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Nuclear inelastic scattering with 161Dy
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We have extended the technique of nuclear inelastic scattering to the 25.651 keV nuclear transition of161Dy.
Energy spectra of nuclear inelastic absorption of synchrotron radiation in161Dy metal foil were measured at
room temperature and atT515 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 du
the last years. Discovered in 1995,1 it has progressed from
first demonstrational experiments2,3 to an established
technique.4 This rapid development became possible due
several distinct advantages: the technique is fast, precise
quires only a small amount of material and can be applie
samples in various aggregate states.

However, nuclear inelastic scattering also has a ser
limitation which follows from the resonant nature of nucle
interaction: the method can only be applied to the so ca
‘‘Mö ssbauer isotopes.’’ On the other hand, this has the
vantage that it allows one to determine element specific
namics. Up to now, the main progress has been achie
with the 57Fe isotope.1–4 In addition to that, several succes
ful experiments with119Sn were performed5–7 and first re-
sults with 151Eu were reported.8 Thus, the list of elements
explored with nuclear inelastic scattering is far from bei
complete, and the further extension of the technique to o
suitable isotopes is an obvious demand.

This paper demonstrates the feasibility of nuclear inela
scattering with161Dy. We have measured the energy spec
of phonon-accompanied nuclear inelastic absorption of s
chrotron radiation in a dysprosium metal foil at room te
perature and at 15 K. The low-temperature data allowed u
determine the density of phonon states and to calculate
eral thermodynamic parameters.

The first excited nuclear state of161Dy has an energy o
25.651 keV and a lifetime of 40.7 ns. The energy is high
than those of the previously explored151Eu ~21.541 keV!
and 119Sn ~23.880 keV! isotopes. This makes crystal optic
design harder. However, the longer lifetime compared to
and Eu allows an easier separation of the delayed nuc
scattering from the instantaneous electronic scattering. T
considerably simplifies the measurements of nuclear inela
scattering in case of161Dy.

The first excitation of the 25.651 keV nuclear level
161Dy by synchrotron radiation was observed in an incoh
0163-1829/2001/63~17!/172301~4!/$20.00 63 1723
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ent scattering geometry with a;50 meV bandpass
monochromator.9 More recently, nuclear forward scatterin
of synchrotron radiation by dysprosium foil has been stud
using an exact back-scattering monochromator with a
meV bandpass.10 With the same monochromator nuclear i
elastic scattering measurements have been attempte
well.10 However, this energy resolution is far from bein
enough in the case of dysprosium metal, which has a De
energy of about 15 meV.

For the present studies, we have elaborated a high ene
resolution monochromator according to the conventio
‘‘nested’’ scheme11,12 with an energy bandpass of 1 meV
For the outer channel-cut crystal an asymmetric Si~4 4 4!
reflection with an asymmetry factor of 0.10 and for the inn
channel-cut crystal a symmetric Si~18 12 6! reflection were
chosen.

The experiment was performed at the nuclear resona
end-station ID22N at the European Synchrotron Radiat
Facility during a 16 bunch mode of storage ring operatio
The description of the standard beamline setup for nuc
resonant scattering may be found in Ref. 13. Details of
nuclear inelastic scattering technique are described in Re
Similar to our previous experiments,14 we used a collimating
compound refractive lens in order to improve the through
of the monochromator. The 1.0 meV bandpass of the mo
chromator was evaluated from a fit of the instrumental fu
tion with a Gaussian distribution. Within this bandwidth, th
monochromator provided 5.73106 photons per second at 9
mA current of the storage ring.

The sample, a 235 mm2 large and 50mm thick foil of
dysprosium metal, was enriched to 95.7% in the reson
161Dy isotope. For low-temperature measurements
sample was mounted inside a closed cycle cryostat.

