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Using high intensity (~ 70 Ci) 1833 Mossbauer sources, we have measured the elastic scattering
fraction values, F, and the relative integrated scattering intensities for the (200), (400), (600), and
(220) Bragg planes of copper and silver single crystals; and for the (200), (400), and (600) reflections
of a lead single crystal. The experiments were done as a function of temperature from 82 K to a high
temperature of 1086, 1211, and 507 K for Cu, Ag, and Pb, respectively. The F values were found
by Moéssbauer line-shape studies, and were used to correct the measured integrated intensities for
thermal-diffuse scattering, so that accurate Debye-Waller factors (DWF’s) could be evaluated. The
measured DWF’s for Cu, Ag, and Pb each have a significant anharmonic contribution at about 50%
of the melting temperature (T’,). Contrary to what Martin and O’Connor have reported for copper,
we observed no Q* contribution to the DWF within our experimental errors, which we estimate to
be smaller than those reported by Martin and O’Connor.

I. INTRODUCTION

The reduction of elastic scattering of photons by ther-
mal motion of the atoms in a crystal is characterized by
the Debye-Waller factor (DWF). It is a measure of the
lattice-dynamical properties of a crystal. Its strong tem-
perature dependence provides a method of understanding
the anharmonic terms in interionic potentials used in cal-
culations of lattice dynamics. However, the measurement
of the Debye-Waller factor is complicated by thermal dif-
fuse scattering (TDS), which is inelastic scattering due
to lattice phonons. Because of the high-energy resolu-
tion of Mdssbauer radiation (5 peV), Mossbauer y-ray
diffraction provides a method for experimentally separat-
ing the elastic and inelastic scattering. We have used this
technique for studying the elastic scattering fraction and
temperature dependence of the DWF for copper, silver,
and lead single crystals, from which the contributions to
the DWF, arising from anharmonic terms of the inter-
atomic interaction potential, have been evaluated.

The resonant photons from the 46.5-keV 183Ta
Mossbauer source have an energy width of only 2.5 eV,
so that any phonon interaction upon scattering with the
sample crystal will result in the scattered resonant pho-
ton’s energy being shifted of order 10 meV, and cause
it to appear as a 46.5-keV nonresonant photon, when
analyzed with a Méossbauer absorber, whose Doppler-
shifted spectrum detects only the zero phonon line. This
lowers the observed resonance fraction, and gives us a
measure of the crystal’s elastic scattering fraction. The
Mobssbauer energy width is small enough that the prob-
ability of an incident nonresonant photon being inelas-
tically scattered into an apparent resonant photon is
negligible. Greater energy resolution is possible with
other Méssbauer sources like 3”Co, which has an energy
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width of only 4.7 neV, but the *83Ta sources can be fab-
ricated with such superior photon intensity in the de-
sired Mossbauer transition that it is much prefered for
these DWF measurements, and its energy width is more
than adequate to resolve the differences in energy due to
phonon interactions.

Over the past 14 years many theoretical calculations
of the atomic mean-square displacement and the Debye-
Waller factor have been published for the fcc and bcc
systems.'”® Two recent calculations are of interest from
the view of comparison with theory and experiment. For
Na and Kr, Shukla et al.2® have shown that excellent
agreement can be achieved between the lowest-order an-
harmonic perturbation theory (PT) and the DWF mea-
sured by Mossbauer techniques. For a comparison with
the measurements presented in this paper, we have calcu-
lated the quasiharmonic (QH) terms, which include the
standard harmonic and thermal expansion effect, and the
PT contributions to the DWF for copper and silver.

In order to observe anharmonic effects, it is often nec-
essary to make experimental measurements for higher-
order Bragg reflections and at elevated temperatures.
Under these experimental conditions, the TDS can be a
substantial contribution to the total scattered intensity
at a particular Bragg reflection and is a function of both
temperature and reciprocal lattice vector. The TDS re-
sults from interactions between the incident photons and
phonons present in the lattice, but the relative energy
change (~ 1072 eV) is so small that it is impossible to
distinguish this from the elastically scattered Bragg com-
ponent with standard x-ray techniques. The Mdossbauer
effect offers a method for experimentally separating the
elastic and inelastic scattering components.

