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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 khabsorption 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 correlationsuﬁ and uf , of neighboring atoms, and it is inferred thq?( provides the main contri-
bution to the thermal-motion-induced anisotropy of x-ray resonant scattering.
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[. INTRODUCTION dipole anisotropy is abserias in the germanium structure

where the symmetry of the equilibrium atomic position is

Electron-phonon interaction was extensively investigatedi3m). In this case, “forbidden” reflections can be excited
for many decadésbecause of its importance for solid-state owing to a higher-rank-tensor anisotropy. For example, in
conductivity, superconductivity, etc. In crystals, electr¢ms Ge, kl,k+1=4n+2 reflections can appear as a conse-

holeg distort the surrounding lattice, and these distortions uence of a mixed dipole-quadrupole transitiéHowever
gﬁg gfef!e((j:(tajvcr::tc)r?(ic?jldpBgncogithgﬁ;i-Serllggtlg)rie:ﬁgrg(?tigg Opp[(hére is also another physical mechanism which can be re-
i.e., thermal phonons distort the configurational environr’nen ponsible for the excitement of those reflectiorighat is, if
e P 9 cFhe resonant atom leaves its equilibrium position in arbitrary

of an atom and hence distort its electronic states. Indee Liect then th int trv of its instant ’
since the atomic motion is much slower than that of an elec?'"¢c!oN: then the p0|.n symme ry omits nstan _aneous envi-
its electronic wave functions become

tron, the electronic states always correspond to the instanti2nment is lowered, _ , _
neous atomic configuratiofthe so-called adiabatic or Born- distorted, and the dipole-dipole anisotropy can again apply.
Oppenheimer approximatiprHowever, this effect should be _Contrqry to the first qlesgnbed s_|tuat|on, which results in an
rather small due to the large difference between the typicdptensity decrease with increasing temperature, as observed
energiesfew eV for valence electron states and a few mevfor cuprates;? a thermal-motion-induce@MI) anisotropy is
for thermal phonons Consequently, one needs a very sensi-€xpected to growin absolute valugwith rising temperature.
tive method to detect such small distortions of the electronid=or germanium, it was showithat the latter effect gives the
states induced by thermal motion. Such a method was firgnain contribution to the intensity of the Q0=4n+2 re-
suggested theoreticafly and then proved experimentafly. ~ flections, even at room temperature. The fact that at low
The basic idea is that the thermal motion should violate thédemperatures a temperature-independent contribution was
point symmetry of an atomic environment and that the corfound might be attributed to either a dipole-quadrupole an-
responding distortions of the electronic states should result ifsotropy or to other static effects.
an anisotropy of the x-ray susceptibility, which consequently In this paper, the study of the temperature dependence of
results in a special type of “forbidden” Bragg reflection.  the “forbidden” 006 reflection in germanium is extended to

It has been known for many yeérthat an anisotropy of higher temperatures. Intensity, resonant energy, and reso-
the x-ray susceptibility allows the excitement of reflectionsnance width are measured and carefully analyzed from 299
otherwise forbidden by screw-axis or glide-plane symmetryto 735 K. In addition, the theory is significantly improved by
operations. After the theoretical developrféhand the first taking into account the vibration correlations; and u?
experimental observatidf® of such “forbidden” reflections  parallel and perpendicular to the bonds between neighboring
in NaBrO;, similar reflections were studied in many atoms.
other crystals, e.g., in GO, TiO,, MnF,,'? Ba(BrQ;), In this context, it may be noticed that the measured inten-
xH,0,° Fe;0,,* FeS,® and LaSr, MnO, (Ref. 1§  sity of a TMI reflection includes both elastic and inelastic
(orbital ordering. In all these cases, the dipole-dipole coherent scatteringhe latter is accompanied by absorption
anisotropies of the x-ray susceptibility arise near the absorper creation of phononsThe energy of the diffracted x rays
tion edges of resonant scattering atoms because the elegas not analyzed in our experiment, and values below the
tronic states of these atoms are distorted by their asymmetridifference between elastic and inelastic scattering will be ig-
environments. nored. Potentially, recording both contributions could supply

A more intriguing situation occurs when a resonant atonthe same information about electronic states as the resonant
occupies a position with so high a symmetry that the dipoleinelastic x-ray scatterirtg plus special data on phonon vibra-
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served intensities clearly showed the expected modulation
with /2 periodicity, i.e., the signal was proved to be due to

the excitement of 006 rather than due to an “umweganre-
gung.”

