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Temperature-induced distortions of electronic states observed via forbidden Bragg reflections in
germanium
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According to the adiabatic approximation, the electronic states of atoms in solids are bound up with thermal
atomic motion. As a result, thermal-motion-induced~TMI ! anisotropy of x-ray susceptibility can appear for
atoms occupying positions with high symmetry. We report evidence for this effect found in the very strong
temperature dependence of the 006 forbidden Bragg reflections from a germanium single crystal. The intensity
of these reflections increases or decreases drastically as the temperature rises from 30 K to 300 K, in contrast
with nonforbidden reflections. It is found that the TMI anisotropy of the structure amplitude scales with the
temperature as the mean square of the atomic displacements. This observation is very important for under-
standing the intricate interplay between phonon and electronic properties of solids.
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Forbidden x-ray reflections, excited exclusively owing
anisotropy of the atomic susceptibility, can be observed
crystals near x-ray absorption edges. Such reflections ar
ferred to as ATS~anisotropy of the tensor of susceptibility!
reflections. The ATS can violate the glide-plane and scre
axis selection rules for forbidden reflections so that mos
them become nonforbidden. The physical reason for this
lation is that the anisotropic susceptibility is not invaria
under rotations and mirror transformations. The ATS is
lated to electronic resonant transitions and is caused by
tortions of the electronic states in an anisotropic envir
ment. Therefore reflections of this type provide dire
evidence for the distortions of electronic states in crystal

Up to now much effort has been spent to study thedy-
namic changes of the electronic states during thermal m
tion, phase transitions, or chemical reactions in solids~there
is no need to explain the evident importance of such studi!.
However, those changes are hardly accessible even with
trafast optical techniques and the optical probes are o
poor indicators of atomic structure. By contrast the x-r
technique developed here, based on ATS reflections, is
effective structural probe sensitive to dynamic changes
local atomic environments. Of course, the time evolution
the distortions cannot be measured in our experiments.

ATS reflections have been observed in a NaBrO3 cubic
crystal near theK edge of the Br atoms.1 Then they were
studied for many crystals: TiO2,2 Cu2O,2 Fe2O3,3 etc., and
even for liquid crystals.4 The theory of these reflections wa
developed first in the dipole approximation5 and then in
higher approximations.6 It was shown recently that ATS re
flections can be excited owing to the orbital ordering in c
lossal magnetoresistance materials, manganites
vanadite.7–9 Earlier we studied the ATS scattering from F
atoms, in pyrite10 (FeS2) and magnetite11 (Fe3O4), where the
iron atoms are surrounded by slightly distorted octahedra
sulfur and oxygen atoms, respectively~see also a very recen
study of magnetite.12! The polarization and azimuthal depe
dences of the measured ATS reflections are in good ag
ment with a calculation based on electric dipole transitio
In iron pyrite, however, the effects of quadrupole transitio
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are observed in the pre-edge region.13 It is of great conse-
quence for the present work that even small deviations fr
high ~octahedral! symmetry produce enough anisotropy f
reliable detection of the ATS reflections. This means that
ATS reflections provide a very sensitive tool for studyin
small distortions of the relevant electronic states.

The ATS reflections should be distinguished from oth
types of forbidden reflections excited owing to aspheri
electron density~like the well-known 222 reflection in
diamond-type crystals.14! This aspherical density can b
caused by atomic bonding or anharmonic thermal moti
The corresponding forbidden reflections are not resonant
they never violate the glide-plane and screw-axis selec
rules.

In the present work, we investigate the ATS reflectio
from a germanium crystal near the GeK absorption edge.
~Preliminary results were reported elsewhere15!. Germanium
crystal has the diamond structure and any atomic site has
symmetry of the regular tetrahedron, 43̄m. In the dipole ap-
proximation, ATS scattering cannot be excited from the
atoms, because the second-rank atomic scattering tens
isotropic under the symmetry. Therefore, the ATS reflectio
observed from a germanium crystal16 were presumed to
originate from a mixed dipole-quadrupole term in reson
scattering. However, if the thermal motions of the atoms
point defects are taken into account, ATS reflections are p
dicted to be possible even in the dipole approximation,17,18

since displacements of the atoms from their average p
tions violate the site symmetry.