The separation of the elastic scattering from the in-
elastic may be achieved by using the high-energy reso-
lution of the Mossbauer effect. This separation is cru-
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cial for the measurement of accurate DWF’s, which only
depend on the elastic scattering component. The high-
intensity (~ 70 Ci) 183Ta Mé&ssbauer sources we are able
to fabricate at the Missouri University Research Reac-
tor (MURR) have two fundamental advantages over the
typical 100 mCi *"Co sources used in other experiments,
namely, a factor of about 500 in the photon density for
the desired Mossbauer transition, and a negligible source
resonance self-absorption (SRSA) over the lifetime of the
183y source, for once irradiated sources which were used
in the present investigation. As was shown by Wagoner
et al.,® the effect of SRSA can change the source recoilless
fraction of a typical 3"Co source by more than 30% over
its lifetime, and hence such measurements usually have a
systematic error in the measurement of the elastic scat-
tering over the time that the experiment is performed.

II. EXPERIMENTAL METHOD
AND APPARATUS

By using the University of Missouri Research Reactor
(MURR) facility, we have been able to fabricate and uti-
lize exceptionally intense (70 Ci) 183 Ta sources and carry
out precise Mossbauer effect studies with the 46.5-keV
183W transition. The reactor at this facility produces
a nominal flux of 3 x 10'* neutrons/(cm? s), which is
considerably more intense than other university research
reactors. The high neutron flux of this facility makes it
possible to produce very intense 133Ta sources, which are
critical for doing accurate Méssbauer «y-ray diffraction ex-
periments. Also, the reactor has a very short cycle time
of 1 week, which is crucial in preparing the short half-life
(5.1 days) source ®3Ta nearly free of the daughter 8*W,
which gives unwanted SRSA.

The experiments on copper, silver, and lead have been
carried out at MURR using the QUEGS (quasielastic
gamma-ray scattering) instrument.!® The QUEGS in-
strument consists of the following components: a station-
ary well-shielded source cask, a stage for crystal scat-
tering which can accommodate a furnace or cryostat,
a motor-driven oscillating platform for Doppler shifting
Moéssbauer absorbers, a solid-state photon detector, and
a system of computer-controlled motors which control the
crystal orientation and the scattering angle. The hand-
crafted two-circle diffractometer allows computer control
of 6 and 20, with manual goniometer tilt settings of the
sample crystals.

The typical distance between the source and detector
is approximately 1.5 m. The beam is collimated upon
exiting the source cask and also prior to entering the
detector. The main collimator used in this experiment
is a steel rectangular block about 60 cm from the source
with a beam opening 2.54 cm high and 0.3 cm wide. A
similar collimator is located just before the entrance of
the detector.

For our experiments, the copper, silver, and lead sam-
ple crystals were fabricated by MR Semicon, Inc. The
crystals were grown and cut perpendicular to the [h00]
direction, so that the (h00) planes were parallel to the
crystal face. After the final cut and polishing, the ori-

entation of the crystals were verified by x-ray and neu-
tron diffraction, and found to be accurate within 0.5°.
According to the suppliers, the copper and silver crys-
tals were 6N pure, and the lead crystal was 5N pure.
All crystals had dimensions 3 X 1 x 0.1 in. Even for
the smallest Bragg angles at (200), the long crystals al-
lowed the entire photon beam width to illuminate part
of the crystal face and scatter in reflection, or Bragg, ge-
ometry. After all experiments, each crystal was checked
by electron microscope measurements to check for possi-
ble contamination. It was found that there was not any
contamination within 1% accuracy, and no heavy metal
(iron, etc.) contamination to the precision of 0.2%.

Above room temperature, the crystals were heated by
an electric furnace. The crystals were held by a C-shaped
block of boron nitride with strips of soft quartz flax
placed at the front edges in order to pack the crystal
snug against the backing, and allow for sample expan-
sion with temperature. Even at the highest tempera-
tures, where temperature variation along the length of
the crystal was maximum, the temperature uncertainty
was less than 5 K. In order to avoid errors due to in-
cidental bendings of the sample during temperature cy-
cling, the rocking curves (w scan) of the Bragg peaks
were checked and found to be Gaussian at the various
temperatures used in the experiment, and typical rock-
ing curves are shown in Fig. 1. After all experiments,
each crystal was checked by electron microscope mea-
surements to check for possible contamination. It was
found that there was no detectable contamination.