(v) Choosing threél settings at 35°, 40°, and 48°, close
to the intensity maximum ab =45°, [(006;¥) values were
once more recorded by scans(91 stepsAw=0.003°, 2
sec/step as a function of energy using steps of 1 eV. The
three ¥ settings were necessary in order to improve the
counting statistics and, more important, to ensure that occa-
sional “umweganregungen” could be detected and elimi-
nated from the data.

FIG. 1. Experimental setup. =Ssample, TFthermocouple, (vi) In the following, steps i and v were repeated after
D=detector, B=sprimary beam, €collimator, and \=power rajsing the crystal temperature to 373, 475, 523, 573, 623,
supply. 673, and 700 K, respectively. Thus, in total, eight resonance

curves were determined at increasing temperatures, for each
tions. For instance, with TMI reflections, we could study notysing three¥ settings per energy step AfE=1 eV.
only phonon eigenfrequencies but also phonon eigenvectors |n order to correct the temperature readings recorded dur-
b(z-:-cause the relative mean-square displacements of the atomisg the experiment for a possible temperature gradient nor-
uf andu?, are very sensitive to the eigenvectdtsSince mal to the sample surface, the experimental situation was
information about the eigenvectors is hardly accessible withater simulated in the home laboratory where the temperature
neutron scattering} any new method to obtain it would be in the drill hole could be correlated with that measured by
very useful. another thermocouple contacting the sample surface at one
edge. According to these measurements the experimental
temperatures were corrected to 299, 384, 493, 547, 601, 654,
707, and 735 K, respectively.

Experiments were carried out on the four-circle diffracto-

meter installed at beam line D3 at HASYLAB, Hambdff? A. Data evaluation

DORIS being operated at 4.5 GeV, maximum current 140 After extracting the net intensitidg006;¥;T) from the

mA. The instrument is equipped with a fixed exit double- X )
. recordedw-scan profiles, each resonance curve was fitted by
crystal-type Sil11) monochromator with an energy resolu- . . . D
a mixed Gaussian-Lorentzian-type function:

tion of 4X 10 * at 12 keV.

Il. EXPERIMENT

The sample was a%$5x 1 mnt (001) cut of a Ge single i1 _ 2
crystal. This wafer, containing on one side a drill hole of 1(006:x) = Aoexfl — (1~ as)((x—ay)/2a,) ], 1)
about 0.5-mm depth in order to house the joint of a chromel- 1+ag((x—ag)/ay)?

alumel thermocouple, was flat mounted on top of a corun
dum tube with two channels through which the thermocoupl , the energy shift with respect ®,, anda, is a measure

wires were led outside. Thus, the crystal temperature coul f the full width at half maximum(FWHM) of the reso-

be contmuogsly momtqred during the measgremgnts, Wh'CIﬂance. Since the intensities were not corrected for absorption
were made in symmetrical Bragg geometry illuminating the

. . . the true resonance energies may be shifted towards some-
mt:;ct (00) fe]}c?] with a ll)eam of OhSmV?i (El;ameter. what lower values, which, however, is not important in the
ea4t|ng of the sample was achieved by g gas-stream present context. An example of a resonance fit is given in
heatef* coaxially mounted on the primary beqm c_oII|mator Fig. 2, and energy as well as FWHM results are depicted in
:T-?l th‘? Te x-rag/ tt)eam a?r? the gasl, streafm comcﬁgﬂﬁ 1).h Fig. 3 showing that the resonance widtieing dominated by
el IS anciz ew_l?rv]an € sampie suratt:el an de €affle monochromator resolutipnis practically invariant
n_oizde v]\c/as mrln.t e.ensumg experimental procedure ConyyainstT whereas the resonance energy experiences a sig-
sisted of several Steps: . . . nificant decrease of about 1 eV upon raising the temperature
(i) Establishment of the orientation matrix a .1 299 to 735 K
= 11.080 keV, right below the GK-absorption edge, USINg  The maximum intensities exhibit a pronounced increase

24 r.eﬂectl@gns,. 00l ?nhd adjaceh:l. he middle of th with increasing temperature. Combining the low-temperature
(ii) Calibration of the monochromator to the middile of the ot reported by Kokubuet al* with the refineda, val-

absorption edge H,=11.104 keV) according to the Ge- o5 poth on a common arbitrary scale, provides a clear pic-
fluorescence yield and starting the search for the “forbidden ture of the 006 intensity evolution over a wide temperature

reflection 006. ;
range between 30 and 735(Kig. 4).
(iii) Oncel (006) was observed, the maximum resonance g (Kig. 4

energy was determined by measurl§§06) as a function of
the energ\E in steps ofAE=1eV.

