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Anisotropic inelastic nuclear absorption

A. |. Chumakov, R. Rffer, and A. Q. R. Baron
European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France

H. Grinsteudel
Institlt fur Physik, Medizinische Universitau Libeck, D-23538 Libeck, Germany
and European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France

H. F. Grinsteudel
European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France

V. G. Kohn
Russian Research Center “Kurchatov Institute,” 123182 Moscow, Russia
(Received 21 April 1997; revised manuscript received 24 June)1997

The dynamics of iron atoms in th&FeBQ; single crystal was studied using inelastic nuclear absorption.
The energy spectra of nuclear recoil along several crystallographic directions were measured. The densities of
phonon states, weighted by the projection of the phonon polarization vector in various directions were derived
and the Lamb-Msesbauer factors along these directions were calculated. The projected density of states reveals
a pronounced anisotropy, while the Lamb-84bauer factor shows no directional dependence.
[S0163-18207)08441-5

Inelastic nuclear absorption of synchrotron radiation is & ,-fluorescence radiation from the iron atoms, which results
relatively new method to study lattice dynamics. After thefrom internal nuclear conversion. An avalanche photo diode
first observatior, several successful applications of the detecto? was used. The typical count rate was about 40
method were performe?(j‘,8 Up to now the energy spectra of counts per second at the relative energy 20 meV. The details
inelastic nuclear absorptidin other words, the energy spec- of the experimental setup may be found in Refs. 6 and 7.
tra of nuclear recojlwere measured with polycrystaline or The measurements were performed with a ferric borate
amorphous samples. Hence the information on lattice dy- Fe€BQ; single crystal. The crystal has a calcite-type struc-
namics was obtained in an integral form, where the modes dtire withR3c space group? The sample had the shape close
vibrations along various directions were averaged. In thig0 a hexagonal platel¢Fig. 1) with a thickness of~110u m
work we show the possibility to measure separately the freand an area of- 1 cn?. The surface of the platelet coincided
quency distribution of lattice vibrations along different direc- with the (111 crystallographic plane. The enrichment in the
tions. The reason why the energy spectra of nuclear recoil’Fe isotope was-95%. The data were taken at room tem-
are sensitive to the direction of vibrations is that the energyperature.
of a photon in the reference system of a vibrating nucleus is Energy spectra of inelastic nuclear absorption were mea-
determined by the projection of the velocity of the nucleus to
the wave vector of the photon. In order to reveal this sensi- [111]
tivity, one should use a single-crystal sample. We have mea- )
sured the energy spectra of inelastic absorption of 14.4-keV N ‘o@@
synchrotron radiation by’Fe nuclei of an®’FeBQ, single 0 )
crystal. A pronounced dependence of the energy spectra of STFeBO *
nuclear recoil on the orientation of the incident x-ray beam CbUs
relative to the crystal was observed. The frequency distribu-
tions of lattice vibrations along several crystallographic di-
rections were derived and the Lamb-&&bauer factors along
these directions were calculated.

The experiment was performed at the Nuclear Resonance
Beamline(Ref. 6), ID 18, at the European Synchrotron Ra-
diation Facility (ESRB. The storage ring was operated in
“ 1 fill” mode. The nuclei in the crystal were excited by a
beam of 14.413-keV radiation with a bandwidth of 4.4 meV. 4
The energy of the beam was varied in the range of [112]
+200 meV around the energy of the nuclear resonance with
a step size 0of~0.8 meV. The intensity of nuclear absorption  FIG. 1. Orientation of the incident x-ray beam relative to the
was measured by counting the yield of the delayed 6.4-ke\¢rystal.
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FIG. 3. Energy spectra of inelastic nuclear absorption of syn-
chrotron radiation in the’’FeBQ, single crystal for various azi-
muthal anglesp of the incident x-ray beam. The polar angle was
kept constan{§=85°).

