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Debye-Waller factors of copper, silver, and lead
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Using very high intensity £ 70 Ci) *¥°Ta Mossbauer sources, we have measured the Debye-Waller factors
(DWF's) for the (200), (400, and (600) Bragg reflections of three fcc metalsilver, copper, and leadas a
function of temperature from near 80 K to within about 100 K of their melting temperatures. Our reexamina-
tion of earlier measurements on these metals indicated problems with data analysis, and there are serious
discrepancies between the present results and those reported earlier by Day, Mullen, and Shukla. We have
corrected our data for the effects of thermal expansion, in a manner similar to our earliefRlay®rRev. B
57, 889(1998] on alkali halides and reinvestigated the anharmonic contributions to the DWF of these three
metals. We have found significa@* contributions to the DWF in both silver and copper, with values of
1.5(3)x 10 13 A4/K3 and 4.1(15%x 10" ** A4/K3, respectively.

[. INTRODUCTION The surprising fact is that the scatter in the data is much
smaller than expected for the correctly analyzed statistical
Measurements of the Debye-Waller FactbwF) in sil-  errors. Some of the original data used in Day’s thesis were

ver, copper, and lead were reported by Day, Mullen, andot available to us so we could not confirm thevalues
Shukla(DMS).}? These measurements used very high intenreported earlier by DMS.
sity Mossbauer sources to eliminate many sources of system- Thus, we have repeated these measurements on the same
atic erroré=1° found in earlier measurements of the DWE. three fcc metals to resolve these uncertainties and questions.
However, this paper, as with many earlier works in this field, We used the same crystals used by DMS, and our experiment
introduced an empirical parametemy) to account for the ~Was carried out with the same apparatus used in the earlier
thermal expansion of the crystals studied, rather than usingxperiment and in our recently reported alkali halide
the known coefficients of thermal expansion to directly cor-Studies’ We scattered 46.5-ke' rays from a single crystal
rect scattering intensities. We have remeasured the elasti@ reflection geometry, measured the integrated intensity of
scattering from copper, silver, and lead, and reanalyzed thée Bragg peak, and measured the elastic scattering fraction
data using the direct measured expansion method, detailed #$ing the M@sbauer technique. The data were then corrected
our earlier paper on alkali halide Debye-Waller factbrs. for thermal expansion effects, using known thermal expan-
A closer examination of the recently reported results orsivity data;”*® and Y values were calculated as detailed in
copper, silver, and lealin preparation for a reanalysis, in- our earlier papet.Before these corrections were made, Yhe
dicated calculational errors in the processing of data, resultvalues at high temperatures for ti200) reflections were
ing in the publication of an erratufnwhich brought into  lowered relative to thé400) and(600) Y values, as would be
question several points made in the original paper. It also le@xpected from the change in number of scattering sites and
to some questions about the data which could not be reh contrast to the earlier measurements reported on these
solved. Thermal expansion effects cause Yhealues of the ~ Crystals.
lower order reflections to appear to fall off very rapidly with
increasing temperature, unless the data are corrected for the Il. RESULTS AND DISCUSSION
decrease in the number of scattering sif@e Y values are
rescaled elastic intensities, given Wy=[ (4m)2/Q?]In(I/1y),
whereQ is the scattering wave vectar,is the elastic scat-
tering intensity, and is the elastic sgat_tering intensity at Y=Yy — (4m)2[m,T2+Q%m, T3], (1)
some reference temperatyréhe data originally present&d
had not been corrected for this effect, and Yhealues do not  whereYy, is the harmonic term ancth, and m, are the pa-
show the expected behavior. Thevalues also have less rameters for the anharmonic terms we are interested in. Fig-
scatter in them than the properly calculated standard errongres 1-3 show the correctétlvalues and the fitted curves.
would indicate. We cannot reconstruct the actual uncertainOur data are generally similar to that reported earlier by
ties exactly from the available data. In particular, the uncerDMS, but the details are different. The present data show the
tianties in the measurements of the integrated intensities aexpected scatter about the fitted curves. Also, the data for
unknown, so our estimated errors are slightly smaller tharsilver and copper show a very marked difference between the
the real statistical errors, but they are clearly an order oflifferent reflections, showing a larg@* effect. While this
magnitude larger than the reported errors given in Ref. 1separation between curves for different reflections was

