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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-induc@MI) 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 toare observed in the pre-edge regidrit is of great conse-
anisotropy of the atomic susceptibility, can be observed irquence for the present work that even small deviations from
crystals near x-ray absorption edges. Such reflections are rbigh (octahedral symmetry produce enough anisotropy for
ferred to as ATSanisotropy of the tensor of susceptibility reliable detection of the ATS reflections. This means that the
reflections. The ATS can violate the glide-plane and screwATS reflections provide a very sensitive tool for studying
axis selection rules for forbidden reflections so that most ofmall distortions of the relevant electronic states.
them become nonforbidden. The physical reason for this vio- The ATS reflections should be distinguished from other
lation is that the anisotropic susceptibility is not invarianttypes of forbidden reflections excited owing to aspherical
under rotations and mirror transformations. The ATS is reelectron density(like the well-known 222 reflection in
lated to electronic resonant transitions and is caused by digliamond-type crystal¥) This aspherical density can be
tortions of the electronic states in an anisotropic environcaused by atomic bonding or anharmonic thermal motion.
ment. Therefore reflections of this type provide directThe corresponding forbidden reflections are not resonant and
evidence for the distortions of electronic states in crystals. they never violate the glide-plane and screw-axis selection

Up to now much effort has been spent to study dye  rules.
namic changes of the electronic states during thermal mo- In the present work, we investigate the ATS reflections
tion, phase transitions, or chemical reactions in salidere ~ from a germanium crystal near the Geabsorption edge.
is no need to explain the evident importance of such studies(Preliminary results were reported elsewH&reGermanium
However, those changes are hardly accessible even with u#ystal has the diamond structure and any atomic site has the
trafast optical techniques and the optical probes are oftesymmetry of the regular tetrahedror3rm. In the dipole ap-
poor indicators of atomic structure. By contrast the x-rayproximation, ATS scattering cannot be excited from the Ge
technique developed here, based on ATS reflections, is attoms, because the second-rank atomic scattering tensor is
effective structural probe sensitive to dynamic changes oisotropic under the symmetry. Therefore, the ATS reflections
local atomic environments. Of course, the time evolution ofobserved from a germanium crysfalwere presumed to
the distortions cannot be measured in our experiments.  originate from a mixed dipole-quadrupole term in resonant

ATS reflections have been observed in a NaBibic  scattering. However, if the thermal motions of the atoms or
crystal near thek edge of the Br atoms.Then they were point defects are taken into account, ATS reflections are pre-
studied for many crystals: Ti¥ Cu,0,2 Fe,05,° etc., and  dicted to be possible even in the dipole approximatioff,
even for liquid crystal§.The theory of these reflections was since displacements of the atoms from their average posi-
developed first in the dipole approximatfoand then in tions violate the site symmetry.
higher approximation$.lt was shown recently that ATS re- We report here experimental evidence for thermal-
flections can be excited owing to the orbital ordering in co-motion-induced(TMI) anisotropy in germanium at room
lossal magnetoresistance materials, manganites artdmperature and, most surprisingly, even at low tempera-
vanadite’~® Earlier we studied the ATS scattering from Fe tures. This means that, in Ge, unlike other crystals, we ob-
atoms, in pyrité° (FeS) and magnetite (Fe;0,), where the  serve thedynamicchanges of the electronic states that follow
iron atoms are surrounded by slightly distorted octahedra ofhe thermal atomic motion. The same effect was recently
sulfur and oxygen atoms, respectivébee also a very recent observed by other researchéts.
study of magnetité?) The polarization and azimuthal depen-  The synchrotron experiments were carried out using four-
dences of the measured ATS reflections are in good agreeircle diffractometers installed at BL3A and BL4C of the
ment with a calculation based on electric dipole transitionsKEK Photon Factory in Tsukuba. Low temperature measure-
In iron pyrite, however, the effects of quadrupole transitionsments were carried out at BLAC using a He-cooled refrigera-
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tor. In order to avoid the higher harmonic components, the Si
(111) double-crystal monochromators of the lines were de- Fik(E\H)=2 f(E,r¥)exp(iH-r%); 2
tuned to produce about 60% of the maximum intensity. The s

energy resolution of the system was about 1 eV at BL3A anthereafter the overbar means averaging over all possible dis-
3 eV at BLAC. The experimental arrangement was the samglacements of atom&s in the case of a Debye-Waller factor

as that used in previous wotk:* The synchrotron radiation cajculation. Because the displacementsare small we can
at both lines was polarized horizontally so that the incidentexpand exgd - r9):

x-ray beam wasr polarized. A[001] surface was prepared
by cutting a single germanium crystal grown by the zone- exp(iH-r$)=[1+iH-us—3(H-u$)?. - expiH-r).
level method. (3)

In order to obtain the ATS spectrum, the integrated inten-
sity of the 00,1 =4n+ 2, forbidden reflections was measured  Substitution of Eqs(3) and (1) into Eq. (2) gives terms
by a #-26 scan at eac_h point of incident energy. During the|jke m For 43m symmetry the first nonvanishing
measurement, the azimuthal angiewas kept constantp term is obviouslyu;us, =u?4,,/3 and hereafter we keep only

=45.0° for the 002 reercﬂqn anqb.—4'4.5 for 00.6' The its contribution to the tensor structure facttine indexs is

angles were chosen to avoid excitation of multiple-beam ™ | — .