of one peak at about-20 meV in the energy-loss and
energy-gain sides of the spectrum, respectively. When the
angle decreasgd-igs. 2c)—2(e)], this peak remains in the
spectrum, but an additional peak appears at abd@ meV.
In contrast to the sensitivity of the spectra to the polar angle,
the spectra at two azimuthal anglé® and 90} coincide
L S S L LR within the experimental accurad¥ig. 3).
-40 -20 0 20 40 The Lamb-Masbauer factors for various directions of the
Relative energy [meV] incident x-ray beam and the corresponding densities of states
were calculated using the experimental data. The available
FIG. 2. Energy spectra of inelastic nuclear absorption of syn_theory of inelastic nuc!ear abslorptﬂtf}'nconSIders on!y the
chrotron radiation in thé’FeBQ, single crystal for various polar S|mple§t case of a cubic Bravais lattice. However, it can be
anglesd between the direction of the incident x-ray beam and theshowrt? that similar expressions are also valid in the general
[111] axis. The azimuthal angle was kept const@nt90°). case of an anisotropic crystal. In particular, the probability
density of inelastic nuclear absorpti&E,k) as a function
sured for several polar angl@sand azimuthal angleg be-  of the wave vector of the x-ray quantukincan be written as
tween the incident x-ray beam and fHel 1] axis (Fig. 1). In " -
the first set of measurements the polar angle was varied from _ Er 9(/E],S)
6=0° to §=85° while the azimuthal angle was kept con- S(E'k):fuw(k)nzl Sn(E.k);  Si(E.k)= E(1_e P&
stante=90°. Afterwards the polar angle was kept constant
0=85° [i.e., the incident beam was almost parallel to the 1 [+
(111 crystallographic planeand the azimuthal angle was Sn(E,k)=ﬁ f S,(E',k)S,_1(E—E’,K)dE" (n=2).
changed tap=0°. These two azimuthal orientations are not “ 1
equivalent, because the crystal has a three-fold rotation sym- (1)
metry around th¢111] axis'® Here f (k) is the Lamb-Mssbauer factorS,(E,k) is the
The energy spectra of nuclear recoil are shown in Figs. -phonon contribution to inelastic absorptios=k/k; Eg
and 3. The intense central peak in the spectra originates from 7,2k?/2M = 1.956 meV is the recoil energy of a freéFe
the high probability of elastidrecoilles$ absorption. The nucleus;ﬁ:(kBT)*l; kg is the Boltzmann constant; aid
side parts of the spectra show the probability of inelastids the temperature. In contrast to the corresponding expres-
absorption with a creatiofright-hand sidg or an annihila-  sjon for an isotropic Crystéﬂl, Eq. (1) contains the “pro-
tion (left-hand sidg of the phonons. The spectra are asym-jected” density of phonon statg(E,s) instead of the con-
metric in accordance with the relatively low occupation of ventional density of phonon states. It includes the
the phonon states at room temperature. The peaks of inelastentributions of various modes of lattice vibrations, which
absorption(e.g., at=20 meV and+ 30 meV) show the most  are weighted by the projections of the phonon polarization
probable energies of the phonons, which likely are related tector to the wave vector of X-ray quantum;
the low-dispersive parts of the dispersion relations, where the
phonon energy does not depend much on the phonon mo- dq )
mentum. g(EvS):VOE_ J W 5(E_ﬁwj(Q))|Sq(q)| . (2)
The spectra show a pronounced dependence on the polar :
angle and no dependence on an azimuthal angle. When théere V, is the volume of the unit cellw; and g are the
polar angle is highFigs. 2a) and Zb)], the spectra consist frequency and the unit polarization vector jgh mode of
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""""" Lovcesenibivneseni bt b weighted by the projection of the phonon polarization vector
] to the direction of x-ray beatf. Figure 4a) shows the fre-
0.05 i 8 [ guency distribution of vibrations along two nonequivalent

T axes, which lie_in thg111) plane, namely along thglL10]
axis and the112] axis® Like the original energy spectra
[Figs. 3a) and 3b)], they are identical within the experimen-
tal accuracy. This gives a strong indication that the vibra-
o B, 000 . tions of the iron atoms are mostly isotropic within tfel 1)
° i plane. In contrast, the vibrations perpendicular to (th&l)
plane have considerably different frequency distribution
[Fig. 4(e)]. In addition to the pronounced additional peak at
30 meV, which can be seen in the original experimental
spectrum, Fig. 2 also contains indications of two other peaks
at ~38 and ~49 meV. These might correspond to low-
dispersive high-frequency optical modes, because the chains
r of alternating iron and boron atoms, which have very differ-
0.05 r ent masses, are located just along fh#&1] axis. The pro-

T S0, 00 C jected densities of states for intermediate directipifigs.