Similar to the case of the57Fe isotope, the deexcitation o
a 161Dy nucleus via the internal conversion channel results
the emission of atomic fluorescence radiation with relativ
low energiesLa ~6.5 keV!, Lb ~7.2 and 7.6 keV!, andLg ~8.4
©2001 The American Physical Society01-1
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keV! lines, withLa being the most probable channel. Due
the higher efficiency of avalanche photodiode detectors15 for
this radiation compared to the scattered 25.651 keV qua
and due to high probability of internal conversion, we me
sured mostly nuclearabsorption, 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 plot
versus the difference between the energy of the inciden
diation and the exact energy of the nuclear resonance.
count rate in the inelastic peak at;9 meV was about 5
counts per second~cps! at room and about 4 cps at low
temperature. The spectra give the probability of nuclear
elastic absorption as a function of energy transfer due
phonon annihilation (E,0) and phonon creation (E.0) in
the lattice, respectively. According to the law of detail
balance the annihilation part vanishes at low temperatur

At room temperature, the energy spectrum of nuclear
elastic absorption is dominated by multiphonon contrib
tions. The statistical accuracy of these data is insufficien
extract directly the single-phonon term and to derive the d
sity of phonon states. In contrast to that, the energy spect
measured at 15 K consists mostly of single-phonon abs
tion with only a small contribution of multiphonon compo
nents. We have derived the density of phonon states f
these data according to the conventional procedure
scribed, e.g., in Refs. 2,4. A double Fourier transformat
technique16,17 was used in order to eliminate multiphono
contributions. Due to some uncertainty in the instrumen
function, subtraction of elastic contribution of scattering~i.e.,

FIG. 1. Energy spectra of nuclear inelastic absorption of s
chrotron radiation in a161Dy metal foil at room temperature and a
15 K.
17230
ta
-

in
d
a-
he

-
to

-
-
to
-
m
p-

m
e-
n

l

the central peak! was not reliable within the energy range
65 meV. For the density of states in this energy region
used the Debye approximation. The derived density of p
non states is shown in Fig. 2.

In general, an experiment on nuclear inelastic absorp
does not necessarily provide an exact density of statesg(E),
which is

g~E!5
1

3nc
V0(

j
E dq

~2p!3
d„E2\v j~q!…, ~1!

but rather a partial density of phonon states for atoms of
resonant isotope, which is projected on the direction of
incident x-ray beam16,17

g̃~E,s!5
1

nr
V0(

j ,a
E dq

~2p!3
d„E2\v j~q!…us•ej ,a~q!u2.

~2!

Here and abovenc andnr are the total number of atom
and the number of resonant atoms in the unit cell, resp
tively; V0 is the volume of the unit cell; the indicesa and j
are used, respectively, for resonant atoms in the unit cell
vibrational modes;E and q are phonon energy and wav
vector;s is the unit vector along the direction of the incide
x-ray beam;ej ,a(q) is the polarization vector of vibrations o
the ath resonant atom and thej th vibrational mode.

In general, the partial projected density of statesg̃(E,s)
differs from the exact density of statesg(E), because contri-
butions of various vibrational modes are weighted by
squared projections of the polarization vectors of the re
nant atoms on the direction of the incident beam. In so
cases, however, nuclear inelastic absorption gives the e
density of phonon states. One well-known case, for instan
is the cubic Bravais lattice.18 Another case, which take
place here, corresponds to a polycrystalline sample with

-

FIG. 2. Density of phonon states for Dy metal: open circles a
thin line ~to guide the eyes! show the density of phonon states
derived from the energy spectrum of nuclear inelastic absorp
measured at 15 K. The solid line shows the results of the theore
calculations of Ref. 20, where the lattice dynamics of dysprosi
was evaluated using an interpolation between terbium and holm
elastic constants at room temperature.
1-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 172301
arbitrary monoatomic lattice. At room temperature, dysp
sium has a hcp (P63 /mmc) lattice. Therefore, in the case o
a single crystal, the projected density of states has a p
anisotropy relative toc axis,19 and differs from the exac
density of states. In the polycrystalline case, however,
has to average Eq.~2! over all directions with respect to th
incident x-ray beam. We introduce the tensor

Tmn~E!5
1

nr
V0(

j ,a
E dq

~2p!3
d„E2\v j~q!…~ej ,a!m~ej ,a!n* .

