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Phonon-electron interaction and vibration correlations in germanium
within a broad temperature interval
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The temperature dependence of the ‘‘forbidden’’ reflection 006 in a germanium single crystal was studied
from 299 to 735 K using x-ray resonant scattering at theK-absorption edge. Since the intensity is found to
increase by a factor of almost 8 for the maximum temperature, the reflection intensity is dominated by
phonon-electron interactions. A theory is developed, which relates the ‘‘forbidden’’ reflection intensity to the
vibration correlations,ui

2 andu'
2 , of neighboring atoms, and it is inferred thatui

2 provides the main contri-
bution to the thermal-motion-induced anisotropy of x-ray resonant scattering.
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I. INTRODUCTION

Electron-phonon interaction was extensively investiga
for many decades1 because of its importance for solid-sta
conductivity, superconductivity, etc. In crystals, electrons~or
holes! distort the surrounding lattice, and these distortio
can be described as phonons. There should also be an o
site effect which could be calledphonon-electroninteraction,
i.e., thermal phonons distort the configurational environm
of an atom and hence distort its electronic states. Inde
since the atomic motion is much slower than that of an e
tron, the electronic states always correspond to the insta
neous atomic configuration~the so-called adiabatic or Born
Oppenheimer approximation!. However, this effect should b
rather small due to the large difference between the typ
energies~few eV for valence electron states and a few m
for thermal phonons!. Consequently, one needs a very sen
tive method to detect such small distortions of the electro
states induced by thermal motion. Such a method was
suggested theoretically2,3 and then proved experimentally.4,5

The basic idea is that the thermal motion should violate
point symmetry of an atomic environment and that the c
responding distortions of the electronic states should resu
an anisotropy of the x-ray susceptibility, which consequen
results in a special type of ‘‘forbidden’’ Bragg reflection.

It has been known for many years6 that an anisotropy of
the x-ray susceptibility allows the excitement of reflectio
otherwise forbidden by screw-axis or glide-plane symme
operations. After the theoretical development7,8 and the first
experimental observation9,10 of such ‘‘forbidden’’ reflections
in NaBrO3, similar reflections were studied in man
other crystals, e.g., in Cu2O,11 TiO2 , MnF2 ,12 Ba(BrO3)2
3H2O,13 Fe3O4,14 FeS2 ,15 and La0.5Sr1.5MnO4 ~Ref. 16!
~orbital ordering!. In all these cases, the dipole-dipo
anisotropies of the x-ray susceptibility arise near the abs
tion edges of resonant scattering atoms because the
tronic states of these atoms are distorted by their asymm
environments.

A more intriguing situation occurs when a resonant at
occupies a position with so high a symmetry that the dipo
0163-1829/2002/66~16!/165202~7!/$20.00 66 1652
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dipole anisotropy is absent~as in the germanium structur
where the symmetry of the equilibrium atomic position

4̄3m). In this case, ‘‘forbidden’’ reflections can be excite
owing to a higher-rank-tensor anisotropy. For example,
Ge, 0kl,k1 l 54n12 reflections can appear as a cons
quence of a mixed dipole-quadrupole transition.17 However,
there is also another physical mechanism which can be
sponsible for the excitement of those reflections.2,3 That is, if
the resonant atom leaves its equilibrium position in arbitr
direction, then the point symmetry of its instantaneous en
ronment is lowered, its electronic wave functions beco
distorted, and the dipole-dipole anisotropy can again ap
Contrary to the first described situation, which results in
intensity decrease with increasing temperature, as obse
for cuprates,18 a thermal-motion-induced~TMI ! anisotropy is
expected to grow~in absolute value! with rising temperature.
For germanium, it was shown4 that the latter effect gives the
main contribution to the intensity of the 00l ,l 54n12 re-
flections, even at room temperature. The fact that at
temperatures a temperature-independent contribution
found might be attributed to either a dipole-quadrupole
isotropy or to other static effects.