(iv) At this energy, measurements Kf006;¥) using w In this section, the phenomenological theory of the
scans and steps afW=15° over a 270° range. The ob- thermal-motion-induced reflectioné is further developed in

wherex=E—E,. Thus,a, yielded the intensity maximum,

Ill. THEORY
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FIG. 4. Fitting of the 006 reflection intensity with Eq. 18.
Circles with experimental bars—the present paper, squares—from
Kokubunet al. (Ref. 4 The fitting curves are practically the same

) . . for two sets of fitting parameters discussed in the text.
order to take into account both optical and acoustical

phonons in Ge. To this purpose we calculate the resonaribrm factor, f;,, depending on the atomic environment and
tensor structure factdf;(H) given by on the x-ray energyk. If we neglect thermal motion, then
fik=0 due to the 8m symmetry of the undistorted atomic
site in Ge. In order to find the thermal-motion-indud@l )
anisotropy off;,(s), we consider an atortD) at the origin

Here and below, the bar denotes averaging over the thermg?oo) of the diamond unit ceff so that its fou_r_ nextlT?|gh-
displacementau(s) of atoms (such as in the case of the P0rs (1), (2), (3), and (4) are at the positions 3 3),
Debye-Waller factor calculationu(s)=r*—rg, andr®and (1 i1) (i 11y and(@ il). Adistortion of the atomic
rg are the instantaneous and equilibrium positions, respeenvironment arises from both the thermal displacement of
tively, of the sth atom in the unit cellf;(s) is the tensor the atom itselfu(0), andfrom the displacements of its ad-
atomic form factor, andH is the reciprocal-lattice vector of jacent atomsu(N). Obviously, only the relative displace-
the reflection. ments of the atoms are important for the distortion of the
In the dipole approximation, the anisotropy of resonantiocal environment, so that the anisotropy of the tensor form
scattering is described by the anisotropic part of the tensofiactor, fj, , should be a function ai(N) —u(0). Below, only

FIG. 2. Energy dependence 6f006) atT=601 K, fit curve
from Eq. (2).
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FIG. 3. Temperature dependence of the resonance FWIElf} and of the resonance ener@yght) for the 006 reflection.
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the next four neighbors, which provide the greatest contribuand one can také,y, fyy,, fxy, andf,,, as the four inde-
tions to the anisotropy, will be considered, henbke pendent components.

=1,...,4. If thedisplacements are small, then the induced After averaging over the temperature vibrations, Egs.
anisotropy will be small too, and we can use a phenomencand (4) yield for atom(0)

logical expansion foff

iH Un(0)(0) =4i{f 4 Uy(1)uy(0) —uz(0)]
4

fik(o):NZ]_ fjkm(N)[um(N)_um(o)]+ R (3) +2fxyxux(1)uy(0)}Tjanna (9)

_ _ o whereT ., is the only third-rank tensor possible for th@8m
wheref;,(N) is a partial derivativeif;(0)/dur(N) taken — point symmetryt”26 T, , is symmetrical over all its indices,
at the equiIibrium_position, i.e., fom(O)zu_(l)zu(Z) .., Teyr=Tyzx=Taxy= Txzy= Tayx=Tyxz= 1, and all other
=u(3)=u(4)=0. Higher-order terms are omitted becausecomponents with at least two coinciding indices vanish. Ex-
they add much smaller contributichand may therefore be actly the same result is obtained for the other three atoms in
neglected. In Eq(3) and below, the summation over repeatedihe “ynit cell, which are related to atok®) by the face-
indices is assumed. _ centering operations. For the remaining four atoms in the

Assuming further that the scalar produdu(s) is also  ypit cell, the tensofl,, changes sign since these atoms are
small we can expand exp{r®): related to atom(0) by the inversion operation. For thek!
(h+k+1=4n+2) “forbidden” reflections, this change of
sign is exactly compensated by the phase factorikixg)
@ —_1 [see Eq(4)]. Thus, for the &I (k+I=4n+2) “for-
bidden” reflections, the tensor contribution to the tensor