Renninger reflections. omitted because” has the same value for all the atomisis
. > .

There is no quantitative theory of x-ray anisotropy taking&vident that the second-rank tensff,nu” vanishes for
into account thermal atomic motion. However, we can uset3m symmetry and the TMI contribution arises from the
phenomenological and symmetry considerations of the obterm proportional tdH - us. This means that not only the in-
served phenomena which allow us to describe the main featuced anisotropy but also the phase shifisu® are impor-
tures and find a typical temperature dependéhde. the  tant. Higher powers off - uS, which give contributions to the
dipole approximation, the anisotropic x-ray scattering can béebye-Waller factor, will not be considered here. Thus for
described by the anisotropic part of the tensor atomic factothe sth atom in Eq. (2) the first nonvanishing term is
f;« depending on the x-ray energyand on the atomic po- i?expGHwS)fﬁf‘,H,/&
sition symmetry. In germanium, the atomic position symme-  Now let us find the structure amplitud@) for the Ok
try is 43m and thereford ;= 0. However, when the resonant forbidden reflections wherd,| =2n;k+1=4n+2. In the
atom moves among neighboring atoms or the configuratiomiamond unit cell of Ge, there are two basic atoms at the
of neighboring atoms is ChaHQEd OWing_ to their motion, th&é:(OOO) andrg:(%%%) sites related by inversion symme-
symmetry becomes lower, the electronic states of the resqry: a|| other sites can be obtained from one of those two by
nant atoms are distorted asymmetrically, and anisotropy Ofcc translations. For conventional x-ray scattering the basic
fjx can appear even in the dipole approximation. It is signifi-atoms give opposite contributions to the structure amplitude
cant for this phenomenon that changes of _the e_lectromfzov\,ing to the phase factor exp{- r$)] and the structure am-
states can follow the changes of atomic configuratithe pjityde vanishes. However, for the TMI contribution, the ten-
well-known adiabatic approximation, widely used in the sorsTjy of the basic atoms have opposite signs because any
electronic theory of solidslt is also important that the x-ray ,4q_rank tensor changes its sign after inversion. Therefore

scattering process is much faster than any changes of atomie scattering amplitude is not zero and has the following

configurations. tensor form:
For the phenomenological description of TMI anisotropy
let us suppose that for theth atom in the unit cell the, 0 H. H
. . Ik z y
tensor depends only on displacement of this atof¥rs - 8 . _— H 0 0
—r§, and not on displacements of neighboring atoms. For F(E,H)=3if(B)u”| A (4)
displacement of this general type, the symmetry of the H, 0 O

atomic position also becomes of the general type, that is, no , ,
symmetry at all. Supposing that is small, we can expand (the factqr 8 appears because there are eight atoms per_dla-
mond unit cell. The structure factor has a tensor form as in

dipole-quadrupole theot§ but in our case it varies propor-
tionally to u? and depends strongly on the temperature.
Figure 1 shows the energy spectra of the forbidden reflec-
s e2s — tions 002 and 006 and the absorption curve. Both reflections
where the tensorkjy ,fjxm, . . . should have dm symme- 416 evidently resonant and their energy dependence is essen-
try. For example,fg=f'(E)Tjy, wheref'(E) is an un- fially of the same form, as expected both from the dipole-
known scalar function of and the tensoff j; has the fol-  quadrupole theory and from the TMI dipole contribution.
lowing nonzero componentS,,,= Ty, = T,xy=Txzy= Tzyx  These two theories predict the same azimuthal angle depen-
=Ty=1. dence, which agrees very well with our observatibiy. 2),
To obtain the resonant tensor structure faétg(E,H) of  and the same polarization dependefiterefore we did not
the Bragg reflection with the wave vectdr we should mul-  study the polarization propertiedlo separate these two con-
tiply fjsk by the phase factor exip{-r%), make a summation tributions we measured the 006 reflection for different tem-
over the unit cell, and average over thermal displacementsperatures.

