a resonance813.6 cm L. This band is distinct fromv;(180), observed at

effect broadens the;(*’0) structure® 811.8 cm! in the OE sample, and its origin is discussed
We report here results obtained from good-qualitybelow.
v3(1’0) and v5(*®0) spectra in germanium with’O and The high-resolution spectrum of the S sample at LHeT

180 natural abundances. THEO spectra are compared with shows thev; mode of the three O isotopéthe natural pro-
those in a sample enriched witO. In the present paper, portions of °0, 1’0, and %0 are approximately 100, 0.04,
weak sidebands of the;(1°0) structure have also been ob- and 0.2, respectivelyand two weak and rather broad bands

served and their origin is discussed. at 780 and 801 cm‘. The composite spectrum of Fig. 1
showsv;(1’0) andv;(*%0) near 6 K. It looks as if a broad-
Il. EXPERIMENTAL RESULTS band was superimposed to thg(*80) structure while noth-

ing conspicuous is seen fary(}’0). Three bands at 780,

In order to detectrs(}’0) and v5(*®0), a standardS) 801, and 819 cm' have indeed been reported in
Ge:O sample with a high O concentration was choserO-containing germanium irradiated at liquid nitrogen tem-
[~2.5x10Y at/cn? using a calibration factét of 5  perature with high-energy electrons, after annealing at
X 10 at/cm 2 for the room temperature absorption of the 200°C® The same bands also appear as weak features in
v3(*%0) mode at 855.7 cm'] and a trapezoidal geometry O-doped germanium after a dispersion quench from elevated
adopted. With this geometry, the infrarédR) beam enters temperature and this is the reason for their observation in
normal to one side of the sample, cut at 45°, makes severaample S. As the 819 and 780 Cfbands disappear again
total reflections, and exits by the other side, parallel to thaluring the initial stage of a 350 °C annealing sequence, it has
first. Considering the dimensions of the sample, an effectivébeen suggested in this context that the center giving the



PRB 62 O ISOTOPE EFFECTS AND VIBRATION-ROTATION . .. 10 167

9.05 ————————————————————— 9 — 11—

"*O-related line at 818 cm” 1 s v,(0) -

0,04 T=6K i

Re.: 0.4 cm’

0.03 B

75 70

0.02 .
nea

Absorption coefficient (cm™)
Absorption coefficient (cm™)
n

0.01 /\j \/\ i
V\/VWW\/\/ \ V/M\M 0

o —

810 820 830

i B S e e e e e e e R A E e S e e S
816 817 818 819 820

Wavenumber (cm™)

Wavenumber (cm”) FIG. 3. Absorption at 6 K ofy3(*80) in the Ge sample with
[80,]1=3.3x 10'® at/cn?. Some of the Ge masses are indicated
FIG. 2. Difference spectrum of S sample before and after anabove the pair of lines | and Il. Note the change on the resolution of
nealing for 5 min at 350 °C showing th¥O-related vibrational components | and Il foM =70 and 75 and the observation of the
mode responsible for the backgroundef{*?0). The intensity of ~components foM =76. The apodized resolution is 0.02 th
this mode corresponds to the fracti@bout 40% of corresponding

ters destroyed by th ling at 350$€= the tejt . .
centers destroyed by the annealing at 350 e te) states and a small shift of the(*%0) lines could eventually

