
PHYSICAL REVIE%' 8 VOLUME 33, NUMBER 7 1 APRIL 1986

Vibrational energies from nuclear y resonant scattering: Measurement and
comparison with neutron inelastic scattering
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Nickel and lead lattice-vibrational energies (including the zero-point energies) are deduced at 298 and 80
K from nuclear y resonant scattering measurements. A comparison is made with recently compiled neu-

tron inelastic scattering data. The agreement is of the order of 1-2%. %'e conclude that the technique of
nuclear resonant scattering of y rays can be confidently used to obtain vibrational energies of specific atoms
in various compounds. This type of information cannot presently be obtained from neutron inelastic
scattering or any other experimental method.

Lattice vibrations and interatomic forces present one of
the central problems in solid-state physics. Inelastic neutron
scattering is presently the most powerful experimental tool
for phonon investigations. An enormous amount of experi-
mental and analytical work has been done on inelastic neu-
tron scattering since the first phonon dispersion curves of
Al were obtained in 1955.' The obvious need for, tabulating
the various results has recently been satisfied by a number
of comprehensive compilations. 2 4 In this work we show
that the technique of nuclear resonant scattering of gamma
rays can also be used to obtain information on the lattice
dynamics of various compounds. Specifically, the vibration-
al energies of particular atoms in the compound can be de-
duced. These energies are directly related to the phonon
spectrum, and for pure metals, can also be computed from
neutron inelastic scattering data. We will show that for two
cases (i.e., nickel and lead), the agreement between the two
methods: neutron inelastic scattering and resonant nuclear
gamma scattering is very good. Thus, the latter technique
can be used confidently to measure the vibrational energy of
a specific atom (like Ni, Pb, and others) in a given com-
pound. This type of selective information cannot be directly
obtained from neutron inelastic scattering.

We consider the normalized frequency spectrum (density
of phonon states as a function of frequency):

ra oo

g(v)dv= 1

where g(v)dv is the number of phonon states per degree of
freedom in the frequency range (v, v+ d v).

The mean energy per mode of vibration in the harmonic
approximation is given by (e.g. , Ref. 5)

s=ks?;= Ji n(p, ?' )it pg(p)dp

n (v, T) = [exp(h v/ks T) —1] '+ —,
'

The mean energy, ~, includes also the zero-point energy.
The notion of the effective temperature T, was first intro-
duced by Lamb. He treated the thermal motion of the

atoms in a solid in the same manner as the atoms of a gas,
but using an effective temperature which is higher (or equal
in a limiting case) than the thermodynamic temperature of
the material. In the harmonic approximation, the mean vi-
brational kinetic (or potential) energy per vibrational mode
equals exactly half of the corresponding total energy ~. The
mean kinetic energy can be directly measured in a photon
nuclear resonance scattering experiment. This experimental
method utilizes an accidental overlap between an incident
gamma line from some (n, y) source and an excited nuclear
level in a certain target nucleus. The overlap, represented
schematically in Fig. l, causes resonant scattering to occur.
Excited nuclear levels at energies, F.„=—'? MeV, usually
display natural radiation widths I 0 between few meV (which
is approximately the lowest detectable limit of the tech-
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FKJ. 1. The condition for resonant scattering of incident
monoenergetic photons of peak energy E, by an excited level of
peak energy E, . The two lines are Doppler broadened (6, and 5, )
and are separated by an energy 5 (from Ref. 13).
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nique) and 1 e&. The nuclear levels are however also

Doppler broadened because of the thermal and zero-point
vibrational motion of the scattering nuclei. The Doppler
width 6 is given by

1/2

~=E. "", (2)

~here M is the mass of the resonance nucleus and c is the
velocity of light. The Doppler widths are of the order of
5-10 eV at room temperature for a wide range of atomic
masses, M (50-200 amu), and are therefore the dominant
factor determining the energy width of the resonant levels.
The intensity of the scattered radiation depends on the rela-
tive position and overlap between the incident and the
resonant gamma lines. In a more formal way, the scattered
intensity C ( T, 8) at angle 8 and temperature T depends on
the nuclear parameters I G, I, 5, g of the level, on the effec-
tive temperature T, of the resonant nucleus, and on the ef-
fective temperature T, of the (n, y) source:

C ( T, 8) =f (I, I'0, S,g, T„T,)