Multlply!ng Eqs.(S) and(4) and averaging over the tem- structure amplitude is the same for all eight atoms in the unit
perature vibrations shows that we should know two tensor

correlation functionsy,,(0)u,(0) andu,(N)u,(0) (i.e., the cell, and we finally obtain

auFocorreIatlon an'd the cgrrelatlon between the closest ij(H)=32i{nyz[ux(1)ux(O)—uf(O)]

neighbors, respectivelyThe linear termsyi,(N), obviously

vanish. Owing to the @m symmetry of the atomic positions +2f 4 U (1) Uy (0)} TjknHnexd — (Hu)?/2].

we obtainu,(0)u,(0)= U (0)u,(0)Smn= 228, Whereu? (10)

is the mean-square displacement which can be assessed in- )

dependently via the Debye-Waller factor of nonforbidden re-1hus, we see that only two independent components of four,

. fyyzandf give contributions to the structure amplitudes
flections. The tensorsi,(N)u,(0) possess B symmetr xyz Xyx )
. m(N) ”(_) b y y of the “forbidden” reflections. The structure factor tensor
and are symmetrical),(N)u,(0)=u,(N)u,(0). Hence, all

s mos = has the same form as in the dipole-quadrupole th&dmgw-
of them can be expressed using the tenggf1)u,(0) and  gyer in our case, it varies proportionally to the displacement-

the 43m symmetry operations. Therefore, there are only twodisplacement correlation functions and thus strongly depends
independent componentsy,(1)u,(0) and uy(1)uy(0). on the temperature.
These components, as well ag0)u,(0), have been calcu- In Eq. (10), the Debye-Waller factor, ekp(Hu)?/2], is
lated as functions of temperature for silicon andadded just for physical reasons. It is easy to prove that this
germaniuri® employing the adiabatic bond charge model. factor appears for the term proportional ug(0)u,(0). In-

The third-rank tensor$;,(N) are symmetrical over the deed, we can use
first two indices,fim(N) = fijm(N). They also possessn8

exp(iHr®)={1+iHu(s)— 3[Hu(s)]?...}expiHry).

symmetry and should therefore have four independent —  _dlexpiHu)]

components® All the tensors are related thy,(1) by the Uxexp(iHu) = —i T H,

43m symmetry operations. Consideririg,(1), none of its

27 components is vanishing, and since the threefold axis is . o{exd — (Hu)%2]}

directed alond 111], the tensor should be invariant against = AHy

circular permutation ok, y, and z. In addition, due to the

diagonal mirror planes the tensor should also be invariant =iHuuexd — (Hu)?/2]. (11

against permutations—Yy, z< z, etc. Thus, as a result of all

this permutations one finds In other words, there is no need to use the expan&@pifor

this term and we can calculate it for any temperature, even if
_ _ (Hu)? is not small. The same result can be directly obtained
fxxx_ fyyy_ fzzza (5) . . .-
using the Wick theorem for the statistical average of the
Bose-type operatot(but the calculations are more tedipus

Fryz= Ty Taxy, © As a nontrivial consequence of the Wick theorem one can see
e _ e that for any operatow, which is proportional to phonon
Frxy= Frxz= fyyx=fyyz= o= 22y, ) displacements, the statistical average yields
fxyx:fxyy:fyzy: fyzz:fzxz:fzxx 8 WeXF(iHU)ZinW_UkeXF[—(HU)Z/Z]. (12
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Therefore, we should use the Debye-Waller factor for all the s hoj

terms in EqQ.(10). uj =U|oCOt"< m—) (16)
If the displacements of the neighboring atoms were equal

(such as in acoustical-phonon modes with small wave vec- o,

tors), then we would have,(1)u,(0)=0 andu,(1)u,(0) uf=ufocotl-< m) 17

=u,(0)u,(0) so that these modes would not contribute to

the “forbidden” reflections. However, the numerical simula- with u”20=0.001 78 B, u?,=0.00574 R, w|=7.21 THz,

tions shov® that the displacements are never equal, even foand w, =3.74 THz.

T=0. For the Debye-Waller factor, the high-temperature depen-
Equation(10) can be rewritten using the invariant corre- dence, known from literature, is useu)?=AT whereA

lations,uf andu? , parallel and perpendicular to the covalent =0.001 068 K *. For low temperaturegless than 100 K

bonds, i.e.[u(1)—u(0)]?=uf+u?. Then, taking into ac- there is a deviation from the linear dependéficbut then,

count that the Debye-Waller corrections are negligibly small
In Eq. (15), the complex parametefs,, andf,,, should
uﬁ=2u§(0) —2u,(1)u,(0) — 4u,(1)uy(0), (13 be considered as independent so that for the measured inten-