be observed, similar to the effects observed wig'°0) 14
819 cm ! band is the @ dimer!® The S sample was thus The broadening of the componentsia{*%0) also shows up
annealed under flowing argon gas for 5 min at 350 °C. Thi®n the maximum absorption of this band: if the linewidths
produced a reduction of the intensity of the 780 ¢nband  were the same fowy(1%0) and v5(*’0), the ratio of the
and of the background ofs(*®0) while a small increase of maximum absorptions! a(**0)/I na{*’0) in sample S
the band at 801 cimt was observed. The reduction of the should match the ratio of the natural isotopic abundances.
background can be appreciated quantitatively by subtractinlow, after subtraction of the contribution of the 819 ¢n
the v3(*%0) spectrum after this second annealing from theline to the intensity ofy5(*%0), the ratiol ,(**0)/I nad*'0)
initial spectrum: the result is a weak line at 817.8 Crith is ~3 while a value of 5 is expected. The frequencies of
a FWHM of 1.8 cm'}, clearly seen in Fig. 2. This line is the components oi5(*%0) andv;(’O) that can been identified
“819 cm™'” band, superimposed tovs(*®0) in the S  with a minimum of interferences with other lines are listed in
sample. This line is the one observed at 813.6” tat room  Table 1. The values for,(1%0) are in good agreement with
temperature. In Fig. 2, its intensity corresponds to the fracthose given in Ref. 8. As mentioned before, the widths of the
tion (estimated to 40% of the centers produced by the
quenching from 900 °C that have been dissociated by the tag g . Frequencies (cm?) at 6 K of lines I, II, and IIl of
annealing at 350 °C. No other annealing of the sample wag,(180) andv;(10) in natural germanium for some values of the
performed in order to avoid further production of TD's. An- average Ge magd. Missing values are due to strong interferences
other particularity ofvs(*®0) is that the individual lines are or to components too weak for detection.
broader than those fot®0 and*’O. In order to better appre-
ciate the effect, a full subtraction of the broad band from theOD isotope M (amu Line | Line Il Line Il
spectrum of sample S was performed. The correetgdO)

profile is then very comparable to the one obtained with the 130 0 819.62 819.55 819.33
OE sample. Thesy(*%0) absorption in this latter sample is | 0O 70 840.72 840.65

shown in Fig. 3, with nearly the same background as the one 130 71 819.07 819.01 818.79
observed for the other O isotopes. The increase of the widths ' © 71 840.18  840.11 839.90
from M =76 to 70 inv4(*%0) is attested from the decrease of O 7?2 818.54  818.48

the resolution of components | and Il for decreasing values 'O 72 839.68

of M. For masses 72 and 74, the comparison is difficult "0 725 818.19

because they can be obtained with different combinations of ‘'O 72,5 839.32

Ge isotopes that give slightly frequencies, preventing normal %0 73 817.98 817.93

resolution of components | and Il. A possible cause of the 'O 73 839.13 839.07 838.86
increase of the®0; linewidths with respect to those 3O, 180 735 817.67

and %0, is a resonant interaction with the three-phonon 20 74 817.45 817.40
background of germanium. Only in qmfGe and in"%Ge o) 74 838.62 838.55

samples could the situation differ because of the shift of the 18 75 816.96 816.90 816.71
phonon spectrum in the gmi samples comparedGe (n 170 75 838.14 838.07 837.86
=72.6 amu). This should change the strength of the inter- 18 76 816.46 816.40 816.2

action between the local mode and the phonon density-of
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FIG. 4. Comparison 0ﬁ3(17o) in sample S Wlthl3(160) at6 K FIG. 5. Sidebands Olfg( 60) at 6 K showing different series of