~3!

Here the indicesm,n5x,y,z number vector coordinates. Us
ing this tensor for a polycrystalline sample without a textu
the averaging over all directions of the incident beam can
expressed as

ĝ~E,s!5
1

4pE ds(
m,n

smTmn~E!sn

5(
m,n

Tmn~E!
1

4pE dssmsn . ~4!

One can directly check that the integral over all directions
zero for all nondiagonal components of the tensor, where
is 1/3 for all diagonal components. Thus, one arrives at

ĝ~E,s!5
1

3 (
m

Tmm~E!

5
1

3nr
V0(

j
E dq

~2p!3
d„E2\v j~q!…

3H(
a

ueja~q!u2J . ~5!

For a monoatomic lattice, the sum inside the figure brack
includes all atoms of the unit cell. By definition, it equa
unity, so that Eq.~5! becomes identical to Eq.~1!. Thus, for
a polycrystalline sample with a monoatomic lattice nucle
inelastic absorption provides the exact density of phon
states.

In Fig. 2 we compare the density of phonon states
tained in our measurements with that from Ref. 20, wh
the dynamics of dysprosium lattice was evaluated using
interpolation between the elastic constants of terbium
holmium. One should note that the experimental data
smoothed by the finite energy resolution of 1.0 me
whereas the theoretical curve is calculated for an ideal ins
s.

.
i,
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mental function. Our results show that, in first approxim
tion, an interpolation of the terbium and holmium data giv
an acceptable description of the lattice dynamics in dysp
sium. At closer examination, however, one notes that
experimental spectrum is shifted to higher energies. O
should, however, keep in mind that the experimental den
of states corresponds to a temperature of 15 K, wherea
the theoretical estimations room temperature data were u
Therefore, the difference might be explained by damping
lattice vibrations at room temperature.

In addition to the density of phonon states from the lo
temperature (T515 K) experimental data we have derive
the average Lamb-Mo¨ssbauer factorf LM50.7860.01 and
the average mean-square displacement of the dysprosium
oms ^x2&514.760.7 pm2. In both cases, the experiment
uncertainties were estimated from deviations of the val
obtained directly from the measured energy spectra
those calculated from the density of phonon states.

In summary, we have demonstrated the feasibility
nuclear inelastic scattering for the 25.651 keV nuclear tr
sition of 161Dy. To our knowledge, this is the highest ener
at which nuclear inelastic absorption was applied. Ene
spectra of nuclear absorption by a161Dy foil were measured
at room temperature and at 15 K. The density of phon
states in dysprosium metal was derived from the experim
tal data taken at 15 K. Lamb-Mo¨ssbauer factor and atomi
mean-square displacement were calculated. Our confide
in these results was aided by work at SPring-8, where m
surements with a 0.5 meV monochromator has given sim
results.21

In the future, several important applications of nucle
inelastic spectroscopy with161Dy may be foreseen. For in
stance, dysprosium enters several high-temperature su
conducting materials. Nuclear inelastic absorption stud
with these compounds may give insight into their lattice d
namics and thermodynamics. Several dysprosium co
pounds have strong magnetic activity, and this technique
help clarifying, for instance, the influence of magnet
acoustic interactions on lattice dynamics. Finally, dysp
sium forms stable complexes with fullerenes, which a
model objects for studies of rotational dynamics. This ch
lenges an application of nuclear inelastic absorption to
new field of soft excitations.

We thank J.-P. Vassalli for the preparation of the silic
channel-cut crystals for the high-resolution monochroma
A.C. thanks A.Q.R. Baron for important discussions of t
experimental data.
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