
PHYSICAL REVIEW B VOLUME 44, NUMBER 1 1 JULY 1991-I

Testing the phonon spectrum of metallic chromium with
the nuclear-resonance photon scattering technique
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The nuclear-resonance photon-scattering cross section o., from ' Cr in a metallic form was stud-
ied as a function of temperature in the range 15—300 K. The value of o., was used for deducing the
effective temperature T, which is related to a weighted average of the phonon spectrum of metallic
Cr. This T, is also a measure of the total zero-point kinetic energy of the lattice and was used to
define another Debye temperature 8p' its value for metallic Cr was measured and found to be
00=510+20 K. This value is higher by about 10% than that obtained from the known phonon
spectrum deduced by inelastic neutron scattering. A similar deviation occurs in other elements.
The reason for this deviation of the values of T, and hence of 80 obtained by the nuclear-resonance
photon-scattering technique and by inelastic neutron scattering is discussed.
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where g (v) is the real phonon spectrum measured by in-
elastic neutron scattering (INS). In case where the lattice
is described by a Debye-type phonon spectrum

The nuclear-resonance photon-scattering (NRPS) tech-
nique' was used for studying the effective temperature
T, and the Debye temperature Oo of metallic Cr. The
concept of an effective temperature was introduced by
Lamb to take into account the vibrational motion of the
atoms in the lattice; it is expressed by

of T. This Oo is very useful not only in NRPS work but
also in neutron resonance research because it yields a pre-
cise value of the Doppler width of the nuclear level (see
below). It should also be added that the concept of a De-
bye temperature OD does not mean that we have resorted
to the Debye approximation; it is just a convenient way
to express (vg (v) ) through Eqs. (1) and (3). In the case
of a strict Debye model for g (v), the value of 00 reduces
to the commonly used "caloric" Debye temperature OD
derived from the lattice specific heat C . Here we remind
the reader that C& in the harmonic approximation may

g(v)=3v /v (2)
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with v the maximum cutoff frequency, related to the
Debye temperature of the solid, 8o=hv /k, Eq. (1)
takes the form 650—

600—

with x =hv/kT. The limiting value of T, at T =0 K is

To=(3/8)8o .

To can be deduced from Eq. (1) because the real phonon
spectrum g(v) is usually known. Equation (4) may be
viewed as another definition of the Debye temperature
which we call the INS Debye temperature. Equation (3)
can also be used to calculate Oo as a function of T where
T, is taken from Eq. (1). Figure 1 is a plot of 8o(T) de-
duced in this manner where g (v) for metallic Cr is taken
from Ref. 6; it may be seen to be practically independent
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FIG. 1. Debye temperatures Oo and OD as a function of T
calculated using the real phonon spectrum g(v) of metallic Cr
taken from Ref. 6.
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Thus OD is defined by requiring

C~(T)=C~(T) . (7)

A plot of OD(T) is shown in Fig. 1 and may be seen to be
strongly dependent on T and differs markedly from the
behavior of Oo( T). The present value of Oo gives a mea-
sure of the total zero-point kinetic energy of the atoms in
the lattice, and hence of (U ), it is sensitive chiefiy to the
optical high-frequency phonon modes as is evident from
Eq. (1); it divers from the x-ray measurements which
gives a measure of (z ) and is more sensitive to the
acoustical low-frequency modes. In fact, in lattices
where (u ) is small the value of (z ) is expected to be
large and a good accuracy in Oo is obtained with x-ray
measurements, while in cases where (z ) is small, the
value of ( v ) is expected to be large and a good accuracy
in Oo is obtained with the NRPS method. In a sense the
two techniques complement each other. Besides the
above definitions of Debye temperature, various other
definitions are used in the literature. In the present
work we will refer mainly to the INS and the "caloric"
Debye temperature defined above.

It was shown that under certain conditions, the NRPS
technique can be used for the determination of T, of
some elements either in a metallic form' or in other
chemical forms. ' Such a measurement is very useful be-
cause it can provide a weighted average of the phonon
spectrum; this can be compared with that calculated
from INS data using numerical integration thus testing
the validity of such spectra. A scan of previous measure-
ments' has shown that T, of metallic elements, de-
duced using the NRPS technique, is higher by about 10%%uo

than the value which could be deduced from INS data.
The purpose of the present work is twofold. First, to find
a precise value of T, and 00 because these are useful pa-
rameters in analyzing NRPS data where metallic Cr is
used as a y source. In this connection it may be added
that, in the literature, the reported OD values of Cr differ
markedly from each other and are in the range 400 to 630
K. Second, to test the validity of the known phonon
spectrum of metallic Cr obtained by INS and to try to ex-
plain the 10% deviation which seem to recur in the
present case.