in a "Ge sample witf O,]=8x 10'® atoms/cm. Some of the Ge isotopic lines. The intensity of the starred lind1 &73) is about
masses are indicated above the pair of lines | and IINFsr70 and 4% 107 times the peak absorption for this mass fg(*°0).
75, lines I, 1, and lll are indicated. Differences in the profiles are
due to the slightly smaller spacings between lines |, Il, and Ill forscale: it displays the same Ge isotope effect astfecen-
0. The abscissa scale and the resolution (0.02 gmare the  tral band, but with only one transition for each Ge combina-
same for both spectra as for Fig. 3. TH® spectrum is displayed tjon instead of four in the central band. These Ge isotopic
between 860 and 864.5 crh series are clearly related to the central band and those on the
high-energy side look more intense than those on the low-
components of thé’O band are comparable to those™®  energy side. In a spectrum obtained at 15 K, a small relative
(Fig. 4. There is a slight increase of the Ge isotope shiftdecrease of the intensity of the high-energy features com-
when going from'®0 to 1’0, visible in Fig. 4. Inversely, the pared to the low-energy ones was observed. It is difficult to
separations between components |, Il, and Ill for the sameptain significant data above 15 K because of the broadening
value of the Ge mass, slightly decrease frdf® to 0.  of the lines. We none the less interpret the high-energy side
These changes in the spacings produce in turn small changegries as transitions where the value of the rotational quan-
in the overall profiles of the bands. In all the series of spectraum numbei of 10 is lower in the vibrational ground state
we have obtained, it was very difficult or impossible to ob-than in the excited state and the inverse for the low-energy
serve component 1I1PG€;’0), whatever the detector used. series. These high-energy series are labelegH,, Hs, and
Inversely, lines which could have been attributed to compoH, in order of increasing energies. Two series of lines com-
nents | and Il ofv3(7GGe,§7O) have been observed in the two parable to the preceding ones are observed on the low-energy
spectra with the best signal-to-noise ratio, despite the vergide of v3(°0) and two lines pertaining to a third series are
small intensity expected. also detected. These latter series are labeled_,, andL ;.

The absorption of the S sample in the normal transmissiofrrom their relative intensities, it has been possible to at-
geometry has also been measured in the 400 crange at tribute the lines within a series to definite values of the Ge
LHeT to try to detect thev; mode(in this range, the two- mass, averaged or not, and the result is given in Table II.
phonon absorption of the Ge lattice forbids the use of a mulAbout 20 more or less equally spaced lines, which can con-
tireflection geometry However, when careful subtraction of tain Ge isotopic series, are also found between 855
the phonon background is performed, no absorption is de-
tected. This is likely to be due to the small dipole moment  o.04 . - . -
associated with the mode, combined with a predicted half- "Ge:0 ™72 T=ek
width near 10 cm?. On the other hand, the, + v combi- Re.: 0.02 om’
nation mode of*®0; could be detected in the OE sample at & %
1215.8 cm®. The exact position for%0; is 1269.4 cm?,
hence a'®0-1%0 isotope shift of 53.6 cm' for this combi-
nation. From a comparison with the averagé®-'%0 iso-
tope shift of vy (see legend of Table il the corresponding
shift for v, is found to be only 9.3 cm!, indicating a
smaller amplitude of the O atom in this particular vibration
as compared to the motion of the Ge atohiEhe same O
isotope shift is only 1.2 cm® for the »;, mode of Q in 0.00 . . . .
silicon'® and such a small value is due to the nearly linear 865 866 867 868 869 870
structure of the Si-O-Si bridge. Wavenumber (cm™)

In the S sample,v;(1%0) saturates because of the optical
path length, but a series of weak and relatively sharp features FIG. 6. Closeup of theH; series ascribed to thé¢0,0)
are observed on both sides of this baig. 5. The most —|1,+2) vibration-rotation transition ot°0; showing Ge isotopes
intense series of lines is shown in Fig. 6 on an expandedittribution. The FWHM of the components is about 0.08 ¢m

0.02

0.01

Absorption coefficient (cm™)
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TABLE II. Frequencies (cm?) at 6 K of lines of H andL sidebands series af(*%0) band ascribed to
definite values oM. The predicted RI, deduced from natural Ge isotopic abundances, are normalized to that

for M=71.
H, H, Hj Hy L, L, Ly 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 1.57
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 2.12
867.67 871.41 851.6 725 0.38
867.95 871.69 874.32 877.84 846.41 851.81 72 2.01
868.21 715 0.29
868.46 872.19 874.84 878.33 846.92 852.3 71 1.00
868.97 847.43 70 0.38

and 860 cm?, at the base of3(*%0) and attributions for "Ge. With only one experimental frequen¢gomponent
some of them are discussed later. The lines ofHhendL  11(7°Ge,°0) in "Ge at 863.853 cm'] as v5(Ge,0) in ex-
series are typically 10°~3x10"“ times less intense than pression(1), the maximum deviation with the experimental

the corresponding lines of they(*°0) band. values using this set is 0.05 ¢rh With the set(23.1 amu,
111°), deviations as large as 0.6 cthare found with the
1. DISCUSSION same procedure. For this reason, we think the set of Ref. 2 is
A. The v5(70) and »4(1%0) bands physically more significant.