We report here experimental evidence for therm
motion-induced~TMI ! anisotropy in germanium at room
temperature and, most surprisingly, even at low tempe
tures. This means that, in Ge, unlike other crystals, we
serve thedynamicchanges of the electronic states that follo
the thermal atomic motion. The same effect was recen
observed by other researchers.19

The synchrotron experiments were carried out using fo
circle diffractometers installed at BL3A and BL4C of th
KEK Photon Factory in Tsukuba. Low temperature measu
ments were carried out at BL4C using a He-cooled refrige
©2001 The American Physical Society03-1
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tor. In order to avoid the higher harmonic components, the
~111! double-crystal monochromators of the lines were
tuned to produce about 60% of the maximum intensity. T
energy resolution of the system was about 1 eV at BL3A a
3 eV at BL4C. The experimental arrangement was the sa
as that used in previous work.11,13The synchrotron radiation
at both lines was polarized horizontally so that the incid
x-ray beam wass polarized. A@001# surface was prepare
by cutting a single germanium crystal grown by the zon
level method.

In order to obtain the ATS spectrum, the integrated int
sity of the 00l ,l 54n12, forbidden reflections was measure
by a u-2u scan at each point of incident energy. During t
measurement, the azimuthal anglew was kept constant:w
545.0° for the 002 reflection andw544.5° for 006. The
angles were chosen to avoid excitation of multiple-be
Renninger reflections.

There is no quantitative theory of x-ray anisotropy taki
into account thermal atomic motion. However, we can u
phenomenological and symmetry considerations of the
served phenomena which allow us to describe the main
tures and find a typical temperature dependence.17 In the
dipole approximation, the anisotropic x-ray scattering can
described by the anisotropic part of the tensor atomic fa
f jk depending on the x-ray energyE and on the atomic po
sition symmetry. In germanium, the atomic position symm
try is 4̄3m and thereforef jk50. However, when the resonan
atom moves among neighboring atoms or the configura
of neighboring atoms is changed owing to their motion,
symmetry becomes lower, the electronic states of the re
nant atoms are distorted asymmetrically, and anisotropy
f jk can appear even in the dipole approximation. It is sign
cant for this phenomenon that changes of the electro
states can follow the changes of atomic configurations~the
well-known adiabatic approximation, widely used in th
electronic theory of solids!. It is also important that the x-ray
scattering process is much faster than any changes of at
configurations.

For the phenomenological description of TMI anisotro
let us suppose that for thesth atom in the unit cell thef jk

s

tensor depends only on displacement of this atom,us5rs

2r0
s , and not on displacements of neighboring atoms.

displacement of this general type, the symmetry of
atomic position also becomes of the general type, that is
symmetry at all. Supposing thatus is small, we can expand
f jk

s :

f jk
s ~E,us!5 f jkl

1s ~E!ul
s1 f jklm

2s ~E!ul
sum

s 1••• ~1!

where the tensorsf jkl
1s , f jklm

2s , . . . should have 4̄3m symme-
try. For example,f jkl

1s 5 f 1(E)Tjkl , where f 1(E) is an un-
known scalar function ofE and the tensorTjkl has the fol-
lowing nonzero components:Txyz5Tyzx5Tzxy5Txzy5Tzyx
5Tyxz51.

To obtain the resonant tensor structure factorF jk(E,H) of
the Bragg reflection with the wave vectorH, we should mul-
tiply f jk

s by the phase factor exp(iH•rs), make a summation
over the unit cell, and average over thermal displacemen
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F jk~E,H!5(
s

f jk~E,rs!exp~ iH•rs!; ~2!

hereafter the overbar means averaging over all possible
placements of atoms~as in the case of a Debye-Waller fact
calculation!. Because the displacementsus are small we can
expand exp(iH•rs):

exp~ iH•rs!5@11 iH•us2 1
2 ~H•us!2

•••#exp~ iH•r0
s!.

~3!

Substitution of Eqs.~3! and ~1! into Eq. ~2! gives terms
like ul

sum
s
•••un

s. For 4̄3m symmetry the first nonvanishing
term is obviouslyul

sum
s 5u2d lm/3 and hereafter we keep onl

its contribution to the tensor structure factor~the indexs is
omitted becauseu2 has the same value for all the atoms!. It is
evident that the second-rank tensorf jkmm

2s u2 vanishes for

4̄3m symmetry and the TMI contribution arises from th
term proportional toH•us. This means that not only the in
duced anisotropy but also the phase shiftsiH•us are impor-
tant. Higher powers ofH•us, which give contributions to the
Debye-Waller factor, will not be considered here. Thus
the sth atom in Eq. ~2! the first nonvanishing term is
iu2exp(iH•r0

s) f jkl
1s Hl /3.

Now let us find the structure amplitude~2! for the 0kl
forbidden reflections wherek,l 52n;k1 l 54n12. In the
diamond unit cell of Ge, there are two basic atoms at

r0
15(000) andr0

25( 1
4

1
4

1
4 ) sites related by inversion symme

try; all other sites can be obtained from one of those two
fcc translations. For conventional x-ray scattering the ba
atoms give opposite contributions to the structure amplitu
@owing to the phase factor exp(iH•r0

s)# and the structure am
plitude vanishes. However, for the TMI contribution, the te
sorsTjkl of the basic atoms have opposite signs because
odd-rank tensor changes its sign after inversion. There
the scattering amplitude is not zero and has the follow
tensor form:

F̂~E,H!5
8

3
i f 1~E!u2S 0 Hz Hy

Hz 0 0

Hy 0 0
D ~4!