In this paper, the study of the temperature dependenc
the ‘‘forbidden’’ 006 reflection in germanium is extended
higher temperatures. Intensity, resonant energy, and r
nance width are measured and carefully analyzed from
to 735 K. In addition, the theory is significantly improved b
taking into account the vibration correlations,ui

2 and u'
2 ,

parallel and perpendicular to the bonds between neighbo
atoms.

In this context, it may be noticed that the measured int
sity of a TMI reflection includes both elastic and inelas
coherent scattering~the latter is accompanied by absorptio
or creation of phonons!. The energy of the diffracted x ray
was not analyzed in our experiment, and values below
difference between elastic and inelastic scattering will be
nored. Potentially, recording both contributions could sup
the same information about electronic states as the reso
inelastic x-ray scattering19 plus special data on phonon vibra
©2002 The American Physical Society02-1
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tions. For instance, with TMI reflections, we could study n
only phonon eigenfrequencies but also phonon eigenvec
because the relative mean-square displacements of the a
ui

2 and u'
2 , are very sensitive to the eigenvectors.20 Since

information about the eigenvectors is hardly accessible w
neutron scattering,21 any new method to obtain it would b
very useful.

II. EXPERIMENT

Experiments were carried out on the four-circle diffrac
meter installed at beam line D3 at HASYLAB, Hamburg,22,23

DORIS being operated at 4.5 GeV, maximum current 1
mA. The instrument is equipped with a fixed exit doub
crystal-type Si~111! monochromator with an energy resol
tion of 431024 at 12 keV.

The sample was a 53531 mm3 ~001! cut of a Ge single
crystal. This wafer, containing on one side a drill hole
about 0.5-mm depth in order to house the joint of a chrom
alumel thermocouple, was flat mounted on top of a cor
dum tube with two channels through which the thermocou
wires were led outside. Thus, the crystal temperature co
be continuously monitored during the measurements, wh
were made in symmetrical Bragg geometry illuminating t
intact ~001! face with a beam of 0.8-mm diameter.

Heating of the sample was achieved by a N2 gas-stream
heater24 coaxially mounted on the primary beam collimat
so that the x-ray beam and the gas stream coincided~Fig. 1!.
The distance between the sample surface and the h
nozzle was 4 mm. The ensuing experimental procedure c
sisted of several steps:

~i! Establishment of the orientation matrix atE
511.080 keV, right below the GeK-absorption edge, using
24 reflections, 00l and adjacenthkl.

~ii ! Calibration of the monochromator to the middle of t
absorption edge (Ea511.104 keV) according to the Ge
fluorescence yield and starting the search for the ‘‘forbidde
reflection 006.

~iii ! OnceI (006) was observed, the maximum resonan
energy was determined by measuringI (006) as a function of
the energyE in steps ofDE51 eV.

~iv! At this energy, measurements ofI (006;C) using v
scans and steps ofDC515° over a 270° range. The ob

FIG. 1. Experimental setup. S5sample, T5thermocouple,
D5detector, B5sprimary beam, C5collimator, and V5power
supply.
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served intensities clearly showed the expected modula
with p/2 periodicity, i.e., the signal was proved to be due
the excitement of 006 rather than due to an ‘‘umwegan
gung.’’

~v! Choosing threeC settings at 35°, 40°, and 48°, clos
to the intensity maximum atC545°, I (006;C) values were
once more recorded byv scans~91 steps,Dv50.003°, 2
sec/step! as a function of energy using steps of 1 eV. T
three C settings were necessary in order to improve
counting statistics and, more important, to ensure that oc
sional ‘‘umweganregungen’’ could be detected and elim
nated from the data.

~vi! In the following, steps i and v were repeated aft
raising the crystal temperature to 373, 475, 523, 573, 6
673, and 700 K, respectively. Thus, in total, eight resona
curves were determined at increasing temperatures, for e
using threeC settings per energy step ofDE51 eV.