In order to measure the relative elastic scattering frac-
tion F, a resonant absorber of natural tungsten foil 2
mils thick was placed between the crystal and detec-
tor. The resonant absorber was Doppler shifted and a
Mossbauer spectrum was generated for each Bragg plane
and temperature studied. The recoilless fraction of the
photon beam after crystal scattering was extracted by
line-shape analysis for each M&ssbauer spectrum.!!15
Our line-shape studies used a full Méssbauer spectrum,
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FIG. 1. The w scan for the (200) Bragg plane of copper,
silver, and lead at room temperature.
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in contrast to the “on-off” method used in previous ex-
periments, which only used two points to characterize a
Moéssbauer spectrum, one velocity at resonance and the
other far from resonance. The “on-off” method also as-
sumes that the Mossbauer dip scales linearly with the
recoilless fraction of the photon beam, which is only true
for an absorber with a thickness number much less than
1. Typical thickness numbers used are 3-4, where satu-
ration effects are significant. Also, SRSA in %7Co exper-
iments changes in time, and this introduces a systematic
error into “on-off” measurements.

By replacing the sample crystal by a LiF calibration
crystal, the fraction of photons that were resonant be-
fore crystal scattering was found. For the (200) Bragg
plane at room temperature, LiF is very nearly a 100%
elastic scatterer of 46.5-keV ~ rays,'® % and therefore
a measurement of the photon beam resonance fraction is
representative of the source resonance fraction. The rela-
tive elastic scattering fraction F was found from the ratio
of the resonant photon fraction after crystal scattering,
to before crystal scattering. The values of F were found
as a function of Bragg plane and temperature. They were
used to correct the integrated intensity measurements for
inelastic scattering. Given the total scattering intensity
for a particular reflection and temperature, the values of
F were used to separate the elastic and inelastic scat-
tering intensity contributions; i.e., F scales the total in-
tensity measured under the rocking curve and yields the
elastic intensity scattered by the crystal for any Bragg
reflection.

III. THEORY

For imperfect (mosaic) crystals, the reduction of the
Bragg intensity by atomic thermal vibrations is char-
acterized by the Debye-Waller factor e 2. In a
monatomic lattice with inversion symmetry, the expo-
nential of the DWF may be written!®32°

2M = Q*(ug) + 35 Q‘*[S(uQ) —(ug)] +0(Q%, (1)

where @ is the scattering vector and (ud) is the atomic

mean-squared deviation in the direction of Q For cu-
bic crystals at high temperatures (7' > ©), it may be
written®

3hn

WT+m2T2+m3T3 (2)

() =
and
[3(u2)? — (uh)] = ma(hkl) T?, (3)

where M is the atomic mass, kg is the Boltzmann con-
stant, © is the Debye temperature, my and ms3 are
isotropic, anharmonic contributions due to the cubic and
quartic terms in the crystal potential, which includes
thermal expansion effects, and m4(hkl) is an anisotropic,
anharmonic contribution which is also due to the cubic
and quartic terms in the potential.

The anharmonic coefficients may be evaluated by fit-
ting the measured Debye-Waller factors as a function of Q
and T'. In particular, the coefficient of the non-Gaussian
term, mq4(hkl), may be found directly by comparing the
results for two sets of parallel Bragg planes defined by

Ql and (52 (Q1 = Qz) Defining

§(T) = [3(ud)® — (ug)] (4)
we have
_ 12 E(Q1,To)
ET) €T = g7 Qz{Qz )
1 E(Q27T0
@ [E(Qz,T) } ©
where

75138 ©)

Typically, the Debye-Waller factor is dominated by (uQ)
which contains isotropic terms in the exponential pro-
portional to Q2. The anharmonic coefficient mg4(hkl) is
a measure of the higher-order anisotropic, non-Gaussian
term of the DWF.

