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Anisotropic inelastic nuclear absorption
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The dynamics of iron atoms in the57FeBO3 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-Mo¨ssbauer factors along these directions were calculated. The projected density of states reveals
a pronounced anisotropy, while the Lamb-Mo¨ssbauer factor shows no directional dependence.
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Inelastic nuclear absorption of synchrotron radiation i
relatively new method to study lattice dynamics. After t
first observation,1 several successful applications of th
method were performed.2–8 Up to now the energy spectra o
inelastic nuclear absorption~in other words, the energy spec
tra of nuclear recoil! were measured with polycrystalline o
amorphous samples. Hence the information on lattice
namics was obtained in an integral form, where the mode
vibrations along various directions were averaged. In t
work we show the possibility to measure separately the
quency distribution of lattice vibrations along different dire
tions. The reason why the energy spectra of nuclear re
are sensitive to the direction of vibrations is that the ene
of a photon in the reference system of a vibrating nucleu
determined by the projection of the velocity of the nucleus
the wave vector of the photon. In order to reveal this sen
tivity, one should use a single-crystal sample. We have m
sured the energy spectra of inelastic absorption of 14.4-
synchrotron radiation by57Fe nuclei of an57FeBO3 single
crystal. A pronounced dependence of the energy spectr
nuclear recoil on the orientation of the incident x-ray be
relative to the crystal was observed. The frequency distri
tions of lattice vibrations along several crystallographic
rections were derived and the Lamb-Mo¨ssbauer factors alon
these directions were calculated.

The experiment was performed at the Nuclear Resona
Beamline~Ref. 6!, ID 18, at the European Synchrotron R
diation Facility ~ESRF!. The storage ring was operated
‘‘ 1

3 fill’’ mode. The nuclei in the crystal were excited by
beam of 14.413-keV radiation with a bandwidth of 4.4 me
The energy of the beam was varied in the range
6200 meV around the energy of the nuclear resonance
a step size of;0.8 meV. The intensity of nuclear absorptio
was measured by counting the yield of the delayed 6.4-k
560163-1829/97/56~17!/10758~4!/$10.00
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Ka-fluorescence radiation from the iron atoms, which resu
from internal nuclear conversion. An avalanche photo dio
detector9 was used. The typical count rate was about
counts per second at the relative energy 20 meV. The de
of the experimental setup may be found in Refs. 6 and 7

The measurements were performed with a ferric bor
57FeBO3 single crystal. The crystal has a calcite-type stru
ture withR3̄c space group.10 The sample had the shape clo
to a hexagonal platelet~Fig. 1! with a thickness of;110m m
and an area of;1 cm2. The surface of the platelet coincide
with the ~111! crystallographic plane. The enrichment in th
57Fe isotope was;95%. The data were taken at room tem
perature.

Energy spectra of inelastic nuclear absorption were m

FIG. 1. Orientation of the incident x-ray beam relative to t
crystal.
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56 10 759BRIEF REPORTS
sured for several polar anglesu and azimuthal anglesw be-
tween the incident x-ray beam and the@111# axis ~Fig. 1!. In
the first set of measurements the polar angle was varied f
u50° to u585° while the azimuthal angle was kept co
stantw590°. Afterwards the polar angle was kept consta
u585° @i.e., the incident beam was almost parallel to t
~111! crystallographic plane# and the azimuthal angle wa
changed tow50°. These two azimuthal orientations are n
equivalent, because the crystal has a three-fold rotation s
metry around the@111# axis.10

The energy spectra of nuclear recoil are shown in Fig
and 3. The intense central peak in the spectra originates f
the high probability of elastic~recoilless! absorption. The
side parts of the spectra show the probability of inelas
absorption with a creation~right-hand side! or an annihila-
tion ~left-hand side! of the phonons. The spectra are asy
metric in accordance with the relatively low occupation
the phonon states at room temperature. The peaks of inel
absorption~e.g., at620 meV and630 meV! show the most
probable energies of the phonons, which likely are relate
the low-dispersive parts of the dispersion relations, where
phonon energy does not depend much on the phonon
mentum.