) ) o Within this model, a value of 0.6 A is obtained for the
First, from the comparison of the; Gpectra in silicon and  jistance between the O atom and the Ge-Ge &iSe-O

in %?rmf”‘”“!f.‘" it.seems that the broadening observed fog, length of 1.74 A is assumed his value is very close
v3(*'0) in silicon is due to a resonance effect and not to the[o the one derived from amb initio calculation using a

. . 1 .
nature of the O isotope. In germaniumg("*0) is at the cluster-Hartree-Fock approximation, intended to determine

same frequency as a local mode related'f®, but it is . CoL . L
difficult to understand how the two modes can interact asthe radial potential limiting the O motichThe vibration

they are both localized. The intensity of the Iow-temperatur%Odes of this system can be obtained in the cluster-Bethe-

three-phonon background is nearly the same for the three ttice approximatioﬁfallsotope effepts can thus. be. .calcu-
isotopes, but we assume tha{(*é0) is broadened by a reso- ated by making the suitable isotopic changes. Significant Ge

nance with a three-phonon combination at a frequency sufﬁ‘:’lnd O isotope shifts are summarlized in Table 1. Thi§ table
ciently close to the high-energy side of this band. The ceshows that the calculations predict accurately the O isotope

isotopes shifts of the components of thg(1%0) band have Shift, determined for a Ge mass of 73 amu, while the Ge
first been modeled in a quasifree molecule approximationShifts, determined by replacing all the atoms of the cluster by
neglecting the coupling with rotation. For a nonlinear sym-the same Ge isotope, are overestimated.

metric triatomic Ge-O-Ge molecule with an apex anglg a The rotation of the O atom shows up indirectly in the

value of the rati0v3(iGézO)/v3(G920), where the index splittings between components |, Il, Ill, and IV. These split-

denotes any isotopic substitution, can be determined withiings represent the differences between the same rotational

the central forces framework: energy levels in the vibrational ground and excited states.

For 10, the splittings are 0.07, 0.30, and 0.78 Cnfor

v5(1GE,0) \/MGeMO(MiO+ 2Migesira) I-II, 1-11l, and I-1V, respectively. For*O, the I-II and
T X (D -1l spacings measured foM =75, where the resonant
V3(GeZO) MiGeMiO(MO+ 2M GeSInza)

broadening effect is thought to be weak, decrease to 0.06 and

whereMy is the mass of atorX.*® To take into account the 0-28 cm * (uncertainty:=0.01 cm'*). Values of the first
binding of the quasimolecule with the crystal, an interactionfotational energy levels of°0 deduced from phonon spec-
massm’ was added empirically to the mass of the Ge atom{roscopy are listed in Table IV. Phonon spectroscopy has
The value of this interaction mass and of the apex angle 2 also been performed on %Ge sample implanted with®0.