In order to correct the temperature readings recorded
ing the experiment for a possible temperature gradient n
mal to the sample surface, the experimental situation w
later simulated in the home laboratory where the tempera
in the drill hole could be correlated with that measured
another thermocouple contacting the sample surface at
edge. According to these measurements the experime
temperatures were corrected to 299, 384, 493, 547, 601,
707, and 735 K, respectively.

A. Data evaluation

After extracting the net intensitiesI (006;C;T) from the
recordedv-scan profiles, each resonance curve was fitted
a mixed Gaussian-Lorentzian-type function:

I ~006;x!5
a0exp@2~12a3!~~x2a1!/2a2!2#

11a3~~x2a1!/a2!2
, ~1!

wherex5E2Ea . Thus,a0 yielded the intensity maximum
a1 the energy shift with respect toEa , anda2 is a measure
of the full width at half maximum~FWHM! of the reso-
nance. Since the intensities were not corrected for absorp
the true resonance energies may be shifted towards so
what lower values, which, however, is not important in t
present context. An example of a resonance fit is given
Fig. 2, and energy as well as FWHM results are depicted
Fig. 3 showing that the resonance width~being dominated by
the monochromator resolution! is practically invariant
againstT whereas the resonance energy experiences a
nificant decrease of about 1 eV upon raising the tempera
from 299 to 735 K.

The maximum intensities exhibit a pronounced increa
with increasing temperature. Combining the low-temperat
results reported by Kokubunet al.4 with the refineda0 val-
ues, both on a common arbitrary scale, provides a clear
ture of the 006 intensity evolution over a wide temperatu
range between 30 and 735 K~Fig. 4!.

III. THEORY

In this section, the phenomenological theory of t
thermal-motion-induced reflections2–4 is further developed in
2-2
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PHONON-ELECTRON INTERACTION AND VIBRATION . . . PHYSICAL REVIEW B66, 165202 ~2002!
order to take into account both optical and acousti
phonons in Ge. To this purpose we calculate the reson
tensor structure factorF jk(H) given by

F jk~H!5(
s

f jk~s!exp~ iHr s!. ~2!

Here and below, the bar denotes averaging over the the
displacementsu(s) of atoms ~such as in the case of th
Debye-Waller factor calculation!. u(s)5rs2r0

s , and rs and
r0

s are the instantaneous and equilibrium positions, resp
tively, of the sth atom in the unit cell,f jk(s) is the tensor
atomic form factor, andH is the reciprocal-lattice vector o
the reflection.

In the dipole approximation, the anisotropy of resona
scattering is described by the anisotropic part of the ten

FIG. 2. Energy dependence ofI (006) at T5601 K, fit curve
from Eq. ~1!.
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form factor, f jk , depending on the atomic environment a
on the x-ray energy,E. If we neglect thermal motion, then
f jk50 due to the 4̄3m symmetry of the undistorted atomi
site in Ge. In order to find the thermal-motion-induced~TMI !
anisotropy off jk(s), we consider an atom~0! at the origin
~000! of the diamond unit cell25 so that its four next neigh-

bors ~1!, ~2!, ~3!, and ~4! are at the positions (1
4

1
4

1
4 ),

( 1̄
4

1̄
4

1
4 ), ( 1̄

4
1
4

1̄
4 ), and (14

1̄
4

1̄
4 ). A distortion of the atomic

environment arises from both the thermal displacemen
the atom itself,u(0), andfrom the displacements of its ad
jacent atoms,u(N). Obviously, only the relative displace
ments of the atoms are important for the distortion of t
local environment, so that the anisotropy of the tensor fo
factor, f jk , should be a function ofu(N)2u(0). Below, only

FIG. 4. Fitting of the 006 reflection intensity with Eq. 18
Circles with experimental bars—the present paper, squares—f
Kokubunet al. ~Ref. 4! The fitting curves are practically the sam
for two sets of fitting parameters discussed in the text.
FIG. 3. Temperature dependence of the resonance FWHM~left! and of the resonance energy~right! for the 006 reflection.
2-3
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the next four neighbors, which provide the greatest contri
tions to the anisotropy, will be considered, henceN
51, . . . ,4. If thedisplacements are small, then the induc
anisotropy will be small too, and we can use a phenome
logical expansion forf jk :

f jk~0!5 (
N51

4

f jkm~N!@um~N!2um~0!#1 . . . , ~3!

where f jkm(N) is a partial derivative] f jk(0)/]um(N) taken
at the equilibrium position, i.e., foru(0)5u(1)5u(2)
5u(3)5u(4)50. Higher-order terms are omitted becau
they add much smaller contributions2 and may therefore be
neglected. In Eq.~3! and below, the summation over repeat
indices is assumed.

