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Nuclear inelastic scattering with 1Dy
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We have extended the technique of nuclear inelastic scattering to the 25.651 keV nuclear tran&itiby. of
Energy spectra of nuclear inelastic absorption of synchrotron radiatidfy metal foil were measured at
room temperature and at=15 K with 1.0 meV resolution. From low temperature data a density of phonon
states and several thermodynamic parameters were derived.
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Nuclear inelastic scattering made a fast progress duringnt scattering geometry with a~50 meV bandpass
the last years. Discovered in 199%, has progressed from monochromatof. More recently, nuclear forward scattering
first demonstrational experimefts to an established of synchrotron radiation by dysprosium foil has been studied
techniqué’ This rapid development became possible due taising an exact back-scattering monochromator with a 6.8
several distinct advantages: the technique is fast, precise, rereV bandpas¥’ With the same monochromator nuclear in-
quires only a small amount of material and can be applied telastic scattering measurements have been attempted as
samples in various aggregate states. well.1° However, this energy resolution is far from being

However, nuclear inelastic scattering also has a seriousnough in the case of dysprosium metal, which has a Debye
limitation which follows from the resonant nature of nuclear energy of about 15 meV.
interaction: the method can only be applied to the so called For the present studies, we have elaborated a high energy-
“Mo ssbauer isotopes.” On the other hand, this has the adesolution monochromator according to the conventional
vantage that it allows one to determine element specific dy“nested” schemé&*? with an energy bandpass of 1 meV.
namics. Up to now, the main progress has been achievelor the outer channel-cut crystal an asymmetrid4sé 4)
with the 57Fe isotopé-™ In addition to that, several success- reflection with an asymmetry factor of 0.10 and for the inner
ful experiments with*'°Sn were performed’ and first re-  channel-cut crystal a symmetric @8 12 6 reflection were
sults with *>'Eu were reportefl. Thus, the list of elements chosen.
explored with nuclear inelastic scattering is far from being The experiment was performed at the nuclear resonance
complete, and the further extension of the technique to otheznd-station ID22N at the European Synchrotron Radiation
suitable isotopes is an obvious demand. Facility during a 16 bunch mode of storage ring operation.

This paper demonstrates the feasibility of nuclear inelasti@he description of the standard beamline setup for nuclear
scattering with'®'Dy. We have measured the energy spectraresonant scattering may be found in Ref. 13. Details of the
of phonon-accompanied nuclear inelastic absorption of synauclear inelastic scattering technique are described in Ref. 4.
chrotron radiation in a dysprosium metal foil at room tem- Similar to our previous experimentwe used a collimating
perature and at 15 K. The low-temperature data allowed us toompound refractive lens in order to improve the throughput
determine the density of phonon states and to calculate sewf the monochromator. The 1.0 meV bandpass of the mono-
eral thermodynamic parameters. chromator was evaluated from a fit of the instrumental func-

The first excited nuclear state 8#'Dy has an energy of tion with a Gaussian distribution. Within this bandwidth, the
25.651 keV and a lifetime of 40.7 ns. The energy is highemonochromator provided 5710 photons per second at 90
than those of the previously exploréd'Eu (21.541 ke  mA current of the storage ring.
and 1%°Sn (23.880 keV isotopes. This makes crystal optics  The sample, a 5 mn¥ large and 50um thick foil of
design harder. However, the longer lifetime compared to Swlysprosium metal, was enriched to 95.7% in the resonant
and Eu allows an easier separation of the delayed nucledf'Dy isotope. For low-temperature measurements the
scattering from the instantaneous electronic scattering. Thisample was mounted inside a closed cycle cryostat.
considerably simplifies the measurements of nuclear inelastic Similar to the case of thé’Fe isotope, the deexcitation of
scattering in case of®'Dy. a 81Dy nucleus via the internal conversion channel results in

The first excitation of the 25.651 keV nuclear level of the emission of atomic fluorescence radiation with relatively
181Dy by synchrotron radiation was observed in an incoherdow energied., (6.5 keV), L5 (7.2 and 7.6 keY, andL,, (8.4
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8 calculations of Ref. 20, where the lattice dynamics of dysprosium
© 1000 3 was evaluated using an interpolation between terbium and holmium

elastic constants at room temperature.
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the central pegkwas not reliable within the energy range of
Relative energy [meV] +5 meV. For the density of states in this energy region we
used the Debye approximation. The derived density of pho-
‘non states is shown in Fig. 2.

In general, an experiment on nuclear inelastic absorption
does not necessarily provide an exact density of St(E$,
which is
keV) lines, withL , being the most probable channel. Due to
the higher efficiency of avalanche photodiode detettdes 1
this radiation compared to the scattered 25.651 keV quanta g(E)= ﬁvoz f
and due to high probability of internal conversion, we mea- c
sured mostly nucleaabsorption with only a negligible con-
tribution of nuclearscattering

The energy spectra of nuclear absorption are shown
Fig. 1. Here the intensity of atomic fluorescence is plotte
versus the difference between the energy of the incident ra-