had to be determined self-consistently by a best-fit procedur&he rotational energies for this isotope are smaller by a fac-
with a selected experimental shiffThe first determination tor 0.935 than the ones fdfO, while a ratio 0.889: 16/18 is
yieldedm’=11.65 amu and @=140°? Another set of val- expected.’ This larger value has been explained by assum-
ues (23.1 amu and 111°) has been obtained from slightlying that the Ge atoms bonded to the O atom accompany its
different experimental values using a more restricted fittingrotation® This seems to be confirmed by the observation of
range® The former set11.65 amu and 140°) has been testedGe isotope shifts of thé®0 rotational transitions in gmi Ge
by computing all the frequencies of components Il for thesamples, which are too large to be explained by only the
three O isotopes and for different values of the Ge mass foeffect of the change of the average lattice midss.
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TABLE lll. Three first rows: comparison of the experimental values of th€@¢)-11("°Ge) spacings
(cm™1) for the three O isotopes with: the values from the central-forces molecular rt®eeliempirical
and from theory. Four last rows%0-1’0 and %0-1%0 isotope shifts for 11{°Ge) and I1(°Ge). For(a), the
interaction parameter mass is 11.65 amu and the anglexdf the bent Ge-O-Ge group is 140°; fdr), m’
is 23.1 amu and @ is 111°. M=75 amu (“GeO®Ge) is chosen rather thavi=76 amu because of its
intensity. The low-resolution averaged values at LHeT of'tf@ and %0 isotopes shifts with respect {60
are 23.3 and 44.3 cnt, respectively.

Exper. Semiempir(a) Semiempir.(b) Theory
160 ("%Ge 5Ge) 2.49 2.49 2.48 3.30
0 ("Ge 5Ge) 2.58 2.56 2.54 3.39
180 ("'Ge 5Ge) 2.65 2.62 2.61 3.49
Ge (*0-1"0) 23.20 23.18 22.86 23.20
SGe (*0-170) 23.28 23.25 22.94 23.29
Ge (*%0-%0) 44.30 44.34 43.71 44.34
SGe (*%0-1%0) 44.46 44.47 43.84 44,54
B. The sidebands ofv3(*°0) sition is predicted at 850.6 cm, but no line is observed

For the interaction of the rotation of the O atom with the near this frequency. This absence could be due to the com-
v3 mode, the selection rull =0 is strictly valid for a linear ~ bination of a population effect with a smaller transition prob-
configuration of the quasimolecule. The Ge-O-Ge group iability. SeriesL; is attributed to thg0,=4)—|1,+2) tran-
clearly not linear, so that the dipole moment of themode  sition, despite the fact that tH8,+4) state is only weakly
has a component perpendicular to the Ge-Ge axis, which cgmpulated at 6 K. The reason is here again the good agree-
allow vibration-rotation transitions witiAl #0. In order to  ment between the predicted and observed values and the fact
explain the origin of the Ge isotope series of Table I, wethat all the other possible combinations predict frequencies
have determined the approximate position of the first transitarger than the ones observed, (73) at 851.33 cm? is
tions with Al=+1 and +2. Using the values of Table IV quite close to the value of 851.3 crh predicted for the
and of the table in the Appendix, the first four transitionsfrequency of the|0,—3)—|1,0) transition; inversely, no
with Al=+1 for M=73 amu are found to be located be- high-frequency line could be attributed to the,0)—|1,
tween 863.7 and 871.8 cm. In any case, thé0,00—|1,  —3) transition, predicted at 872.7 crh. These results are
*+1) transition cannot be observed because of the intensgiven for M =73 amu, but comparable results are obtained
absorption at the center of the band, but the three other ondsr M=71, 72, and 74 amu. They show that vibration-
could be. There are no lines observed near the predictegtation transitions, not obeying strict selection rules, are ob-
positions and theH lines extend between 867.4 and served in the present case. In Table V, derived from the
877.3 cml. For Al=+2 transitions, there is a reasonable preceding attributions, the rotational energies are expressed
agreement between the predicted frequen(®&3.5, 871.3, in terms of those of the different vibration-rotation lines ob-
and 877.1 cm?) of the|0,00—|1,=2), |0,#1)—|1,—3),  served.The only plausible attribution for thi, series is the
and|0,=2)—|1,+4) transitions for M=73 amu and those |0,+1)—|1,+3) transition. ForM =73 amu, the predicted
of H,(73), H»(73), andH,(73) in Table Il. This can pro- value is 873.5 cm!, to compare with 873.8 cnt for
vide guidelines for the attribution of the sidebands ofH;(73), a value significantly larger than expected. For the
v5(1%0). The Al = —2 selection rule has also been tried for vibrational ground state, the agreement with the rotational
the L series. There again, the agreement seems reasonabégiergies obtained from phonon spectroscopy is good, and
the|0,=2)—|1,0) transition forM =73 amu is predicted at this seems to confirm the validity of our attributions. The
857.0 cnm! and in the set of more or less equally spacedenergy of thg0,+ 3) level could however not be determined
lines at the base ofv3(*%0), one line is found at as no transition originating from this level has been identi-
857.06 cm?!, that is ascribed to that transition. The fied. From the good agreement between the two methods, the
|0,—3)—|1,= 1) transition is predicted at 852.8 crhcom-  energy of the|0,+3) level given in Table V obtained by
pared to 852.8 cm' for L5(73). The|0,+3)—|1,+1) tran- adding to the value for|0,—3) the value for the