Assuming further that the scalar productHu(s) is also
small we can expand exp(iHr s):

exp~ iHr s!5$11 iHu~s!2 1
2 @Hu~s!#2 . . . %exp~ iHr0

s!.
~4!

Multiplying Eqs. ~3! and~4! and averaging over the tem
perature vibrations shows that we should know two ten
correlation functions,um(0)un(0) andum(N)un(0) ~i.e., the
autocorrelation and the correlation between the clos
neighbors, respectively!. The linear terms,um(N), obviously
vanish. Owing to the 4̄3m symmetry of the atomic position
we obtainum(0)un(0)5ux(0)ux(0)dmn5

1
3 u2dmn whereu2

is the mean-square displacement which can be assesse
dependently via the Debye-Waller factor of nonforbidden
flections. The tensorsum(N)un(0) possess 3m symmetry
and are symmetrical,um(N)un(0)5un(N)um(0). Hence, all
of them can be expressed using the tensorum(1)un(0) and
the 4̄3m symmetry operations. Therefore, there are only t
independent components,ux(1)ux(0) and uy(1)ux(0).
These components, as well asux(0)ux(0), have been calcu
lated as functions of temperature for silicon a
germanium20 employing the adiabatic bond charge model

The third-rank tensorsf jkm(N) are symmetrical over the
first two indices,f jkm(N)5 f k jm(N). They also possess 3m
symmetry and should therefore have four independ
components.26 All the tensors are related tof jkm(1) by the
4̄3m symmetry operations. Consideringf jkm(1), none of its
27 components is vanishing, and since the threefold ax
directed along@111#, the tensor should be invariant again
circular permutation ofx, y, and z. In addition, due to the
diagonal mirror planes the tensor should also be invar
against permutationsx↔y, z↔z, etc. Thus, as a result of a
this permutations one finds

f xxx5 f yyy5 f zzz, ~5!

f xyz5 f yzx5 f zxy, ~6!

f xxy5 f xxz5 f yyx5 f yyz5 f zzx5 f zzy, ~7!

f xyx5 f xyy5 f yzy5 f yzz5 f zxz5 f zxx ~8!
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and one can takef xxx , f xyz, f xxy , and f xyx as the four inde-
pendent components.

After averaging over the temperature vibrations, Eqs.~3!
and ~4! yield for atom~0!

iH nun~0! f jk~0!54i $ f xyz@ux~1!ux~0!2ux
2~0!#

12 f xyxux~1!uy~0!%TjknHn , ~9!

whereTjkn is the only third-rank tensor possible for the 43̄m
point symmetry.17,26 Tjkn is symmetrical over all its indices
i.e., Txyz5Tyzx5Tzxy5Txzy5Tzyx5Tyxz51, and all other
components with at least two coinciding indices vanish. E
actly the same result is obtained for the other three atom
the unit cell, which are related to atom~0! by the face-
centering operations. For the remaining four atoms in
unit cell, the tensorTjkn changes sign since these atoms a
related to atom~0! by the inversion operation. For thehkl
(h1k1 l 54n12) ‘‘forbidden’’ reflections, this change o
sign is exactly compensated by the phase factor exp(iHr0

s)
521 @see Eq.~4!#. Thus, for the 0kl (k1 l 54n12) ‘‘for-
bidden’’ reflections, the tensor contribution to the tens
structure amplitude is the same for all eight atoms in the u
cell, and we finally obtain

F jk~H!532i $ f xyz@ux~1!ux~0!2ux
2~0!#

12 f xyxux~1!uy~0!%TjknHnexp@2~Hu!2/2#.