I and I G are the total and the partial ground-state radiative
widths, respectively, 5 is the energy separation between the
incident y line and the resonance level, and g is a statistical
factor depending on the spins of the resonance and ground
states. C(T, 8) is proportional to the resonance scattering
cross section and its explicit form is given elsewhere. '
Clearly, a change in the effective temperature affects the
Doppler width [Eq. (2)]. Two ways for changing T, will be
mentioned. Stiffening of the phonon spectrum increases
the mean total energy e [Eq. (I)[ and therefore increases
the effective temperature and the Doppler width and vice
versa; softening of the phonon spectrum decreases ~, T„
and 4. This can be achieved by forming different com-
pounds of the same element. Another way to change T, is

by varying the temperature T of the scatterer, thus changing
the occupation number n(v, T) —an increase of T increases
e, T„and 4 and vice versa. The mentioned change of the
Doppler width may or may not cause a corresponding varia-

tion in the intensity of the resonantly scattered radiation.
Such a variation depends on the specific relative position
between the incident gamma line and the resonant level
(Fig. 1), i.e., the resulting overlap may or may not be influ-

enced by the change in A. A temperature variation experi-
ment may serve as a convenient probe for the sensitivity of
the scattered intensity in a certain source-target combination
to a change of the atomic kinetic energy (i.e., T, or 4).
More specifically, it is convenient to utilize as a probe the
temperature effect, R, defined as the ratio

C(T), 8)
R (Tt, T2, 8) =

C T2, 8

A convenient set of temperatures Tt, T2 is Tt = 77 K (liquid
nitrogen) and T2=300 K (room temperature). A suitable
(n, y) source-scatterer combination for investigating the
mean vibrational kinetic energy should provide a relatively
high scattered intensity and a significant temperature effect
(R «0.95 for the above Tt, T2).

Table I lists some of the intense scatterers together with

the corresponding energies and measured 8 values. From
the measured R values T, may be calculated at one of the
temperatures T~ (i =1,2), provided T, at the second tem-
perature is known. Ho~ever, usually one cannot assume
this to be the case, and a determination of T, ( T) requires a
careful measurement of C(T, 8) over a wide temperature
range including high temperatures ( T )) Ho, the Debye
temperature). At high temperatures, one can safely assume
that T, T and consequently calculate T, (T) at lower tem-
peratures. Such a resonant scattering experiment over a
wide temperature range has been performed only for two
elemental metals, namely, Ni and Pb. ' It should be noted
in this context that an extensive research work on the bind-
ing properties of nitrogen in molecules has been carried out
utilizing the present technique (e.g. , Refs. 11-13 and refer-
ences therein). Although the information of T, (T) for Ni
and Pb is inherently contained in the data presented in Ref.
10, explicit values of T, ( T) were not deduced there. It is of
special interest to compare the T, values from the nuclear
resonant scattering experiment with those available from

TABLE I. Some resonant scatterers ~ith significant temperature effect R (T1, T2, 135') (from Refs. 8

and 9).

(n, y)
source

Resonant

scattering
isotope

Percent
abundance

Resonance
energy (MeV)

Temperature
effect R'

Fe
Fe
Fe
Fe
Fe
Ni
Ni
V
V
Cr
Cr
Tl

62+i
2GSPb

5G( r
141pr

139La

86S»

150Sm

"Ti
146'd
15'
"Zn
65( u

3.66
52.3

100
99.9

7.4
74
17.2
0.366

18.6
30.9

7.646
7.279
8.888
7.632
6.018
7.82
8.998
6.600
7.163
6.324
7.362
6.556

0.90 + 0.006
0.937 + 0.003
0.84+ 0.02
0.95 + 0.01

0.969+ 0.003
0.96+ 0.01
0.95 + 0.007
0.80 + 0.02
0.93 + 0.01
0.72+ 0.03

0.773 + 0.01'
0.94+ 0.02

'The temperature effect R for N2 was measured at T1 = 115 K, T2=293 K and at T1=77 K, T2= 300 K for
the rest of the resonant scatterers in the table.
bR. Moreh, O. Shahal, and J. Tenenbaum, J. Phys. G 9, 755 (1985).
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TABLE II. Effective temperatures T„ in Kelvin, of Pb and Ni deduced from inelastic scattering data and

nuclear resonant gamma scattering experiment, at temperatures T, for which the former information is avail-
able.

Neutron inelastic
scattering

Resonant gamma
scattering

Ni (Ref. 14) Pb (Ref. 15) Pb

80
298
676

321,9
684.9

86.2
327.4+ 3(324.5 + 3) '

691 + 1 b

'This value is deduced after adopting the effective temperature of 684.9 K for Ni at 676 K from the neutron
inelastic scattering.
bThis is an assumed value of T, which is very close (2'io) to the actual thermodynamic temperature (see also
text).