In order to make a comparison between our experiment
and theory we have carried our calculations of the DWF
for copper and silver, where the interaction potentials
can be calculated with reasonable confidence. For both
materials we have used the experimental lattice spacings
and a three-parameter Morse potential, whose param-
eters were determined by Shukla and MacDonald.?! In
addition, we have carried out the QH and PT calcula-
tions, also at the experimental lattice spacings for Cu,
from a Born-Mayer potential. The parameters for the lat-
ter were determined by Cowley and Shukla,?? where the
Born-Mayer (BM) coefficient was determined at each vol-
ume and temperature. The condition used was that the
compressibility determined from the slopes of the phonon
dispersion curves be the same as that obtained from the
total energy, which in addition to the BM term contained
the Coulomb, exchange, and correlation energies, as well
as a band structure term.

As can be seen in the subsequent discussion, this
volume-dependent potential has a profound effect in the
calculation of the DWF. In all our calculations a nearest-
neighbor interaction was assumed for both potentials,
and all Brillouin zone sums were evaluated in the limit
that the step length from the origin to the boundary of
the zone in the x direction tends to infinity. We empha-
size this point because there is a disproportionate contri-
bution from the points close to the origin.

IV. RESULTS AND DISCUSSION

Except for the (220) values of copper and silver, the
temperature dependences for all Bragg planes of the sam-
ple crystals were done in ascending order. At each tem-
perature, all Bragg planes were examined before rais-
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ing the furnace temperature. For the copper and silver
crystals, the (220) reflection was carried out after the
temperature-dependent study of the (200), (400), and
(600) Bragg planes. These latter measurements were
done at reduced intensity, because we could not afford
additional crystals cut perpendicular to the [Rh0] or [Rhh]
directions.

Our integrated intensities were taken to be propor-
tional to the peak values. The use of large single crys-
tals in reflecting geometry gives an effective integrated
intensity similar to that obtained by rotating a small
crystal through the Bragg angle, provided that the inci-
dent beam intensity is spread over an angular divergence
greater than the mosaic spread of the crystal. As a check,
an w scan was made for each Bragg plane and tempera-
ture. The sample crystal was rotated through the Bragg
angle while the detector was kept fixed. At each tem-
perature, a rocking curve was generated which provided
a measure of the integrated intensities. The integrated
intensities measured from the w scans were proportional
to the peak value measurements within errors for each
sample crystal.

All of our rocking curves have a single peak of Gaus-
sian line shape. They were each generated by an w scan,
which rotated the sample crystal through the Bragg angle
by a system of computer-controlled motors with a step
value of at least 0.02°, while the detector was kept fixed.
Rocking curves of the (200) reflection at room temper-
ature for copper, silver, and lead are shown in Fig. 1.
The total integrated intensity was found by the area un-
der the w-scan peak. The rocking curve full width at
half maximum for copper, silver, and lead were 0.369(3)°,
0.475(3)°, 0.678(3)°, respectively, and each were temper-
ature independent. The collimation of our apparatus was
such that the smallest rocking curve width that could be
seen directly would have been about 0.2°.

Typical Méssbauer spectra are shown in Fig. 2 for the
(220) reflection, as a function of temperature in the after
configuration. A residual plot at the bottom indicates
that the line-shape fitting correctly described the experi-
mental data, and the reduced x? values were between 1.0
and 1.1 for the data described in this paper.

The elastic scattering fraction values were derived from
line-shape fits to our Mdssbauer spectra, which were gen-
erated by scattering a beam of resonant 46.5-keV pho-
tons from the copper, silver, and lead sample crystals
as a function of @ and T. The Méssbauer spectra for
the (220) reflection of copper are shown in Fig. 2, which
is representative of our spectra. Lead had the greatest
change in elastic scattering fraction as a function of tem-
perature. The elastic scattering fraction for lead was re-
duced by 7.7%, 28.0%, and 52.4% for the (200), (400),
and (600) Bragg planes, respectively, for the temperature
range of 82-507 K. Because of the very soft nature of lead
and its low melting temperature, a relatively rapid falloff
in the elastic scattering fraction with temperature is to
be expected. Copper and silver have relatively stiffer
lattices than lead and much higher melting points, and
their corresponding elastic scattering fractions decrease
with temperature much more slowly.