The possibility of measuring T, by NRPS depends on
the occurrence of a random overlap' between the 8888-
keV y-ray line emitted by the Fe(n, y) reaction and a
nuclear level in Cr. This random photoexcitation pro-
cess in Cr was first reported by Moreh, Shlomo, and
Wolf' where the spectroscopic properties of the reso-
nance level were determined: the spin j =1, the ground-
state spin J=0, the total radiative width I =0.75+0.20

be deduced from the entropy of the lattice yielding

C~ =R f g (v)[(e' —1) '+ 1](e"—1) 'x d v (5)

with x =hv/kT. By inserting the real phonon spectrum
g (v), the specific heat C~ may be calculated as a function
of T. For a Debye solid g(v) may be replaced by Eq. (2)
yielding

OD /T
C' =3R ( T/OD ) f x e "(e'—1) dx .

eV, the ground-state branching ratio I"o/I =0.90+0.07,
and the energy distance between the incident-y-ray line
and the resonance level, 5=18+1 eV. The Doppler-
broadened shapes of the incident-y-ray line and the reso-
nance level are illustrated in Fig. 2. It turns out that the
sensitivity of the present method for the determination of
T, and hence of Oo depends primarily on the relative
magnitudes of 5 and the Doppler widths 6, and A„of the
incident y-ray line and the resonance level. The acciden-
tal large value of 6 enabled us to determine T, by making
a detailed study of the scattering cross section as a func-
tion of T.

From Fig. 3 [which shows a plot of the ratio of the
scattering cross sections RT=cr, (10 K)/o, (297 K)
against 5] it may be seen that if 5=0, then the value of
o., differs from 1 only slightly. In addition a large varia-
tion of o., with T, and hence good accuracy in the deter-
mination of T, is obtained for cases where (i) 5) b,„b,„
and (ii) b.„)1". Moreover, for 5) b,„A„ the value of RT
can differ markedly from unity and hence a measurement
of R T can determine T, with good accuracy. Further-
more, if 6„ is small relative to I, then the shape of the
resonance level will be determined primarily by the value
of I and only slightly by A„or T. The above points may
further be illustrated by considering Fig. 4 which shows a
plot of the uncertainty in the deduced value of Oo result-
ing from a 1% error in the experimental measurement of
the value of AT. Here again the uncertainty may be seen
to decrease with increasing value of 6.

Theoretically, the Doppler widths A„A, are defined
b 11,12
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FIG. 2. Calculated shapes of the Doppler-broadened incident
y-ray line originating from the Fe(n, y) reaction of peak ener-

gy E, {described by a Gaussian having 6, =11.97 eV with a y-
ray source temperature of 498 K) and a Doppler-broadened
8888-keV nuclear level in ' Cr of peak energy E„(described by a
tt function with b,„=9.99 eV at T=297 K) separated by 5=17
eV. The overlapping area is related to the scattering cross sec-
tion a,

E;(2kT /M cz)

with (i =r, s); E, , T, , and M~ are the corresponding ener-
gies, effective temperatures, and masses of the resonance
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scatterer and the emitting y-ray source. The shape of the
Doppler-broadened y-ray line emitted by the Fe(n, y)
reaction, is represented by a gaussian '"

F(E)=(1/h, y~)exp[ (E E„+5)—/—5, ] . (9)

The shape of the Doppler-broadened nuclear resonant
level in Cr is a g/i function which is a convolution be-
tween a Breit-Wigner resonance form and a gaussian dis-
tribution of energies '"

o., (E)=crog(x, t), (10)

where o a=A, gl 0/2ml is the maximum cross section for
a nonbroadened nuclear level whose ground-state width
is I 0 and g =(2j+1)/(2J+1) is a statistical factor. The

g function is given by" '

'/4t
g( r)=[1/2( t)' ']f dz
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FIG. 4. Calculated values of RT vs Op (the Debye tempera-
ture of metallic Cr) for three different values of 5. Hypothetical
1go errors in the experimental measurement of RT are indicated
and are found to lead to vastly different uncertainties in the de-

duced values of Op; these are +95, +23, and +12 K correspond-
ing to 5= 1, 17, and 30 eV, respectively.
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FIG. 3. Calculated ratios of scattering cross sections at
T = 10 K and T =297 K as function of 5 from the 8888-keV lev-

el of ' Cr. The parameters used were I =0.75 eV, I p/I =0.9,
and 6, =11.97 eV. The assumed values of Op of metallic ' Cr
and the iron y-ray source were 520 and 460 K, respectively.
The method of calculating the scattering cross section was given
in Ref. 1.

with x =2(E E—„)/I, t =(b,„/I ), and b., =E„(2kT„/
M„c~)'~'. Both Doppler-broadened shapes are depicted
to scale in Fig. 1. The scattering cross section is given by
the overlap integral of the above two line shapes; it may
be evaluated to yield"

o F E ~t E=~o ~oto (12)

where xo=2~E„E,~/—I =25/I, and to =(b,, +6„)/I
The scattered intensity may be calculated by taking into
account the target thickness, the specific geometry of the
target-detector-beam system and employing Eq. (12).
More details concerning the calculation of the scattered
intensity is given in Ref. 1.

The photon source was obtained from the (n, y) reac-
tion on four metallic iron discs. For measuring the scat-
tered intensity versus T, a 12.7 cm X12.7 cm NaI cylin-
drical detector was used, placed at a distance of 25 cm
from the target, and making an angle of 130' with the
photon beam. A 160-g rectangular metallic sample of
chromium (7.5 cmX4 cm) was placed perpendicular to
the beam and positioned inside a Displex cryostat which
varied the temperature of the target between 12 to 297 K.
The running time for each data point was about 12 h.
Details of the experimental system are given in Ref. 4.