neutron inelastic scattering. In the last case the derivation
is straightforward if the actual form of g (v) and Eq. (1) are
utilized. Such a comparison is much easier to make today
with the aid of one of the excellent and comprehensive
compilations mentioned above. ' The comparison is present-
ed in Table II at temperatures for which the g(v) functions
are tabulated in Ref. 3. The agreement is very good-it is
within 1% for lead and slightly worse (1.5%) for nickel. In
Pb the ratio between the maximum temperature, at which
the resonance scattering was measured, and the cut-off fre-
quency of the phonon spectrum significantly exceeds the
corresponding ratio in Ni. %e employ for convenience the
concept of the Debye temperature, HD, as a measure of the
cut-off frequency. The mentioned maximum temperature
for Pb is 520 K and it should be compared with Hp =104 K,
while in Ni the corresponding values are 670 K and
HO=420 K.' This situation may explain the slightly better
agreement with the neutron inelastic scattering results be-
cause in the specific case of Pb the high-temperature as-
sumption T, = T is a better approximation for Pb than for
Ni. We have assumed (see Table II) that T, (Ni, T-676
K) -691 K. This value is higher by about 2% and 1% than

the actual temperature and the corresponding "neutron"
T„respectively. Adopting the latter T, for deducing the ef-
fective temperature of Ni at 298 K by our method further
improves the agreement with the neutron inelastic scattering
result (Table II). In Fig. 2, the temperature effect in Pb is
shown versus T, in order to demonstrate the method of
analyzing our results. The sloped line in Fig. 2 exhibits the
calculated temperature effect 8 (540 K, r, 135') as a func-
tion of various arbitrary T, values at temperature T.
T, (T-540 K) is assumed to be known and equal to 540 K.
The horizontal lines indicate the experimental values of
R (540 K, 80 K, 135') and the respective errors. The inter-
section of the horizontal lines with the calculated curve
determines the T, value of Pb at 80 K, It is clearly seen
that the experimental accuracy decreases with increasing of
T, at a given thermodynamic temperature T. However for
these large values of T„ the significant deviation of T, from
T compensates for the lower accuracy.

It should be stressed that in the case of pure elements,
the neutron inelastic scattering provides much more
comprehensive and detailed information than the gamma
resonant scattering experiment. The importance of the
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FIG. 2. Calculated values of the temperature effect R (540 K, T, 135') jdefined in relation (3)) of elemental Pb with a fixed T, (T=540
K)-540 K vs T, . The horizontal lines indicate the experimental value of R(540 K, 80 K, 135') and the respective errors. The scatterer
thickness, the geometry, and the nuclear parameters are given in Ref. 10.
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above comparison is to show the validity of the photon nu-
clear resonance technique for measuring vibrational ener-
gies. Our results may be of great value in cases (e.g. , in-
termetallics, hydrides, carbides, nitrides, and other com-
pounds) where such information is additional to that provid-
ed by the neutron inelastic scattering. The mean energy per
vibrational mode of the ith component e; in a compound of
n components will be given in terms of its effective tem-
perature, T;, by

j, S;(v)n(T, v)&vg(v)dv
e( —ks Tj, —

where S;(v) is the fraction of the phonon energy carried by
the i th atom at frequency v. N, is the number of the i

atoms in the sample and N is the total number of atoms in
it. Clearly, $;",N; N and N;/N is the fraction of the de-

grees of freedom belonging to the i atoms.
The derivation of S&(v) for a certain component in a com-

pound is a complicated question and is associated with the
determination of the eigenvectors for a certain set of eigen-
frequencies. In other words, the quantity ~; is not directly
accessible from the neutron inelastic scattering experiment
and it is model dependent. On the other hand, the nuclear
resonant scattering of gamma rays can provide ~, of certain
elements directly and independent of any model. The mean
kinetic energy per vibrational mode from the gamma reso-
nant scattering may be regarded as being independent, even
of the harmonic approximation which is assumed only in or-
der to compare with the results of the inelastic neutron
scattering. We propose two experimental ways for deducing

T, (T) of certain elements (some of them are presented in

Table I) either in their elemental form or as a component of
a compound. The first one requires a measurement of the
resonantly scattered radiation over a wide temperature range
up to high enough T values, as was done for Ni and Pb. In
the second, information for T, at a given temperature for a
specific element may be obtained from inelastic neutron
scattering data. Then T, of this element in any compound
and at any temperature may be deduced by comparing the
corresponding intensity of the gamma resonant radiation
with the scattered intensity of the pure element at the given
temperature. Both ways present some experimental difficul-
ties which we believe may be overcome.

The values of &, obtained from nuclear resonant scatter-
ing experiments, can be of great value in the interpretation
of lattice dynamics calculations, in which different models
yield different values of ~;. Comparison of these values
with the experimental results can help to differentiate
between the various models.

In summary, very good experimental agreement with re-
gard to vibrational energies was shown to exist between
neutron inelastic scattering experiments and the nuclear
gamma resonant scattering method. This agreement proves
the validity of using the latter technique for measuring vi-

brational energies of specific elements, either in pure form
or in compounds. Some future directions of research
(mainly with compounds) have been proposed and dis-
cussed.

The authors wish to thank J. Ashkenazi for stimulating
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