For silver, two crystals were used for experimentation.
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FIG. 2. Maossbauer spectra after scattering from the (220)
Bragg plane of copper. The bottom figure is a residual plot
for the 82 K spectrum.

The two are identical except that one has the [100] direc-
tion misoriented by 1.7° with respect to the crystal face.
The silver data presented in this work were generated
by v-ray scattering from the accurately oriented crystal.
The recoilless fractions measured with the “good” crys-
tal and the misorientated one are the same within errors.
This is to be expected, since the recoilless fraction or the
elastic scattering fraction only depends on the sample
temperature and scattering vector, and not on the rel-
ative scattering intensity, which is significantly reduced
for the misoriented crystal. The equivalence of the elas-
tic scattering fractions for the two silver crystals shows
the reliability of measuring the elastic scattering fractions
by the Mossbauer diffraction technique, and the possible
small misorientations of the sample crystals are not a sig-
nificant factor on the measured values. Our results for
the elastic scattering fraction as a function of Q and T
for copper, silver, and lead are plotted in Fig. 3. Using
these results, we have obtained the elastic scattering in-
tensities and their corresponding Debye-Waller factors,
which are free from any TDS.

It is customary to report x-ray-integrated intensities
by dividing out the Q% dependence. Therefore, our mea-
sured elastic integrated intensity values were converted
into a more convenient form by means of the function
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FIG. 3. Natural logarithm of the elastic scattering fraction
values for copper, silver, and lead crystals vs. temperature.
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for each reflection and temperature. Here Q is the scat-
tering vector, (é, T) is the measured elastic integrated
intensity at temperature 7', and Ty is a reference at room
temperature. This conversion made it easier to compare
our data to previous results, or see any deviation from Q2
in the exponent of the Debye-Waller factor which would
imply a significant non-Gaussian contribution.

Using the above function, the measured elastic-
integrated scattering intensities for copper, silver, and
lead are plotted in Figs. 4, 5, and 6, respectively, along
with the harmonic model and A? theoretical calculations.
Because of the complicated nature of the interatomic po-
tential, an anharmonic theoretical calculation has not
been attempted for lead. In its place, we have plotted
the quasiharmonic model for lead, using 29.0 x 107¢/K
(Ref. 23) and 2.69 (Ref. 24) as values for the linear coef-
ficient of thermal expansion and the Griinisen constant,
respectively, at room temperature. This semiempirical
approach gives a partial account of the anharmonicity as
reflected in the thermal expansion.

As can be seen in Fig. 4, the Y data for copper lie
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FIG. 4. A plot of Y(Q,T) vs temperature for the copper

crystal, and our theoretical calculations carried out with the
Morse and BM potentials.

in between the Morse and BM anharmonic calculations.
The copper data deviates significantly from the Morse
model around 500 K and for the BM model around 700 K,
which is about 40% and 50% of the melting temperature,
respectively. At 1086 K, the average Y value for copper
is 10% below the Morse calculation, and 23% above the
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FIG. 5. A plot of Y(Q,T) vs temperature for the silver
crystal, and our theoretical calculations carried out with the
Morse potential.
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FIG. 6. A plot of Y(Q, T) vs temperature for the lead crys-
tal, with a quasiharmonic estimate of contributions to anhar-
monicity due to themal expansion.

BM calculation. As can be seen in Fig. 5, the silver Y
data deviate significantly from the Morse model around
700 K which is about 60% of the melting temperature
for Ag. At 1211 K, the average Y value for silver is 26%
below the Morse calculation. The lead Y data, shown
in Fig. 6, deviates significantly from the quasiharmonic
model around 420 K, which is about 70% of the melting
temperature for Pb. At 507 K, the average Y value for
lead is 24% below the quasiharmonic model. For each
metal crystal, there does not appear to be any significant
non-Gaussian contribution to the Debye-Waller factor.
If there were, there would be a visible separation in the
Y data for the measurements at different Bragg planes
because of its Q* dependence.