After correcting for thermal expansion effects, we fitted
our Y values to the function
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FIG. 1. A plot on((j,T) vs temperature for silver. FIG. 3. A plot on((j,T) vs temperature for lead.

present in the earlier data, it was much smaller. The fitteatopper, much larger than reported by DMS dirdthe case
parameters of interest are shown in Table . of coppej somewhat larger than Martin and O’Connor.
Our values for the Debye temperatures of these three me{Note that our definition ofm, differs from DMS’s by a
als are somewhat higher than those reported earlier. This isfactor of 12, and the parameter reported by Martin and
result of our fitting the data fo®y and m, simultaneously O’Connor is defined quite differentlyOur data in the case
while in the earlier DMS worl® was determined by fitting of lead is not as good, so we are unable to draw any conclu-
only the low temperature data to a harmonic model. Thissions about the presence of suc®#%contribution, though it
method of fitting returns a lower Debye temperature tharcould be quite large, as was noted earlier. Shukla’s theoreti-
does a simultaneous fit using all the data, so our Debye tental calculations reported by DMS suggested thatthderm
peratures are in good agreement with the earlier results ahould be four orders of magnitude smaller thanrtheerm.
expected. While our measuredn, parameter is larger than that re-
We cannot directly compare oum, values with that of ported earlier, it remains quite small relative to timg pa-
DMS, because of our different methods of analysis. How+rameter. However, at high temperatures, the effect is easily
ever, our values are of the same order of magnitude andbservable.
show similar trends. For copper our value of 6.3(13)
x107°% A?/K2 is in good agreement with Martin and
O’Connor value of 7.7(6% 107 ° A%/K? 16 lll. CONCLUSIONS
It is in our determination of then, parameter that the  Early Massbauer measurements of DWFs were hindered
differences in our data and earlier work become evident. Wy |ow source intensity, introducing systematic errors into
find evidence for a substanti&* term in both silver and the measurements. The later measurements of DMS using
very high intensity sources did not have this problem, but, as

4 ' ' ' ' ' with other earlier papers in this field, the initial analysis by
2 ——— _ Copper | DMS was flawed and did not properly account for thermal
0 s :

expansion. This data showed unexpected behavior, which
20 (200) 3 I our experiments, also using very high intensity sources, do
'2 i not confirm. We find that it is necessary to directly correct

the Y values for the thermal expansion of the sample, and

= 2 e, i that if this is not done the data cannot be properly fitted by
= 0 including an additional empirical parameter. This is a claim
g p p
£ 2t (400) .
g a4l 1
= 6| ) TABLE |. Debye-Waller factor parameters. The parenthetical
2 L i quantity associated with each number is the error in the last figure

0 = of the measured quantity. When two digits are given in parenthesis,
e.g.,0,=340(12), we meaid =340+ 12.
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FIG. 2. A plot on((j,T) vs temperature for copper.
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that we developed in analyzing our results on alkali halidespermit us to draw any definitive conclusions. The presence
and it is an important departure from earlier reported data. of a nonzeram, is in agreement with the results of Martin
We properly analyzed our present data to determine thand O’Connot® and the corrected results of DMSt should
Debye-Waller factor paramete®¥, , m,, andm,. These are  pe noted that our values fon, are significantly larger than
summarized in Table |. The Debye temperatures are in reahese earlier results. As the theoretical calculations reported
sonable agreement with earlier Bsbauer measurements, in- by DMS suggest, our values fon, are roughly four to five
cluding those of DMS. Oum, values are to be preferred orders of magnitude smaller tham,, even though they are
over those of DMS because of our better method of analysisignificantly larger than previously thought.
although our elimination ofn; means that a direct compari-
son of them, terms is of little meaning. Another very early
measurement oM, for copper was made by Martin and
O’Connor; our value is slightly lower than theirs, although
they too did not properly correct for thermal expansion. We This work was prepared with the support of the U. S.
also find a significant quartic component to the DWF, excepDepartment of Energy, Grant No. DE-FG02-85 ER 45199
in the case of lead where our uncertainties are too large tand NSF Grant No. DMB-9623684.
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