~the factor 8 appears because there are eight atoms per
mond unit cell!. The structure factor has a tensor form as
dipole-quadrupole theory16 but in our case it varies propor
tionally to u2 and depends strongly on the temperature.

Figure 1 shows the energy spectra of the forbidden refl
tions 002 and 006 and the absorption curve. Both reflecti
are evidently resonant and their energy dependence is es
tially of the same form, as expected both from the dipo
quadrupole theory16 and from the TMI dipole contribution.
These two theories predict the same azimuthal angle de
dence, which agrees very well with our observation~Fig. 2!,
and the same polarization dependence~therefore we did not
study the polarization properties!. To separate these two con
tributions we measured the 006 reflection for different te
peratures.
3-2
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Figure 3 illustrates the essential difference of the ene
spectra at room temperature and 30 K. Notice that here
006 room temperature curve is measured with worse en
resolution than in Fig. 1; hence there is a small difference
the resonance widths. For more quantitative characteriza
we measured the temperature dependence of the refle
intensity for two energies, one just at resonance~11.105 keV!
and the other lower than the edge~11.087 keV!. At reso-
nance, the intensity increases four times as the tempera
rises from 30 K to 300 K~Fig. 4!. In contrast, at 11.087 keV
the intensity decreases ten times in the same tempera
interval.

Remarkably, both the decrease and the increase of
intensity can be described with the same temperature de
dence of TMI anisotropy. Indeed, the TMI anistropy of t
structure amplitude is proportional tou2 @see Eq.~4!#. Low
momentum acoustical phonons should give no contribu
to the TMI anisotropy because for these modes each unit
moves as a whole and there is no change of the local ato
environment. Acoustic phonons with very high momentu

FIG. 1. Energy spectra measured for the 002 and 006 reflect
in Ge at room temperature. The dashed line shows the 002 spec
normalized to the same maximum value as the 006 spectrum.
curves have essentially the same form. The absorption curve
measured simultaneously with fluorescent yield. Therefore, the r
tive energy scales of the absorption and ATS spectra are the s
~the error in the nominal energy value is about 1 eV!.

FIG. 2. The azimuthal dependence of the 002 and 006 refl
tions at room temperature forE511.105 keV. The lines show th
predicted dependence proportional to 12cos2uB cos2 2w. The devia-
tions observed for the 002 reflection at 25° and 65° are due
multiple-wave Renninger reflections.
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could distort the environment but their contribution is e
pected to be small for low and room temperatures. Hence
an estimation, only the relative atomic displacements res
ing from optical phonon modes will be taken into account.
the Ge crystal, the frequency of the optical modes,v0,
changes only slightly with the wave vector, and for estim
tions we can putv05const~the Einstein model!. As a result,
u2 is proportional to coth(\v0/2kT). Therefore the tempera
ture dependence of the intensity of the forbidden reflecti
is described by the following expression:I 5uA(E)
1B(E)coth(\v0/2kT)u2 whereA(E) andB(E) are complex
functions of the x-ray energyE, not of the temperature. Th
non-TMI part, A(E), can include the dipole-quadrupole,16

defect-induced,18 and multiple-wave contributions. Notic
that for a fixed energy we can fit the temperature depende
with three parameters because the common phase ofA(E)
and B(E) gives no contribution. UsingA(E) and B(E) as
fitting parameters and accepting the recently measu
value20 ~3 THz! as an appropriate average for the Einste
frequencyv0, we obtain a phenomenological description th
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FIG. 3. Comparison of the 006 energy spectra observed at r
temperature~circles! and at 30 K~squares!. The dashed line shows
the 30 K spectrum normalized to the same maximum value as
room temperature spectrum. The spectra are different both in
absolute value and in the shape. It should be noted that there
long tail on the low energy side at the low temperature.

FIG. 4. The temperature dependence of the 006 reflection in
sity at resonance (E511.105 keV, squares! and out of resonance
(E511.087 keV, circles, intensity multiplied by 30!. The curves
are the best fits to the Einstein model for optical phonons as
cussed in the text.
3-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 073203
agrees with the experimental temperature dependence~Fig.
4!. In our estimations we neglect another optical mode~7.55
THz! having much smaller relative atomic displacements20

This result indicates that the TMI anisotropy scales w
temperature asu2 for optical phonon modes. The 11.087 ke
reflection intensity decreases with increasing temperature
cause ofdestructiveinterference between the TMI and no
TMI parts of the structure amplitude. At room temperatu
the TMI anisotropy is the main effect for the resonant ene
whereas for 11.087 keV the nonthermal and thermal con
butions are almost equal and have opposite signs. We ex
that for 11.087 keV an increase of the 006 intensity will
observed for temperatures above 300 K because the the
contribution becomes dominant.