The Morse calculation of 2M for copper and silver,
were both lower than our experimental data at high tem-
peratures. The perturbation computation was carried
out for 12 nearest neighbors, and the addition of more
neighbors in the calculation did not bring the Morse
model into better agreement with our experimental data
for either copper or silver. Therefore, the disagreement
between the Morse model and experiment is due to the
limitation of the model itself. The BM model has a pa-
rameter which is a function of volume, and fits the copper
data better than the Morse model, but instead of under-
estimating the anharmonicity like the Morse model, the

BM model overestimates it at high temperatures. At
temperatures about 50% of the melting temperature, the
volume dependence of the two-body potential is signifi-
cant and should not be ignored in the calculation of the
Debye-Waller factor. So, for accurate calculations of the
Debye-Waller factor for metal crystals, where the lattice
expansion is large, the two-body atomic potential should
allow for the volume-temperature dependence of the lat-
tice.

The measured Debye temperatures for copper, silver,
and lead are, respectively, 312(3), 214(4), and 83(10) K.
These are all in good agreement with the values of 315,
215, and 88 K, respectively, reported for copper, silver,
and lead by de Launay,?® from specific heat data. All
our measured parameters of the Debye-Waller factor are
summarized in Table I.

The close agreement between our Mossbauer Debye
temperatures and those determined from heat capacity
data is surprising, and this agreement is probably due
to the fact that the fcc crystals used in this study have
simple dispersion curves, somewhat similar to an ideal
Debye solid. Our © values for copper, silver, and lead
are only a few percent less than those found from heat
capacity measurements, and are, in fact, the same, within
experimental errors. The reason that the difference is so
small, even though the integrals for the heat capacity and
Mossbauer recoilless fraction contain different weighting
factors in w, may be fortuitous, resulting from details
of the true density-of-states dependence on w. If we in-
clude one or two additional higher-temperature points in
finding © from our data, these differences are greater,
although the x2? values determined from fits to our data
are also greater in this case.

The anharmonic parameters ms and ms were found
by fitting our data to Eq. (1). For copper, a value of
my = 4.1(1) x 107° AZ/KZ was found, and no significant
T3 dependence was detected [m3 = 5(6) x 10713 A%/K3).
The values m, = 38(10) x 10~ A?/K? and m; =
7.4(9) x 10712 AZ/K3 were found for silver, and m, =
61(16) x 10~° A%/K? and ms = 3.8(3) x 10~1* A%/K?
were returned for lead. A summary of our experimental
results is given in Table I.

In our data, the exponential of the Debye-Waller fac-
tor for silver and lead both have a T dependence, which
is not observed for copper within our errors. This is
most likely due to the nonlinear nature of the ther-
mal lattice expansion at high temperatures. This idea
is consistent with measured values for the thermal ex-
pansion of copper, silver, and lead.?® Among the three
metal crystals, lead has the greatest relative thermal lat-
tice expansion and also the largest nonlinearity at high

TABLE I. Debye-Waller factor parameters.

Crystal| © K] | ma [A%/K?) ms [A?/K?] | ma(h00) [A"/K?]
Cu 312(3) 4.1(1) x 107° 5(6) x 10713 2(3) x 10713
Ag 214(4) 38(10) x 1071° 7.4(9) x 10712 1(2) x 1072
Pb 83(10) 61(16) x 107° 3.8(3) x 10711 4(6) x 10712
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temperatures (I' > 50% T,,), silver is next, and cop-
per has the least relative thermal lattice expansion and
the smallest nonlinearity. Our reported temperature de-
pendence agrees with the results of Leadbetter,?” where
the measured Griinisen constants have a temperature de-
pendence, which implies an effective temperature depen-
dence for the Debye-Waller factors greater than the typ-
ical T? used in the quasiharmonic model.

The only similar experiment previously carried out on
these metal crystals was done by Martin and O’Connor?®
for copper. In their paper, the most striking result was
their claim to have observed the non-Gaussian term in
Eq. (3). However, our experimental data for copper do
not show evidence for such a term, and the theoreti-
cal calculations that we have carried out on the non-
Gaussian term indicate that it is very small, and a factor
of 1074 smaller than the other more substantial Q2 terms
of the Debye-Waller factor.