~10!

Thus, we see that only two independent components of f
f xyz and f xyx , give contributions to the structure amplitude
of the ‘‘forbidden’’ reflections. The structure factor tens
has the same form as in the dipole-quadrupole theory,17 how-
ever, in our case, it varies proportionally to the displaceme
displacement correlation functions and thus strongly depe
on the temperature.

In Eq. ~10!, the Debye-Waller factor, exp@2(Hu)2/2#, is
added just for physical reasons. It is easy to prove that
factor appears for the term proportional toux(0)ux(0). In-
deed, we can use

uxexp~ iHu!52 i
]@exp~ iHu!#

]Hx

52 i
]$exp@2~Hu!2/2#%

]Hx

5 iH xuxuxexp@2~Hu!2/2#. ~11!

In other words, there is no need to use the expansion~4! for
this term and we can calculate it for any temperature, eve
(Hu)2 is not small. The same result can be directly obtain
using the Wick theorem for the statistical average of
Bose-type operators27 ~but the calculations are more tedious!.
As a nontrivial consequence of the Wick theorem one can
that for any operatorw, which is proportional to phonon
displacements, the statistical average yields

wexp~ iHu!5 iH kwukexp@2~Hu!2/2#. ~12!
2-4
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PHONON-ELECTRON INTERACTION AND VIBRATION . . . PHYSICAL REVIEW B66, 165202 ~2002!
Therefore, we should use the Debye-Waller factor for all
terms in Eq.~10!.

If the displacements of the neighboring atoms were eq
~such as in acoustical-phonon modes with small wave v
tors!, then we would haveux(1)uy(0)50 andux(1)ux(0)
5ux(0)ux(0) so that these modes would not contribute
the ‘‘forbidden’’ reflections. However, the numerical simul
tions show20 that the displacements are never equal, even
T50.

Equation~10! can be rewritten using the invariant corr
lations,ui

2 andu'
2 , parallel and perpendicular to the covale

bonds, i.e.,@u(1)2u(0)#25ui
21u'

2 . Then, taking into ac-
count that

ui
252ux

2~0!22ux~1!ux~0!24ux~1!uy~0!, ~13!

u'
2 54ux

2~0!24ux~1!ux~0!14ux~1!uy~0!, ~14!

we obtain from Eq.~10!

F jk~H!52 16
3 i @u'

2 f'1ui
2f i#TjknHnexp@2~Hu!2/2#,

~15!

where f'5 f xyz2 f xyx and f i52 f xyx1 f xyz.
The observed intensity of a ‘‘forbidden’’ reflection is pro

portional touFu2/m wherem is the absorption coefficient~in
spite of the high perfection of Ge crystals one can use
kinematical approximation because the structure amplitu
are very small!. The slight temperature dependence ofm is
ignored below.

IV. FITTING PROCEDURE

In principle, the considered effect can be used to study
phonon-electron interaction@ f xyx and f xyz in Eq. ~15!# and
the temperature dependencies of the relative displacem
ui

2 and u'
2 . The aim of the present paper is restricted

demonstrating that the observed intensity of the 006 refl
tion can be quantitatively described by the theory.

For Ge, bothui
2 and u'

2 have been measured by th
extended-x-ray-absorption fine-structure~EXAFS! met-
hod,28 however with considerable uncertainties, especia
for u'

2 . Therefore, we use the theoretical values ofui
2 andu'

2

given in Ref. 20 which are in good agreement with the e
perimental data. Unfortunately, these theoretical values w
calculated only up to 500 K and there is nou'

2 for Ge, only
for Si ~but the authors claimed that the data for Si and Ge
very similar when proper temperature scaling is taken i
account!.20 Hence, the temperature dependence ofu'

2 was
derived for Ge using the available data forui

2 and the Si data
for ux(1)uy(0), with the temperature divided by a factor 1.
In this way, the numerical values ofu'