s .
jk-

N (E,uS)= fjlfl(E)uf+ ffﬁm(E)ufu;+ e (1)
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FIG. 1. Energy spectra measured for the 002 and 006 reflections g 3. Comparison of the 006 energy spectra observed at room
in Ge a_t room temperature. The dashed line shows the 002 SpeCtrU@mperature{circles) and at 30 K(squares The dashed line shows
normalized to the same maximum value as the 006 spectrum. Boifhe 30 K spectrum normalized to the same maximum value as the
curves have essentially the same form. The absorption curve Wagom temperature spectrum. The spectra are different both in the
measured simultaneously with fluorescent yield. Therefore, the relagpqgiute value and in the shape. It should be noted that there is a

tive energy scales of the absorption and ATS spectra are the SaMihg tail on the low energy side at the low temperature.
(the error in the nominal energy value is about 1).eV

. . L could distort the environment but their contribution is ex-
Figure 3 illustrates the essential difference of the energy, a4 1o be small for low and room temperatures. Hence, for
gg(esctra at room temperature _and 30 K. l(;lot!che that here thg, estimation, only the relative atomic displacements result-

room temperature curve is measured with worse energy,q fom optical phonon modes will be taken into account. In

resolution than in Fig. 1; hence there is a small difference ir{he Ge crystal, the frequency of the optical modes,

the resonance widths. For more quantitative characterizatio%hanges only slightly with the wave vector, and for estima-
we m_easured the temperature dependence of the rEﬂeCt'(ﬁ ns we can putvy= const(the Einstein model As a result,
intensity for two energies, one just at resonafice 105 ke 2is proportional to coth{wy/2kT). Therefore the tempera-
and the other lower than the ed@&1.087 keV. At reso- :

nance, the intensity increases four times as the temperatu%re dependence of the intensity of the forbidden reflections

: ; described by the following expression:=|A(E)
rises from 30 K to 300 KFig. 4). In contrast, at 11.087 keV, IS 5

the intensity decreases ten times in the same temperatqueB(E)COth@wﬁkT)| whereA(E) andB(E) are complex
interval. unctions of the x-ray energlg, not of the temperature. The

Remarkably, both the decrease and the increase of t on-TMI"part, Q(E)' can include the dlpqle-quadrupdfé,
efect-induced® and multiple-wave contributions. Notice

intensity can be described with the same temperature depefj-

dence of TMI anisotropy. Indeed, the TMI anistropy of the = |
structure amplitude is proportional td [see Eq.(4)]. Low with three parameters because the common phas¥(i6j
T and B(E) gives no contribution. Usind\(E) and B(E) as

momentum acoustical phonons should give no Conmbuuorﬂtting parameters and accepting the recently measured

to the TMI anisotropy because for these modes each unit ce 0 . . .
) value® (3 THz) as an appropriate average for the Einstein
moves as a whole and there is no change of the local atom

environment. Acoustic phonons with very high momentumﬁequencywo’ we obtain a phenomenological description that

at for a fixed energy we can fit the temperature dependence

~
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FIG. 2. The azimuthal dependence of the 002 and 006 reflec- FIG. 4. The temperature dependence of the 006 reflection inten-
tions at room temperature f&=11.105 keV. The lines show the sity at resonanceH=11.105 keV, squarg¢sand out of resonance
predicted dependence proportional te @06 cos 2¢. The devia-  (E=11.087 keV, circles, intensity multiplied by BOThe curves
tions observed for the 002 reflection at 25° and 65° are due tare the best fits to the Einstein model for optical phonons as dis-
multiple-wave Renninger reflections. cussed in the text.

073203-3



BRIEF REPORTS PHYSICAL REVIEW B 64 073203
agrees with the experimental temperature dependéfige  dependent part of their structure amplitude scales as the
4). In our estimations we neglect another optical m¢d&5 mean square atomic displacement in optical phonon modes.
THz) having much smaller relative atomic displaceméfits. This effect provides a tool for studying both phonon and
This result indicates that the TMI anisotropy scales withelectronic properties of crystals. The energy dependence of
temperature as? for optical phonon modes. The 11.087 keV the TMI reflections is very sensitive to distortions of the
reflection intensity decreases with increasing temperature bedectronic states and its quantitative interpretation is an evi-
cause ofdestructiveinterference between the TMI and non- dent challenge for solid state theory. Our observation of TMI
TMI parts of the structure amplitude. At room temperature reflections gives hope that defect-induced reflections in

the TMI anisotropy is the main effect for the resonant energyjiamond-type semiconductors, which could be of great tech-
whereas for 11.087 keV the nonthermal and thermal contrirs|ogical importance, will be observed in the not too distant

butions are almost equal and have opposite signs. We expegliyre.
that for 11.087 keV an increase of the 006 intensity will be
observed for temperatures above 300 K because the thermal We would like to thank Dr. Y. Murakami and Dr. M.

contribution becomes dominant.
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