In their experiment, Martin and O’Connor report a
value of my = 7.7(6) x 10~° AZ/KZ for copper, which
is 88% larger than our value. Much of the difference in
the reported m, values appears to be caused by our dif-
ferent data refinement procedures. In their experiment,
Martin and O’Connor allowed the Debye temperature to
be a fitting parameter at the same time that mg, mas,
and my(hkl) were also fitting parameters for the high-
temperature data. In our data analysis, the intent was to
parametrize the harmonic approximation at low tempera-
tures, for which the model was originally derived. In this
way, the “true” anharmonic components could be found
by their respective deviation from the harmonic model.
Allowing the Debye temperature to be a free parameter
at high temperatures changes the character of the har-
monic approximation to a more quasiharmonic model.
By letting the Debye temperature be a fitting parameter
for our data, the returned value of the Debye temperature
tends to be lower and the m, parameter moves slightly
higher, into closer agreement with the reported value by
Martin and O’Connor.

The criterion for fitting our low-temperature data of Y
vs T to the harmonic approximation was to include only
those data points which were within a standard error
and not include higher-temperature data points, where
the harmonic approximation is known to fail and where
the deviation of the experimental and theoretical points
is progressively greater than one standard error as the
temperature increases.

The background corrections to the data are very im-
portant to the final results. The net effect of these back-
ground corrections is to bring our data into agreement
with theory. If we do not make this correction, or if
we obtain it improperly, our data for the exponent of
the Debye-Waller factor will erroneously appear to con-
tain a non-Gaussian (Q*) component. For instance, if
we fit the rocking curves with a Gaussian line shape to
be used as a background correction for the total inte-
grated intensity, and the resonant fraction values are not
corrected for downscatter, the data falsely appear to con-
tain a significant non-Gaussian component, because the
rocking curves did not always fit exactly to a Gaussian
line shape, and tended to give integrated intensity results

which were as much as 5%, 7%, and 8% lower for copper,
silver, and lead, respectively.

Using Eq. (6), we may easily see the pitfalls of this
background correction. Figures 7(a) and 7(b) compare
the results from the above background correction method
(a), with the better and more complete approach (b),
which uses the integrated counting rate in the multichan-
nel scalar (MCS) window centered on the Bragg peak,
and that of the MCS window centered to the left and
right of the peak, and compares the counting rate for
different radiation-heat-shield configurations used in the
furnace at room temperature.

From a plot of Eq. (6) with their data, Martin and
O’Connor?® claim to observe a Q* dependence in the ex-
ponent of the Debye-Waller factor. The plot of Martin
and O’Connor is very similar to our Fig. 7(a). Because
the rocking curves do not always exactly fit a Gaussian
line shape, the integrated intensities, which are taken to
be proportional to the area under the curve, tend to be
lower than they should be. This can lead to errors as
high as 10% in the integrated intensities. The errors in
the elastic integrated intensities can be even larger if their
is significant downscatter in the Bragg peak, which would
lower the recoilless fraction measurements, and corre-
spondingly make the elastic integrated intensities even
lower. Because of the sensitivity to the background cor-
rection, it is possible that Martin and O’Connor made
an incorrect or incomplete correction, which resulted in
an anomalous non-Gaussian term. We do not find any
evidence for the non-Gaussian term in copper, silver, or
lead.
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FIG. 7. A plot of the non-Gaussian (Q*) contribution to
the Debye-Waller factor for copper, which uses two differ-
ent methods for correcting background. (a) only uses a
background correction derived from a Gaussian line-shape fit
to the rocking curves, and (b) applies corrections from the
MCS-integrated counting rate, and furnace heat-shield down-
scatter. The slope corresponds to the m4(h00) coefficient.
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V. CONCLUSION