TABLE IV. Second row: experimental values (¢ of the energies above the ground state of the first
rotational levels of:®0 in "Ge derived from phonon spectroscoiief. 18. The values in meV are given in
parentheses. Last row: estimation of the energies of these levels in the excited vibrational state, derived from
the mid-IR data. Thé=+3 and =4 values in brackets are extrapolated by assuming that they are 5%
smaller than in the vibrational ground state.

I=*1 I==*2 I=-3 I=+3 I=*4 |==*5

1.4(0.17 5.4(0.67) 10.9(1.35 13.1(1.63 21.1(2.62 32.6(4.09)
1.3 5.1 10.1 [12.5] [20.1]




PRB 62 O ISOTOPE EFFECTS AND VIBRATION-ROTATION . .. 10171

TABLE V. Spacings of the first rotational levels 6f0 in "Ge M =73 amu arel-0.31 cm! and I-1.23 cm'%, respec-

expressed as functions of combinations of the mid-IR lines obyjyely. The |0,+3)—|1,+3) transition is very close to line
served in this paper and before. With regard to the frequenciesm (1-0.30 Cm—l) and its detection would be very difficult.
Ls;=1+1V-H,. The numerical values are determined using the fre-FOr M=76 amu the|0 +4)—>|l +4) transition should be
quencies foiM=73. ForM =70 and 75, the values of t8.~0) 104 a1 8597 ciit and no line occurs at this exact fre-
—|1,=4) spacing are 21.54 and 21.47 Chyrespectively. For the his |i hould b Kb fth lati
|0,0)—0,+3) spacing, see the text. quency. This line shou | be weak because of the population
' ' ' of the level and of transition probabilities, but we could ex-
pect to detect it. The energies of e+ 2)—|1,+ 1) and of

Spacing IR combination Energy (cr) 9

the |0,—3)—|1,=2) transitions forM =73 amu have been
|0,00—0,= 1) [+1V-(H,o+Ly) 1.50 calculated from Table V. They are 858.51 and 856.36 tm
|0,00—0,%=2) H-1l 5.34 respectively. If one line at 858.57 ¢rh could be ascribed
[0,00—]0,—3) I-L, 11.07 to |0,£2)—|1,+1), the line closest to a possible
|0,00—|0,+3) [13.26 |0,—3)—|1,+2) transition is at 856.58 ci and the attri-
[0,00—0,x4) Hi-Ly 21.49 bution is unlikely. Many lines among those between 855 and
|1,0—1,+1) 1+1V-(H,+Ly) 1.43 860 cm * have not been attributed and we note that some of
|1,00—]1,+2) Hy-l 5.03 them have a FWHM near 0.03 crh It has been checked
11,001, 3) IV-L, 10.27 that they are not due to residual gases in the interferometer.
11,00~ |1,+3) Lo+ Ha-(11+Ly) 12.95 The surface of the samp!e.has been properly cleant_ad, but not
11,00— 1, 4) Hy+ Hy-(1+111) 20.26 etched so that the possibility that some of these lines arise

from an unwanted attenuated total reflection spectrum of sur-
face contaminants cannot be excluded.