The experimental scattered intensities I versus T for Cr
are shown in Fig. 5 and are normalized so that
I (297 K ) = 1. At each point the background contribu-
tion was subtracted by using an iron scatterer.

The determination of Oo was made by searching for the
values of both 6 and Oo which best fitted the data points
of Fig. 5. To do so, the elastically scattered intensity was
calculated as a function of T using the parameters of the
resonance level mentioned above and listed in the cap-
tions of Figs. 2 and 3. It should be noted that the
Doppler width, 5, =11.97 eV, of the 8888-keV y-ray line
emitted by the Fe(n, y) reaction corresponds to an
e6'ective temperature T, =539 K. This value of T, was
obtained at an iron source temperature T=518 K and
using 80(Fe) =460 K for metallic iron. We thus obtained
80(Cr)=520+20 K, 5=17.0+0.5 eV. The 5 obtained
here is more precise than that reported previously'
(5=18+1.0 eV) which was based on measuring the
cross-section ratio between T =78 and 297 K only. This
Oo corresponds to an eft'ective temperature (at 0 K) of
To=195 K and is characteristic of the Cr isotope. The
latter value should be compared with TO=177 K (and
OO=473 K) deduced from Eq. (1) using the phonon spec-
trum g (v) of metallic natural chromium, after introduc-
ing an M ' correction for the isotopic eA'ect as ex-
plained below. The calculated scattering intensity ratios
obtained using Oo=473 K is given in Fig. 5 which illus-
trates the extent of the deviation obtained when using the
INS value of Oo.

The isotopic mass correction may be eA'ected by noting
that the above values of 00 are related to Cr (whose
atomic mass is 49.946 amu) while the literature values
correspond to a natural isotopic composition whose aver-
age mass is 51.996. Applying an M ' correction, we
obtain for the NRPS value of metallic natural Cr Oo
=510+20 K. Higher values of Oo as compared to the
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TABLE I. Metallic Debye temperatures for some isotopes
determined by the present technique together with those ob-
tained by integrating over the phonon spectra as in Eq. (7). The
values of 00 corrected for the composition of the natural ele-
ments are also listed.
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FIG. 5. Relative scattered intensities vs T from metallic Cr
(relative to 297 K). The scatterer thickness was 5.3 g/cm and
the geometry is indicated in the figure. The solid line represents
the best fit calculated curve obtained using 5=17 eV, I =0.75
ev, r, /r=0. 9, and 00=520 K for the metallic Cr scatterer.
The dashed line represents the calculated values for 80=473 K.
Some typical errors are indicated.

INS values were also obtained in previous NRPS mea-
surements' and are listed in Table I.

The relatively large difference in 00 obtained by the
two methods as revealed in Table I may be partly ex-
plained by noting that the value of To determined by
NRPS monitors the vibrational frequencies of the Cr
atoms at around 12 K (as explained above) while the pho-
non spectrum deduced from INS data is usually taken at
296 K. Thus a proper comparison can in principle be
made only for a case where the phonon spectrum is
known at 12 K. Some information about the behavior of
the phonon spectra as a function of T is available in Ref.
11 for Li, Al, Cr, Rb, and Pd from which it is estimated
that the phonon energies may increase by at most 3%%uo

when T decreases from 296 to 12 K. In the case of Cr,
the error bars in the phonon spectrum may allow for
another 2% increase in the phonon energies. It is thus
possible to explain, at best, a S% deviation between the
NRPS and the INS methods. It is hard to attribute the
remaining deviation solely to experimental errors because
there is no reason why the NRPS measurements should
always yield systematically higher results than that of the
INS data. Another point worth noting is that different
calculational methods (based on identical experimental
data) may result in different phonon spectra. This point
may be illustrated for the case of metallic Pb where

' Reference 6. Reference 3. ' Reference 1. Reference 2.

different calculations of g(v) at 80 K carried out by
different authors' ' yielded values of 00 ranging be-
tween 90 to 94 K. These values, though lower than our
measured value (taken efFectively at 12 K and listed in
Table I) shows the differences in Oo of =4% results sole-
ly from the particular computational method used in
deducing g(v). It is therefore tempting to attribute this
difference to some vibrational modes of the lattice which
are monitored by the NRPS technique but not observed
by INS. This is because with the present technique one
can, at least in principle, view all the vibrations of the lat-
tice [see Eq. (1)] while with INS from which the phonon
spectra are deduced, it is not unlikely that some high-
energy modes may be missed. This explanation of the de-
viation is qualitative and a detailed study of the phonon
spectra at around 12 K is required to decide whether the
above factor can account for all or only part of the
discrepancy mentioned above.

In conclusion, this relatively large difference between
the Debye temperatures deduced using the NRPS tech-
nique and that deduced from the phonon spectrum can
only partially be explained; the source of the remaining
difference of about S% is unclear because at present we
cannot identify any missing modes which are probably
observed by the present technique but not with INS.
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