2 andui
2 were obtained

for the relevant temperature interval. However, for the fitti
procedure, it is more convenient to use analytical express
for the temperature dependence ofui

2 and u'
2 . It is found

from Ref. 20 that within a few percent~good enough for our
purposes! both ui

2 and u'
2 can be described by the Einste

formulas
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ui
25ui0

2 cothS \v i

2kTD , ~16!

u'
2 5u'0

2 cothS \v'

2kTD , ~17!

with ui0
2 50.001 78 Å2, u'0

2 50.005 74 Å2, v i57.21 THz,
andv'53.74 THz.

For the Debye-Waller factor, the high-temperature dep
dence, known from literature, is used:(Hu)25AT whereA
50.001 068 K21. For low temperatures~less than 100 K!,
there is a deviation from the linear dependence20 ~but then,
the Debye-Waller corrections are negligibly small!.

In Eq. ~15!, the complex parametersf xyx and f xyz should
be considered as independent so that for the measured i
sity proportional touFu2 there are three fitting parameter
However, fits of the observed intensities by Eq.~15! and the
use of these three parameters are not satisfactory. A pos
reason is that the structure factor may also contain
temperature-independent contribution caused by several
sible effects such as dipole-quadrupole scattering,17 defect-
induced distortions,3 and/or multiple-wave contributions
~Renningerr effect!. In the first two cases, the tensor form
the additional term is exactly the same as for t
temperature-induced one. In the case of a signific
multiple-wave contribution, the tensor form and hence
corresponding polarization properties would be differe
from Eq. ~15!. Though we have tried to minimize the influ
ence of multiple scattering by measuring at different a
muthal angles, we cannot completely rule out small effe
because the polarization properties of the 006 reflection w
not studied.

Finally, the intensity was fitted to the expression

I ~T!5H FC81P'cothS \v'

2kTD1Pi8cothS \v i

2kTD G2

1FC91Pi9cothS \v i

2kTD G2J exp~2AT!, ~18!

where the five fitting parameters are given by

P'5u'0
2 u f'u, ~19!

Pi85ui0
2 u f iucos~f i'!, ~20!

Pi95ui0
2 u f iusin~f i'!, ~21!

C85uCucos~f'C!, ~22!

C95uCusin~f'C!, ~23!

so thatf i' is the phase between the two complex para
eters,f i and f' , while f'C is the phase betweenf' and the
temperature-independent contributionC. Since only relative
intensities were measured, these five parameters can o
ously be determined only on an arbitrary scale. The resul
simultaneously fitting both the low-temperature and t
elevated-temperature data is depicted in Fig. 4, while
new data alone, smoothed and extrapolated up to the me
2-5
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temperature, are presented in Fig. 5. Note that the fit curv
Fig. 4 would be the same if the signs off i' andf'C were
simultaneously changed.

V. DISCUSSION

Figure 4 shows that it is possible to describe the temp
ture dependence for the whole investigated temperature
terval by only a few~five! parameters. Unfortunately, thes
parameters are not unambiguous. Two different sets of
rameters yield practically undistinguishable temperature
pendencies~Fig. 4!. These sets are rather different~errors in
parentheses!, for set I, C856.11(42),C9520.81(36), P'

54.86(65), Pi85211.84(1.24), and Pi951.50(18),
whereas for set II,C855.59(55), C9523.29(25), P'

55.31(55),Pi85211.68(1.29), andPi952.50(8).
Such an ambiguity arises, perhaps, from the very sim

temperature behaviors of the two vibration modes,ui
2 and

u'
2 , i.e., they are constant at low temperatures and pro

tional to T for high temperatures. Another consequence
this similarity is thatI (T) is not very sensitive to the phono
frequencies. Practically the same fitting can also be obta
if one accepts the experimental valuesv i57.55 THz and
v'53 THz found from the EXAFS data.28 In spite of this
ambiguity we can, however, conclude that the parallel d
placement is more effective in producing the anisotropy th
is the perpendicular displacement. Indeed, the ratiou f i / f'u
5APi28 1Pi29 u'0

2 /(P'ui0
2 ) is large, 7.92 for set I and 7.2 fo

set II, respectively. Then, as can be expected from the p
ics of the phenomenon, the parallel and perpendicular
placements produce anisotropies of almost opposite sign
that cosfi' is negative and large in absolute value (cosfi'
is approximately20.99 for set I and20.98 for set II!.