The spectra show a pronounced dependence on the
angle and no dependence on an azimuthal angle. When
polar angle is high@Figs. 2~a! and 2~b!#, the spectra consis

FIG. 2. Energy spectra of inelastic nuclear absorption of s
chrotron radiation in the57FeBO3 single crystal for various pola
anglesu between the direction of the incident x-ray beam and
@111# axis. The azimuthal angle was kept constant~w590°!.
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of one peak at about620 meV in the energy-loss an
energy-gain sides of the spectrum, respectively. When
angle decreases@Figs. 2~c!–2~e!#, this peak remains in the
spectrum, but an additional peak appears at about630 meV.
In contrast to the sensitivity of the spectra to the polar ang
the spectra at two azimuthal angles~0° and 90°! coincide
within the experimental accuracy~Fig. 3!.

The Lamb-Mössbauer factors for various directions of th
incident x-ray beam and the corresponding densities of st
were calculated using the experimental data. The availa
theory of inelastic nuclear absorption11 considers only the
simplest case of a cubic Bravais lattice. However, it can
shown12 that similar expressions are also valid in the gene
case of an anisotropic crystal. In particular, the probabi
density of inelastic nuclear absorptionS(E,k) as a function
of the wave vector of the x-ray quantumk can be written as

S~E,k!5 f LM~k! (
n51

`

Sn~E,k!; S1~E,k!5
ER g~ uEu,s!
E~12e2bE!

;

Sn~E,k!5
1

n E
2`

1`

S1~E8,k!Sn21~E2E8,k!dE8 ~n>2!.

~1!

Here f LM(k) is the Lamb-Mo¨ssbauer factor;Sn(E,k) is the
n-phonon contribution to inelastic absorption;s5k/k; ER
5\2k2/2M51.956 meV is the recoil energy of a free57Fe
nucleus;b5(kBT)21; kB is the Boltzmann constant; andT
is the temperature. In contrast to the corresponding exp
sion for an isotropic crystal,11 Eq. ~1! contains the ‘‘pro-
jected’’ density of phonon stateg(E,s) instead of the con-
ventional density of phonon states. It includes t
contributions of various modes of lattice vibrations, whi
are weighted by the projections of the phonon polarizat
vector to the wave vector of x-ray quantum:

g~E,s!5V0(
j
E dq

~2p!3 d„E2\v j~q!…usej~q!u2. ~2!

Here V0 is the volume of the unit cell;v j and ej are the
frequency and the unit polarization vector ofj th mode of

-

e

FIG. 3. Energy spectra of inelastic nuclear absorption of s
chrotron radiation in the57FeBO3 single crystal for various azi-
muthal anglesw of the incident x-ray beam. The polar angle w
kept constant~u585°!.
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lattice vibration;q is the wave vector of the phonon, and th
integral is taken over these wave vectors in the first Brillo
zone. It can be shown12 that the procedure to normalize th
energy spectra of inelastic absorption, to calculate the La
Mössbauer factors and to derive the density of states, w
was initially applied to polycrystalline samples,2,7 is valid for
the anisotropic crystals as well. In this case it provides, ho
ever, the projected density of states@Eq. ~2!#.

Therefore the conventional method2 to treat the data was
used. Namely, the spectra were normalized using Lipk
sum rule13 ~first momentum of the spectrum equals the rec
energy of a free nucleus!. The recoil fraction of nuclear ab
sorption (l 2 f LM) was calculated from the area of the inela
tic part of the normalized spectrum. The multiphonon con
butions were subtracted using an iterative procedure and
projected density of states was derived from the one-pho
term ~the details can be found in Refs. 2 and 7!.

The derived projected densities of states are shown in
4. They show the frequency distribution of lattice vibration

FIG. 4. The projected densities of phonon states@as defined by
Eq. ~2!# along several crystallographic directions. The polar ang
u for various directions is indicated in the figure. The data for
azimuthal anglew590° are shown with open circles and forw
50° with solid circles.
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weighted by the projection of the phonon polarization vec
to the direction of x-ray beam.14 Figure 4~a! shows the fre-
quency distribution of vibrations along two nonequivale
axes, which lie in the~111! plane, namely along the@11̄0#
axis and the@112̄# axis.15 Like the original energy spectra
@Figs. 3~a! and 3~b!#, they are identical within the experimen
tal accuracy. This gives a strong indication that the vib
tions of the iron atoms are mostly isotropic within the~111!
plane. In contrast, the vibrations perpendicular to the~111!
plane have considerably different frequency distributi
@Fig. 4~e!#. In addition to the pronounced additional peak
30 meV, which can be seen in the original experimen
spectrum, Fig. 2 also contains indications of two other pe
at ;38 and ;49 meV. These might correspond to low
dispersive high-frequency optical modes, because the ch
of alternating iron and boron atoms, which have very diffe
ent masses, are located just along the@111# axis. The pro-
jected densities of states for intermediate directions@Figs.
4~b!–4~d!# show the gradual growth of the contribution o
the perpendicular mode when the polar angle decreases