The high-intensity (~ 70 Ci) 83Ta Méssbauer sources
we are able to fabricate at the University of Missouri Re-
search Reactor allowed us to carry out precise Mossbauer
~-ray diffraction on copper, silver, and lead single crys-
tals. These Mossbauer sources have two fundamental
advantages over the typical 100 mCi 57Co sources used
in other experiments, namely, a factor of about 500 in
the activity of the desired Mossbauer transition and a
negligible source resonance self-absorption (SRSA) over
the lifetime of the 83Ta source. By this method, we
have experimentally separated the elastic from the inelas-
tic (thermal-diffuse) scattering, and have thus removed
any systematic error from our measured integrated in-
tensities. We have used this technique for studying the
momentum transfer and temperature dependence of the
Debye-Waller factor for copper, silver, and lead single
crystals, from which the contributions to the Debye-
Waller factor arising from anharmonic terms of the po-
tential have been evaluated.

The Debye-Waller factor parameters ©, my, and ms,
which were found by a fit of Eq. (1), are summarized in
Table I. The additional Q* terms of Eq. (3), which is
characterized by mg4(hkl), were found to be m4(h00) =
2(3) x 10-13 A*/K3, m4(h00) = 1(2) x 10712 A*/KS3,
and my4(h00) = 4(6) x 10712 A4/K3 for copper, silver,
and lead, respectively. Therefore, the quartic term is
negligible to the accuracy of our experiment, which is
more precise than any previous one.

Because the rocking curves do not always exactly fit
a Gaussian line shape, the integrated intensities, which
are taken to be proportional to the area under the curve,
tend to be lower than they should. This can lead to errors
as high as 10% in the integrated intensities. The errors
in the elastic integrated intensities can be even larger if
their is significant downscatter in the Bragg peak, which
would lower the recoilless fraction measurements, and
correspondingly make the elastic integrated intensities
even lower. Because the Debye-Waller factors are sen-
sitive to the background correction, it is possible that
Martin and O’Connor made an incorrect or incomplete
correction, which resulted in an aberrant non-Gaussian
term. Contrary to what Martin and O’Connor?® have
reported for copper, we observed no significant Q* con-
tribution to the Debye-Waller factor for copper, silver, or
lead.

The Morse calculations of 2M for copper and silver
were both lower than our experimental data at high tem-
peratures. A perturbation computation by Shukla was
carried out for 12 nearest neighbors, and the addition of
more neighbors in the calculation did not bring the Morse

model into better agreement with our experimental data
for either copper or silver. Therefore, the disagreement
between the Morse model and experiment is due to the
limitation of the model itself. The BM model has a pa-
rameter which is a function of volume, and fits the copper
data better than the Morse model, but instead of under-
estimating the anharmonicity like the Morse model, the
BM model overestimates it at high temperatures. By
comparing the Morse and BM models for copper, we can
see how important it is to include the volume dependence
for the potential. At temperatures about 50% of the
melting temperature, the volume dependence of the two-
body potential is significant and should not be ignored
in the calculation of the Debye-Waller factor. This is
consequential, because the Morse model is used by many
researchers for calculating various solid-state properties
of metal crystals (i.e., the elastic constants, bulk modu-
lus, linear thermal expansion coefficient, and heat capac-
ities, to name a few). So, for accurate high-temperature
calculations of metal crystal properties, where the lattice
expansion is large, the two-body atomic potential should
allow for a volume-temperature dependence of the lattice.

In our data, the exponential of the Debye-Waller fac-
tor for silver and lead both have a T dependence, which
is not significantly observed for copper [ms = 5(6) X

10-13 A%/K3]. This is most likely due to the nonlin-
ear nature of the thermal lattice expansion at high tem-
peratures. This idea is consistent with measured values
for the thermal expansion of copper, silver, and lead.2®
For the three metals, lead has the greatest relative ther-
mal lattice expansion and also the largest nonlinearity
at high temperatures (I' > 50% T, ), silver is next, and
copper has the least relative thermal lattice expansion
and the smallest nonlinearity. Our reported tempera-
ture dependence agrees with the results of Leadbetter,?”
where the measured Griinisen constants have a tempera-
ture dependence, which implies an effective temperature
dependence for the Debye-Waller factors greater than the
typical T? used in the quasiharmonic model.
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