|0,—3)—|0,+3) spacing obtained by phonon spectroscopy
for "Gel’ The numerical values of Table V are in line with IV. CONCLUSION
the decrease of the rotational energies in the vibrational ex-

cited state, but we note that the,—3)—|0,+3) splitting is . . .
he,—3) | ) splitting sample using a multireflection geometry have allowed us to

smaller than thél,—3)—|1,+3) splitting. v : .
As already mentioned, a Ge isotope effect on the rotarobtaln.hlgf}—?resolutl? n spectra of the asymmetgcmode of
tional energies has been measured by phonon spectrosco'@}ers“t'al O and **0. They show that the widths of the

. . 18
using gmi Ge samples. It has been interpreted as due to ano lines are S(_omp?rab!ehtg thoseﬁD Whl'le thofsehof GO .
accompanying motion of the two Ge atoms NNs of the O!Créase signi icantly with decreasing values of the Ge iso-

atom during the rotation, which consequently reduces thél%ge mass. The results 6fO have begn clarillled by ”S"?g an
rotational energies with increasing masses of the Ge iso- ©-€nriched sample. The broadening e ~O) is attrib-

topes. However, the width of the phonon resonance®Ga uted to some short-range resonance with the three-phonon

are smaller than what is expected from a superposition of thgontinuum. Itis verified that the Ge and O isotope shifts of

shifts due to the different Ge isotopes bound to the O atomtis mode are predicted with a good accuracy by a two-

. . . . 6
This could be explained by a large interaction with the lat-Parameter semiempirical model. Weak sidebands;6f°0)

tice, which averages the Ge masses, but this seems to fave been attributed to transitions involving a change of the
contradicted by the existence of a Ge isotope shift ofithe value of the rotational quantum number of the O atom rotat-

mode and the small FWHM of the lines. From the IR results,ing about the Ge-Ge axis. An analysis of these transitions
a shift of —0.07+0.04 cm'® of the |0 0)—|0,~4) rota- allows us to determine the energies of the O rotator in the

vibrational ground and excited states for different masses of
the Ge atoms. The Ge isotope effect on the rotational ener-
gies is found to be much smaller than the one found by
: phonon spectroscopy on gmi Ge samples. This implies a
spectroscopy between qritGe and the mean of qfiGe smaller displacement of the Ge atoms NN of the O atom than

and "*Ge for the same transitict{.This can be interpreted as estimated previously and phonon resonance measurements

a reduction of the amplitude of the displacement of the two P 4 y 18 np

Ge atoms from the Ge-Ge axis at rest accordingly and i n bulk-dope_ O and™0 "Ge samples could be_a valuable
Sst of that point. These results show also the existence at the

seems to show that the role of the average mass of the latti L ) - - S
in this kind of isotope shift has to be reconsidered. Thissecond order of vibration-rotation transitions without specific

result also differs from the conclusions drawn from the al_selection rules and to our knowledge, such transitions have
ready mentioned ratio of tH®,+ 4) rotational energies mea- not been reported before in molecular spectroscopy.
sured for'%0 and *20 in "Ge. This ratio was closer to unity
than the valuelg expected when considering the rotation of
the O atom alone. In that case, it could be due to the nature
of the ®0-implanted Ge sample, where the implanted zone The authors wish to thank Kurt Lassmann for helpful dis-
has a lattice parameter different from the unimplanted oneussions and for sending excerpts from Claus Linsenmaier’s
and phonon resonance experiments on bulk samples enrich®&iplomarbeit. They also acknowledge convincing discus-
with 0 are desirable to fix this point. sions with Hiroshi Yamada-Kaneta. The multireflection
From Table V the energies of thé\l=0 |0,+3) sample holder was designed by Denist€@nd Claude
—]1,+3) and |0,£4)—|1,=4) transitons for Naud. TheS sample originated from a crystal grown at