The Lamb-Mössbauer factors were calculated with tw
different methods: from the area of the inelastic part of
normalized energy spectra, and from the derived projec
densities of states. Similar to Ref. 7, this gave a good cha
to check the reliability of the results. The factors given
Table I are the mean values from two methods, and the gi
uncertainties are taken from the maximum discrepancy
tween them. In most cases the discrepancy was m
smaller, therefore the indicated error of 0.02 is an up
bound. It is worthwhile to emphasize, that the measureme
of inelastic nuclear absorption give in general more relia
values of the Lamb-Mo¨ssbauer factors than convention
Mössbauer spectroscopy or nuclear forward scattering te
niques. This is because neither the recoil fraction of the
dioactive source nor the sample thickness are involved in
calculations.

In contrast to the pronounced anisotropy of the projec
densities of states~Fig. 4!, the Lamb-Mössbauer factors
~Table I! do not depend on the crystal orientation within t
experimental uncertainty. Although this is a surprise, it is n
a contradiction. The Lamb-Mo¨ssbauer factor is not very sen
sitive to the details of the density of phonon states. It
determined mostly by the low-energy part of the density
states; and one can see from Fig. 4 that all densities of st
look similar below 25 meV~Fig. 4!. The constant value o
the Lamb-Mössbauer factor along six nonequivalent cryst
lographic directions gives strong indication that the me
square displacement of the iron atoms in the ferric bor
crystal is mostly isotropic. The magnitude of the mea
square displacement can be obtained from the Lam
Mössbauer factor aŝu2&52 ln(fLM)/k250.0042(5) Å2. In
this concern we note that our results do not confirm the la
anisotropy of the mean-square displacement, which was
ported earlier on the basis of crystal structure refinement10 as

s

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

Polar angleu 85° 85° 60° 45° 30° 0°
Azimuthal anglew 0° 90° 90° 90° 90° 90°
f LM 0.82~2! 0.81~2! 0.81~2! 0.80~2! 0.81~2! 0.81~2!
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^u2& i50.0030(2) Å2 and ^u2&'50.0008(12) Å2, where
^u2& i and ^u2&' stands for the mean-square displacem
parallel and perpendicular to the~111! plane, respectively.

In summary, we have studied the lattice dynamics of
57FeBO3 single crystal using inelastic nuclear absorption
is almost the only suitable technique to study the phonon
ferric borate: a neutron scattering experiment would be
ficult due to the large content of boron and the absence
sufficiently large crystals while inelastic x-ray scatteri
would suffer from the strong absorption by iron atoms. T
densities of phonon states, weighted by the projections of
phonon polarization vector to various crystallographic dir
tions were derived and the corresponding Lamb-Mo¨ssbauer
factors along these directions were calculated. The res
show that the lattice vibrations along the different directio
s.
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within the ~111! plane have similar frequency distribution
whereas the vibrations perpendicular to the~111! plane are
significantly different. In contrast to this anisotropy, the c
culated values of the Lamb-Mo¨ssbauer factors do not show
pronounced angular dependence. From the methodolog
point of view, the observed combination of the pronounc
anisotropy of the density of phonon state and the isotro
mean-square displacement of the iron atoms provide a s
ing example of the advantages of the inelastic absorp
technique compared, e.g., to Mo¨ssbauer spectroscopy, whe
the Lamb-Mössbauer factor is the only parameter to stu
the lattice dynamics.

The authors are grateful to G. V. Smirnov for the loan
the 57FeBO3 single crystal. H.G. is grateful for the support o
the Deutsche Forschungsgemeinschaft.
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