In conclusion, we have found that the 00l ,l 54n12, for-
bidden reflections, observed near the germaniumK edge, are
strongly temperature dependent. They are excited at l
partly owing to the dynamic changes of electronic sta
bound up with thermal atomic motion. The temperatu
A

C

r.

s
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h
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dependent part of their structure amplitude scales as
mean square atomic displacement in optical phonon mo
This effect provides a tool for studying both phonon a
electronic properties of crystals. The energy dependenc
the TMI reflections is very sensitive to distortions of th
electronic states and its quantitative interpretation is an
dent challenge for solid state theory. Our observation of T
reflections gives hope that defect-induced reflections
diamond-type semiconductors, which could be of great te
nological importance, will be observed in the not too dista
future.

We would like to thank Dr. Y. Murakami and Dr. M
Tanaka for their valuable help with synchrotron experime
at the Photon Factory~Proposal No. 99G039!. Fruitful dis-
cussions with Dr. E. N. Ovchinnikova are acknowledge
This work was partly supported by a Grant-in-Aid for Scie
tific Research of the Ministry of Education, Science and C
ture.
a,

.

ys.

n
,

F

h.

ct.

Lett.
1D.H. Templeton and L.K. Templeton, Acta Crystallogr., Sect.
Found. Crystallogr.41, 133 ~1985!; 42, 478 ~1986!.

2A. Kirfel and A. Petcov, Z. Kristallogr.195, 1 ~1991!.
3K.D. Finkelstein, Q. Shen, and S. Shastri, Phys. Rev. Lett.69,

1612 ~1992!.
4P. Mach, R. Pindak, A.-M. Levelut, P. Barois, N.T. Nguyen, C.

Huang, and L. Furenlid, Phys. Rev. Lett.81, 1015~1998!.
5V.E. Dmitrienko, Acta Crystallogr., Sect. A: Found. Crystallog

39, 29 ~1983!; 40, 89 ~1984!.
6M. Blume, in Resonant Anomalous X-Ray Scattering, edited by

G. Materlik, C. J. Spark, and K. Fisher~North-Holland, Amster-
dam, 1994!, p. 495; P. Carra and B.T. Thole, Rev. Mod. Phy
66, 1509~1994!; E.N. Ovchinnikova and V.E. Dmitrienko, Acta
Crystallogr., Sect. A: Found. Crystallogr.56, 2 ~2000!.

7Y. Murakami, H. Kawada, H. Kawata, M. Tanaka, T. Arima,
Morimoto, and Y. Tokura, Phys. Rev. Lett.80, 1932~1998!.

8M. Fabrizio, M. Altarelli, and M. Benfatto, Phys. Rev. Lett.80,
3400 ~1998!.

9S. Ishihara and S. Maekawa, Phys. Rev. Lett.80, 3799 ~1998!;
Phys. Rev. B58, 13 442~1998!.

10T. Nagano, J. Kokubun, I. Yazawa, T. Kurasava, M. Kuribayas
E. Tsuji, K. Ishida, S. Sasaki, T. Mori, S. Kishimoto, and
Murakami, J. Phys. Soc. Jpn.65, 3060~1996!.
:

.

.

i,

11K. Hagiwara, M. Kanazawa, K. Horie, J. Kokubun, and K. Ishid
J. Phys. Soc. Jpn.68, 1592~1999!.

12J. Garcı´a, G. Subı´as, M.G. Proietti, H. Renevier, Y. Joly, J.L
Hodeau, J. Blasco, M.C. Sa´nchez, and J.F. Be´rar, Phys. Rev.
Lett. 85, 578 ~2000!.

13J. Kokubun, T. Nagano, M. Kuribayashi, and K. Ishida, J. Ph
Soc. Jpn.67, 3114~1998!; Photon Factory Activity Report No.
16B, 1998, p. 13~unpublished!.

14B. Dawson, inAdvances in Structure Research by Diffractio
Methods, edited by W. Hoppe and R. Mason~Pergamon Press
Oxford, 1975!, Vol. 6, p. 1.

15J. Kokubun, M. Kanazawa, K. Ishida, and V. E. Dmitrienko, P
Activity Report 1999, 17B, 15.

16D.H. Templeton and L.K. Templeton, Phys. Rev. B49, 14 850
~1994!.

17V.E. Dmitrienko, E.N. Ovchinnikova, and K. Ishida, Pis’ma Z
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