sity proportional to|F|? there are three fitting parameters.
2 3 However, fits of the observed intensities by Etf) and the
U7 =4ux(0) — 4u (1) u(0) +4uy(1)uy(0), (14) use of these three parameters are not satisfactory. A possible
we obtain from Eq(10) reason is that the structure factor may also contain a
temperature-independent contribution caused eqr%/ several pos-
, 1612 2 . a2 sible effects such as dipole-quadrupole scatterindgfect-
Fi(H) == FLULEL A+ T I TjnHnexi = (Hu) /2]'(15) induced distortions, and/or multiple-wave contributions
(Renningerr effegt In the first two cases, the tensor form of
wheref, =f,,,—f,,xandf=2f, ,+f, .. the additional term is exactly the same as for the
The observed intensity of a “forbidden” reflection is pro- temperature-induced one. In the case of a significant
portional to|F|?/ u whereu is the absorption coefficiertin multiple-wave contribution, the tensor form and hence the
spite of the high perfection of Ge crystals one can use th€orresponding polarization properties would be different
kinematical approximation because the structure amplitude&om Eq. (15). Though we have tried to minimize the influ-

are very sma)l The slight temperature dependencewofs  ence of multiple scattering by measuring at different azi-
ignored below. muthal angles, we cannot completely rule out small effects

because the polarization properties of the 006 reflection were
not studied.
Finally, the intensity was fitted to the expression

IV. FITTING PROCEDURE

In principle, the considered effect can be used to study the

honon-electron interactioff,,, and f,, in Eqg. (15)] and _ / ﬁ& / @ ?
Fhe temperature dependenc)i(ég of th)éyzrelati\?e displacements M=1]¢ +Picotl-( 2kT Py CO“_( 2kT)
uﬁ and uf. The aim of the present paper is restricted to 5 2
demonstrating that the observed intensity of the 006 reflec- +cr+ pl’l’coﬂ—( ﬂ) ]exp(— AT), (18)
tion can be quantitatively described by the theory. 2kT

2 2
For Ge, bothuj and u? have been measured by the \ynere the five fitting parameters are given by
extended-x-ray-absorption fine-structureEEXAFS) met-

hod?® however with considerable uncertainties, especially P =u?,|f,], (19
for u? . Therefore, we use the theoretical valuesipaindu?

given in Ref. 20 which are in good agreement with the ex- P|i=uﬁo|fu|cos( D), (20)
perimental data. Unfortunately, these theoretical values were

calculated only up to 500 K and there is nd for Ge, only P""=uﬁo|f”|sin( é)1), (21)
for Si (but the authors claimed that the data for Si and Ge are

very similar when proper temperature scaling is taken into C’'=|Cl|cog ¢, ¢), (22
account.?’ Hence, the temperature dependenceui)fwas

derived for Ge using the available data fgrand the Si data C"=|Cl[sin(¢, c), (23

for u,(1)uy(0), with the temperature divided by a factor 1.7. 54 thate, is the phase between the two complex param-
In this way, the numerical values of anduf were obtained eters,f andf, , while ¢,  is the phase betwedh and the

for the relevant temperature interval. However, for the fittingtemperature-independent contributién Since only relative
procedure, it is more convenient to use analytical expressiongtensities were measured, these five parameters can obvi-
for the temperature dependenceugfandu’ . It is found  ously be determined only on an arbitrary scale. The result of
from Ref. 20 that within a few percefgood enough for our simultaneously fitting both the low-temperature and the
purposes both uﬁ andu? can be described by the Einstein elevated-temperature data is depicted in Fig. 4, while our
formulas new data alone, smoothed and extrapolated up to the melting

165202-5



A. KIRFEL, J. GRYBOS, AND V. E. DMITRIENKO PHYSICAL REVIEW B66, 165202 (2002

Int. [arb. units] temperature-independent terms in the intensity are very large
(note that the temperature-induced term includes the quan-
tum vibrations afT=0). However, the interference term is

80 negative (and also large in absolute vajuyeand it almost

Ge: 1(600) compensates the first two. In other words, in the structure

factor, the temperature-induced and the temperature-
independent terms almost compensate each other at low tem-
peraturegi.e., the absolute value @' + P, +Pj is small in
comparison to the absolute values of the individual terms of
the sum. This situation seems rather strange from the physi-
cal point of view, but there may be several explanations:

(i) The zeroT quantum vibrations give no contribution to
the TMI anisotropy. This point is related to the problem of
quantum measurements and this is obviously beyond the
scope of present paper.