] & ° © "% oy, i 4(b)-4(d)] show the gradual growth of the contribution of
0.00 Jogopeocme®® L I°’°°”°‘“"°°°’o°w_ the perpendicular mode when the polar angle decre_ases.
[ The Lamb-Masbauer factors were calculated with two
0.05] i different methods: from the area of the inelastic part of the

. - N . ) :

&P F . normalized energy spectra, and from the derived projected
] © P o0 g, i densities of states. Similar to Ref. 7, this gave a good chance
0.00 L oomssonos®™® ot oo to check the reliability of the results. The factors given in
B LA LAARARAAAS T T LSRR T Table | are the mean values from two methods, and the given
uncertainties are taken from the maximum discrepancy be-

Energy [meV] tween them. In most cases the discrepancy was much
smaller, therefore the indicated error of 0.02 is an upper
FIG. 4. The projected densities of phonon std@sdefined by ~ bound. It is worthwhile to emphasize, that the measurements
Eq. (2)] along several crystallographic directions. The polar anglef inelastic nuclear absorption give in general more reliable
6 for various directions is indicated in the figure. The data for thevalues of the Lamb-Mssbauer factors than conventional
azimuthal anglep=90° are shown with open circles and fgr ~ Mossbauer spectroscopy or nuclear forward scattering tech-
=0° with solid circles. nigues. This is because neither the recoil fraction of the ra-
dioactive source nor the sample thickness are involved in the
lattice vibration;q is the wave vector of the phonon, and the calculations.
integral is taken over these wave vectors in the first Brillouin  In contrast to the pronounced anisotropy of the projected
zone. It can be showhthat the procedure to normalize the densities of stategFig. 4), the Lamb-M®sbauer factors
energy spectra of inelastic absorption, to calculate the LambTable |) do not depend on the crystal orientation within the
Mossbauer factors and to derive the density of states, whichxperimental uncertainty. Although this is a surprise, it is not
was initially applied to polycrystalline samplé$js valid for  a contradiction. The Lamb-Mrsbauer factor is not very sen-
the anisotropic crystals as well. In this case it provides, howsitive to the details of the density of phonon states. It is
ever, the projected density of stafés. (2)]. determined mostly by the low-energy part of the density of
Therefore the conventional mettol treat the data was states; and one can see from Fig. 4 that all densities of states
used. Namely, the spectra were normalized using Lipkin'dook similar below 25 meMFig. 4). The constant value of
sum rulé? (first momentum of the spectrum equals the recoilthe Lamb-Masbauer factor along six nonequivalent crystal-
energy of a free nucleisThe recoil fraction of nuclear ab- lographic directions gives strong indication that the mean-
sorption (—f| ) was calculated from the area of the inelas-square displacement of the iron atoms in the ferric borate
tic part of the normalized spectrum. The multiphonon contri-crystal is mostly isotropic. The magnitude of the mean-
butions were subtracted using an iterative procedure and thexjuare displacement can be obtained from the Lamb-
projected density of states was derived from the one-phonoNdssbauer factor aqu?)= —In(f_)/k?*=0.0042(5) &. In
term (the details can be found in Refs. 2 and 7 this concern we note that our results do not confirm the large
The derived projected densities of states are shown in Figanisotropy of the mean-square displacement, which was re-
4. They show the frequency distribution of lattice vibrations, ported earlier on the basis of crystal structure refineMerst

Projected density of states [1/meV]

TABLE |. Lamb-Mossbauer factors, calculated for the various orientation of the incident x-ray beam relative to the crystal.

Polar angled 85° 85° 60° 45° 30° 0°
Azimuthal anglep 0° 90° 90° 90° 90° 90°
fim 0.822) 0.81(2) 0.81(2) 0.802) 0.81(2) 0.81(2)
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(u?),=0.0030(2) £ and (u?), =0.0008(12) &, where within the (111) plane have similar frequency distributions,
(u?), and (u®), stands for the mean-square displacemenwhereas the vibrations perpendicular to tié1) plane are
parallel and perpendicular to thi#11) plane, respectively.  significantly different. In contrast to this anisotropy, the cal-
In summary, we have studied the lattice dynamics of theculated values of the Lamb-fdsbauer factors do not show a
57FeBQ, single crystal using inelastic nuclear absorption. ItPronounced angular dependence. From the methodological
is almost the only suitable technique to study the phonons iRCInt of view, the observed combination of the pronounced
ferric borate: a neutron scattering experiment would be dif2nisotropy of the density of phonon state and the isotropic

ficult due to the large content of boron and the absence di'ean-square displacement of the iron atoms provide a strik-
sufficiently large crystals while inelastic x-ray sc:atteringmg example of the advantages of the inelastic absorption

would suffer from the strong absorption by iron atoms. Thetechmque compared, e.g., to Bbauer spectroscopy, where

densities of phonon states, weighted by the projections of thge Lar_nb-Mcssba_uer factor is the only parameter to study
o . S e lattice dynamics.

phonon polarization vector to various crystallographic direc-

tions were derived and the corresponding Lambsbtmuer The authors are grateful to G. V. Smirnov for the loan of

factors along these directions were calculated. The result$ie °’FeBQ; single crystal. H.G. is grateful for the support of

show that the lattice vibrations along the different directionsthe Deutsche Forschungsgemeinschaft.
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