Another problem is related to the physical interpretat
of the fitting. Indeed, both the temperature-induced and

FIG. 5. The 006 reflection intensity vs energy and temperat
The extrapolation up to the melting temperature shows an alm
60-times increase in the whole temperature interval.
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temperature-independent terms in the intensity are very la
~note that the temperature-induced term includes the qu
tum vibrations atT50). However, the interference term
negative~and also large in absolute value!, and it almost
compensates the first two. In other words, in the struct
factor, the temperature-induced and the temperatu
independent terms almost compensate each other at low
peratures~i.e., the absolute value ofC81P'1Pi8 is small in
comparison to the absolute values of the individual terms
the sum!. This situation seems rather strange from the phy
cal point of view, but there may be several explanations:

~i! The zero-T quantum vibrations give no contribution t
the TMI anisotropy. This point is related to the problem
quantum measurements and this is obviously beyond
scope of present paper.

~ii ! The next-neighbor contributions to the TMI aniso
ropy, though it is rather doubtful that they could effect mu
because their temperature dependence is similar to that o
first-neighbor contribution.

~iii ! Higher-order contributions~for example, of, say,u4,
which is proportional toT2). Though theT2 term in the
structure amplitude nicely fits the intensity data, from t
physical point of view, it is still not clear why this term
should be taken into account.

~iv! A very strong temperature dependence of the elect
density of states right near the absorption edge. Such a st
dependence should, however, also be observed for no
absorption, which does not seem to be the case.

VI. CONCLUSION

In comparison with previous work,2–4 the theory of TMI
reflections is improved by a systematic consideration of b
parallel and perpendicular correlations in the displaceme
of neighboring atoms. It is shown that two complex para
eters, 2f xyx1 f xyz and f xyz2 f xyx , connect the induced x-ray
anisotropy with the parallel and perpendicular correlatio
ui

2 and u'
2 , respectively. The theory is, however, still fa

from a desirable state. The present phenomenological
proach should be accompanied, if possible, by quantu
mechanical calculations, similar to those used for x-r
absorption.29–32 This would allow a better understanding o
the phonon-electron interaction in solids. For example,
spite of the above-mentioned ambiguity we can conclu
that the parallel displacements are more efficient than
perpendicular ones in producing the anisotropy since the
tainedu2 f xyx1 f xyzu is significantly larger thanu f xyz2 f xyxu.

Experimentally, it would be very important to study th
TMI reflections with sub-eV resolution in order to obtain
more detailed picture of the temperature dependence of
energy spectra. For improving the accuracy, the meas
ments should also be done with one and the same sam
from low temperatures up to the melting point, and the
tensities should be calibrated with respect to nonforbidd
reflections. It would also be very interesting to know wheth
the theory holds near the melting point where the vibratio
have maximum amplitudes. Another important parame
the phase of the TMI structure factor~i.e., the absolute
phases of both 2f xyx1 f xyz and f xyz2 f xyx), could be as-
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sessed via interference with the ‘‘umweganregung’’ of no
forbidden reflections.

In conclusion, for a germanium single crystal, we ha
observed the thermal-motion-induced 006 reflection at te
peratures between 299 and 735 K. In this interval, the int
sity increases almost eight times. Combining our data w
the recent low-temperature data of Kokubunet al.4 it is
shown that the whole temperature evolution of the ‘‘forb
den’’ reflection 006 can be theoretically described, assum
that the thermal-motion-induced anisotropy of x-ray susc
h.
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tibility is proportional to the relative displacements of neig
boring atoms.
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