FIG. 1. Energy spectra of nuclear inelastic absorption of syn
chrotron radiation in &5'Dy metal foil at room temperature and at
15 K.
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but rather a partial density of phonon states for atoms of the
_resonant isotope, which is projected on the direction of the
grhcident x-ray beartf*’

diation and the exact energy of the nuclear resonance. The g(E s)= iVoE dq S(E—tiw;(Q)|s & ()2
count rate in the inelastic peak at9 meV was about 5 N “Ta J (2m)° '
counts per secongcps at room and about 4 cps at low )

temperature. The spectra give the probability of nuclear in-
elastic absorption as a function of energy transfer due to Here and above. andn, are the total number of atoms
phonon annihilation E<0) and phonon creatiorE¢>0) in a_md the n_umber of resonant atoms in the unit cell, respec-
the lattice, respectively. According to the law of detailedtively; Vo is the volume of the unit cell; the indicesand]
balance the annihilation part vanishes at low temperature. are used, respectively, for resonant atoms in the unit cell and
At room temperature, the energy spectrum of nuclear invibrational modesE and q are phonon energy and wave
elastic absorption is dominated by multiphonon contribu-vector;sis the unit vector along the direction of the incident
tions. The statistical accuracy of these data is insufficient t-ray beamg; 5() is the polarization vector of vibrations of
extract directly the single-phonon term and to derive the denthe ath resonant atom and tfjéh vibrational mode.
sity of phonon states. In contrast to that, the energy spectrum In general, the partial projected density of stag€g,s)
measured at 15 K consists mostly of single-phonon absormdiffers from the exact density of statgéE), because contri-
tion with only a small contribution of multiphonon compo- butions of various vibrational modes are weighted by the
nents. We have derived the density of phonon states frorsquared projections of the polarization vectors of the reso-
these data according to the conventional procedure derant atoms on the direction of the incident beam. In some
scribed, e.g., in Refs. 2,4. A double Fourier transformatiorcases, however, nuclear inelastic absorption gives the exact
techniqué®!’” was used in order to eliminate multiphonon density of phonon states. One well-known case, for instance,
contributions. Due to some uncertainty in the instrumentals the cubic Bravais lattic® Another case, which takes
function, subtraction of elastic contribution of scattering.,  place here, corresponds to a polycrystalline sample with an
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arbitrary monoatomic lattice. At room temperature, dysproimental function. Our results show that, in first approxima-
sium has a hcpR6;/mnx) lattice. Therefore, in the case of tion, an interpolation of the terbium and holmium data gives
a single crystal, the projected density of states has a polain acceptable description of the lattice dynamics in dyspro-
anisotropy relative tec axis;® and differs from the exact sjium. At closer examination, however, one notes that the
density of states. In the polycrystalline case, however, onexperimental spectrum is shifted to higher energies. One
has to average Eq2) over all directions with respect to the should, however, keep in mind that the experimental density
incident x-ray beam. We introduce the tensor of states corresponds to a temperature of 15 K, whereas in
the theoretical estimations room temperature data were used.
TEY(E)= iVoz dq SE—foi(q)(e 1), (e )*. Thgrefo_re, tr_le difference might be explained by damping of
n, "2 J (27)3 . hazuimhaty lattice vibrations at room temperature.
(3 In addition to the density of phonon states from the low-

Here the indiceg:, v=x,y,z number vector coordinates. Us- (€mperature T=15 K) experimental data we have derived

ing this tensor for a polycrystalline sample without a texturethe average Lamb-Mssbauer factorf=0.78+0.01 and

the averaging over all directions of the incident beam can b&1€ average mean-square displacement of the dysprosium at-
expressed as oms (x?)=14.7+0.7 pnf. In both cases, the experimental

uncertainties were estimated from deviations of the values
obtained directly from the measured energy spectra and
those calculated from the density of phonon states.
In summary, we have demonstrated the feasibility of
=3 T’”(E)if dss s . 4) nuclear inelastic scattering for the 25.651 keV nuclear tran-
- 41 wv sition of *61Dy. To our knowledge, this is the highest energy

at which nuclear inelastic absorption was applied. Energy

One can directly check that the integral over all directions isspectra of nuclear absorption by'&Dy foil were measured
zero for all nondiagonal components of the tensor, whereas % room temperature and at 15 K. The density of phonon
is 1/3 for all diagonal components. Thus, one arrives at states in dysprosium metal was derived from the experimen-
1 tal data taken at 15 K. Lamb-Msbauer factor and atomic
g(E,s) = 3 > THA(E) mean-square displacement were calculated. Our confidence
w in these results was aided by work at SPring-8, where mea-
surements with a 0.5 meV monochromator has given similar
1 dq results?!
=5V SE~fwj(q)) - . o
3n, i (2m)3 In the future, several important applications of nuclear
inelastic spectroscopy with®'Dy may be foreseen. For in-
X{; |eja(q)|2]- (5) stance, dysprosium enters several high-temperature super-

§E9= | d >, s, TH(E
g( !S)_E S,u,,V S,u. ( )Sv

conducting materials. Nuclear inelastic absorption studies
with these compounds may give insight into their lattice dy-
Ramics and thermodynamics. Several dysprosium com-

ILTnCiltleiz {ak:lafl tEorr(lg) ct))fe::r:)emlérsmid%er:lt.ici?/tg i?{;logh&tsegoﬂals pounds have strong magnetic activity, and this technique can
Y, q ’ ’ help clarifying, for instance, the influence of magneto-

a polycrystalline sample with a monoatomic lattice nuclear

) ) . . : acoustic interactions on lattice dynamics. Finally, dyspro-
inelastic absorption provides the exact density of phonogium forms stable complexes with fullerenes, which are
states. '

In Fig. 2 we compare the density of phonon states c)b_model objects for studies of rotational dynamics. This chal-

tained in our measurements with that from Ref. 20 wher Ienge; an appllcatlo.n c_)f nuclear inelastic absorption to the
: : . . ew field of soft excitations.

the dynamics of dysprosium lattice was evaluated using an

interpolation between the elastic constants of terbium and We thank J.-P. Vassalli for the preparation of the silicon

holmium. One should note that the experimental data arehannel-cut crystals for the high-resolution monochromator.

smoothed by the finite energy resolution of 1.0 meV,A.C. thanks A.Q.R. Baron for important discussions of the

whereas the theoretical curve is calculated for an ideal instruexperimental data.
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