(i) The next-neighbor contributions to the TMI anisot-
800 ropy, though it is rather doubtful that they could effect much
600 < because their temperature dependence is similar to that of the
first-neighbor contribution.

e . . . 4
FIG. 5. The 006 reflection intensity vs energy and temperature. ('”) ngher-orQer contrlg)utlongor examp;e, of, S_""W '
The extrapolation up to the melting temperature shows an almos¥/hich is proportional toT“). Though theT* term in the
60-times increase in the whole temperature interval. structure amplitude nicely fits the intensity data, from the
physical point of view, it is still not clear why this term

temperature, are presented in Fig. 5. Note that the fit curve ifinould be taken into account.
Fig. 4 would be the same if the signs ¢f, and ¢, c were (iv) A very strong temperature dependence of the electron
simultaneously changed. density of states right near the absorption edge. Such a strong

dependence should, however, also be observed for normal
absorption, which does not seem to be the case.
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V. DISCUSSION

Figure 4 shows that it is possible to describe the tempera- VI. CONCLUSION
ture dependence for the whole investigated temperature in-

terval by only a few(five) parameters. Unfortunately, these flect S db ¢ ¥ iderati f both
parameters are not unambiguous. Two different sets of pa{-e ectons 1S improved by a systématc consideration of bo

rameters yield practically undistinguishable temperature dep?ralllelhznq perpendmtljlqr Cﬁrrelatﬁns in the dlslplacements
pendenciesFig. 4). These sets are rather differdptrors in of neighboring atoms. It is shown that two complex param-
parenthesasfor set I, C’=6.11(42),C"=—0.81(36), P,  St€rS: dxyxt fxy; andfyy,~fyyy, connect the induced x-ray
— 4.86(65), PH': ~11.84(1.24), and P"|’=l.50(18), agusotcriopzy with the.palrall_(le_lhan?1 perp(.andlhcular correlitl;)ns,
whereas for set II,C’'=5.59(55), C"=-3.29(25), P, uj andui, respectively. The theory is, however, stil far
—5.31(55) P’=—1i 68(1.29) an, =2 .508) ' from a desirable state. The present phenomenological ap-
: gl ' e I == ' proach should be accompanied, if possible, by quantum-
. o mechanical calculations, similar to those used for x-ray
tezmperature behaviors of the two vibration moda,and absorptiort®=32 This would allow a better understanding of
ut, i.e, they are constant at low temperatures and propokne phonon-electron interaction in solids. For example, in
tional to T for high temperatures. Another consequence Ofspite of the above-mentioned ambiguity we can conclude
this similarity is thatl (T) is not very sensitive to the phonon iyt the parallel displacements are more efficient than the
frequencies. Practically thg same fitting can also be Obtaineﬂerpendicular ones in producing the anisotropy since the ob-
if one accepts the experimental value =7.55_THz ar_1d tained|2f,,+ f,J is significantly larger thamf,— f.,.
w; =3 THz found from the EXAFS datd. In spite of this  gxperimentally, it would be very important to study the
ambiguity we can, however, conclude that the parallel dis\ reflections with sub-eV resolution in order to obtain a
placement is more effective in producing the anisotropy thanore detailed picture of the temperature dependence of the
is the perpendicular displacement. Indeed, the ref{jéf, | energy spectra. For improving the accuracy, the measure-
= \/P|]z+ P"{zufo/(Plufo) is large, 7.92 for set | and 7.2 for ments should also be done with one and the same sample,
set Il, respectively. Then, as can be expected from the phygrom low temperatures up to the melting point, and the in-
ics of the phenomenon, the parallel and perpendicular distensities should be calibrated with respect to nonforbidden
placements produce anisotropies of almost opposite signs seflections. It would also be very interesting to know whether
that cosgy, is negative and large in absolute value (¢ps  the theory holds near the melting point where the vibrations
is approximately—0.99 for set | and-0.98 for set I). have maximum amplitudes. Another important parameter,
Another problem is related to the physical interpretationthe phase of the TMI structure factdr.e., the absolute
of the fitting. Indeed, both the temperature-induced and thehases of both 8,,+f,,, and f,,,—f,,,), could be as-

In comparison with previous work;* the theory of TMI

Such an ambiguity arises, perhaps, from the very simila
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sessed via interference with the “umweganregung” of non-tibility is proportional to the relative displacements of neigh-
forbidden reflections. boring atoms.

In conclusion, for a germanium single crystal, we have
observed the thermal-motion-induced 006 reflection at tem-
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