Low-temperature IR measurements on a natural Ge:O

tional energies is found betweeM =70 amu andM
=75 amu. This value is smaller by nearly an order of mag
nitude than the corresponding shift measured by phono
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o ==1@a1 ==2q) -=-3(0V) M@mu RI

863.92 863.85 863.63 863.14 70 0.38

APPENDIX 863.40 86333 863.10 96262 71 1.00

863.16 863.08 862.86 862.37 71.5 0.29

Average frequencies (cm) of the components of the 862.90 862.83 862.60 862.11 72 2.01
v3(*°0) bands in"Ge at LHeT for the different values of M. gg» 63 86256  862.33 861.85 725 0.38
G e o7 Mt bt of v, 86240 86233 86209 86160 73 212
862.14 862.07 861.84 861.36 73.5 0.51

lines are taken from this list. In this list, different frequencies

corresponding to the same value Mf have been averaged 861.90 861.83 861.61 861.12 74 1.57
when necessary. Each line is identified by a valueasfd by ~ 861.67 861.60  861.37 860.89 74.5 0.11
its common labeling, given in parentheses. The relative in861.43 861.36  861.13 860.65 75 0.51
tensities(RI's) for eachM value are normalized tM=71. 860.96 860.89 860.66 860.18 76 0.05

1J.W. Corbett, R.S. McDonald, and G.D. Watkins, J. Phys. Chem. J. Wolk, and E.E. Haller, Phys. Rev. 49, 16 293(1994.

Solids 25, 873(1964). °R.E. Whan, Phys. Rev. A40, A690 (1965.

2B. Pajot and P. Clauws, iRroceedings of the 18th International 198, Pajot, E. Artacho, C.A.J. Ammerlaan, and J.M. Spaeth, J.
Conference on the Physics of Semicondu¢tedited by O. Eng- Phys.: Condens. Mattét, 7077 (1995.
stram (World Scientific, Singapore, 1987p. 911. 1w, Kaiser and C.D. Thurmond, J. Appl. Phyg2, 115(1961).

3E. Artacho, F. Yndurain, B. Pajot, R. Ramirez, C.P. Herrero, L.I.12p_ Clauws, Mater. Sci. Eng. B6, 213 (1996.

Khirunenko, K. Itoh, and E.E. Haller, Phys. Rev. 38, 3820 13p_ Clauws and P. Vanmeerbeek, Physicam8-274 557 (1999.
. (1997. ~ 1%B. Pajot, E. Artacho, L.I. Khirunenko, K. Itoh, and E.E Haller,
D.R. Bosomworth, W. Hayes, A.R.L. Spray, and G.D. Watkins, Mater. Sci. Forun258-263 41 (1997).

SMPrg_:' R. So:\:/i Lcc;)lndon, Sedr.KBiZ, 133(197])8' id S c 15G. HerzbergMolecular Spectra and Molecular Structure II. In-
- Glenger, M. Glaser, and K. Lassmann, Solid State Commun. frared and Raman Spectra of Polyatomic MoleculKsieger,

86, 285(1993.
' Malabar, FL, 1991
6 B , FL,
H. Yamada-Kaneta, C. Kaneta, and T. Ogawa, Phys. Rei2,B 18E. Yndurain, Phys. Rev. Lei87, 1062(1976.

9650(1990. 17 ) ) .

L.1. Khirunenko, V.I. Shakovstov, V.K. Shinkarenko, and F.M. K. Lassn"llqann, C.h.Llnsenkmaler, F'. Ma'e;’ F. __Zel!er, i'E'. Haller,
Vorobkalo, Fiz. Tekh. Poluprovodn24, 1051 (1990 [Sov. SGZIZTSZ 3|8_4|(1K9§;;men 0. B. Pajot, and H. Misig, Physica B
Phys. Semicond24, 663 (1990]. 8 NG .

8A.J. Mayur, M. Dean Sciacca, M.K. Udo, A.K. Ramdas, K. Itoh, ~ C- Linsenmaier, Diplomarbeit, Stuttgart, 1998.



