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Using very-high-intensity £ 70 Ci) 18Ta Méssbauer sources, we have measured the Debye-Waller factors
(DWF's) of sodium chloride, potassium chloride, and potassium bromide single crystals for several of the
(h00) and finn) Bragg reflections. We have used an approach which properly accounts for thermal expansion
over the temperature range of our experiment, from 90 K to 900 K, about 100 K below the melting point of our
crystals. We have found that a procedure used to analyze data by earlier workers leads to incorrect parameters
in the Debye-Waller factor exponent, and our procedure does not require empirical parameters to account for
the effects of thermal expansion. Additionally, we find three items of significance. Contrary to earlier results,
we observe that the cations and the anions have identical DWF’s in NaCl and also in KBr. We observe terms
in the expansion of the DWF exponential which are quartic in the scattering wave @atoNaCl and KCl,
with some evidence for * term in KBr. The size of th@Q* contribution is reported and varies with the
direction of momentum transfer. We also observe that the Debye temperature and the coefficient of the
anharmonidQ? term also vary with the direction of momentum transfer. We believe our data are the definitive
evidence for a nonspherical thermal cloud in a cubic crystal; the ions have a larger amplitude of oscillation in
the [h0Q] direction than in thé nnn] direction, contrary to the commonly held view of crystallographers that
the most general form of the mean-square thermal motion is of an ellipsoid $58/163-18208)03602-9

[. INTRODUCTION peratures and for the lowest-order reflections, TDS is a small
fraction of the total scattering and so a poor estimate of the

The reduction in elastic scattering of photons by the theramount of TDS will not greatly affect the DWF. However, as
mal motion of atoms in a crystal is characterized by thethe temperature of the sample approaches the melting tem-

Debye-Waller facto(DWF). It is given by perature, the TDS can dominate the elastic scattering for
L (600 and higher-order reflections. In these cases, a good
DWF=e 2M=|(e'@")|?, (1)  experimental measurement of TDS is required to avoid a

R R systematic bias due to theoretical estimates of the TDS.
whereQ is the scattering wave vector andlis the displace-  sjnce the energy change in the scattered photon is small,
ment from equilibrium of thdth ion in the basis. Its_tgm— ~10 meV, standard x-ray techniques are unable to distin-
perature dependence provides a method for examining thg,ish the elastic scattering from the inelastic scattering. This
lattice dynamics of a crystal, including the anharmonic termsmay be accomplished by using the high-energy resolution of
of the lattice potential. The measurement of the Debye:the Massbauer effect
Waller factor of single crystals, as a function of temperature, By using a M'(ssbaijery-ray source. the TDS can be mea-
is complicated by thermal diffuse scattering and by thermal d ! tall d the el t,' intensit be ob-
expansion of the sample crystal. Thermal diffuse scatterin ured expenmentally an € elaslic intensity can be o
(TDS) is inelastic scattering due to lattice phonons. Since th a\l/ne?diﬁ Tﬂg\/\;e(sp?rg?dztczzof)?/nfhzotrjnect:g?/ t%?{;;’f:’\fgir

DWF characterizes the elastic scattering, the inelastic scat* ) S
tering must first be removed from the total scattering inten-€Nergy width of 2.5.eV. A resonant photon which is inelas-

sity. The thermal expansion of the crystal creates difficultiedically scattered by the crystal will have its energy shifted by
in carrying out the experiments and in properly analyzing thean amount of the order of 10 meV, making it nonresonant
data as the scattering vectors and the number of scatteriniith the 46.5-keV Masbauer effect transition which is de-
sites illuminated by the incident beam vary with temperaturetectable when it is analyzed by a Kbauer absorber foil.
The high-energy resolution of Msbauer radiation allows us Since the energy width of the Mebauer line is of the order
to distinguish between elastic and inelastic scattering, and wef 10~ 2 times the phonon energy, the probability of a non-
have carefully corrected for the effects of thermal expansiomesonant photon being scattered into the resonant window for
(measured by earlier workeysallowing us to make very absorption is negligible. Any TDS in the scattering crystal,
accurate measurements of the DWF for NaCl, KCI, and KBrtherefore, lowers the observed resonant fraction of the beam
It is important to experimentally separate the elastic andn scattering. The recoilless fraction of the beam before scat-
inelastic scattering from the sample crystal. To observe antering may be measured by Doppler-shifting the absorber in
harmonic effects, we must make measurements at high tenthe beam before scattering from the crysgalitting the ab-
peratures and for higher-order Bragg reflections. At low temsorber between the source and the sajglee recoilless
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FIG. 1. Comparison of Mssbauer spectra. The upper spectrum  FIG. 2. Rocking curves for potassium chloride at room tempera-
is the full Massbauer spectrum collected in this experiment. Theture.
lower spectrum is a two-point, on- and off-resonance spectrum
similar to those collected by earlier researchers. period of time, we have eliminated these common sources of
systematic error from our experiments.

fraction after scattering may be measured by moving the ab-

sorber to a position between the sample and the detector. II. EXPERIMENTAL METHOD AND APPARATUS
Measurement of Debye-Waller factors by this method has ) S )
been hindered by the low intensity of typical S&bauer The experiments on three alkali halides were carried out

at MURR using the Mssbauer facility. The reactor pro-
nc,#yces very intensé®3Ta sources weekly. These sources are
transferred into a stationary cask for the presently reported
nancg to determine the elastic fractidn® Typically, the dis- gﬂtgtsks)g Z:Jerhdelfai:/aillcnZﬂijrggcljezozrhéz 'gséfrge?ét;?nss'f: eOff(?r
tance from source to detector is on the order of 25 cm, with Y, y ' y s'ag

acceptance anales of several dearees leading to Cosicr stal scattering which accommodates either a furnace or a
p 9 9 ' 9 %ostat, an oscillating stage for the 'Bkbauer absorbers,

smearing of the spectrum, The§e sources are widely used faf 5 gqjig-state photon detector. The sample stage and the
other purposes because of their much greater energy resolijaiector table, which holds the detector and the oscillating
tion, only 4.7 neV; however, the resolution of .th"é3Ta stage, are driven by computer, allowing controBband 20
sources is more than adequate to resolve the differences {the orientation of the sample crystal and the scattering

energy due to phonon interactions and these sources can Biglg. The distance between the source and the detector is
manufactured with far greater photon intensity in thesigto approximately 1.5 m.

bauer transition. We have utilized the$€Ta supersources The y-ray beam is collimated to 1 in. in height and 0.125
available at the University of Missouri Research Reactolin. in width before reaching the sample crystal. For the
(MURR) to make accurate measurements of the DWF. Thdowest-order reflections it is possible to collimate the beam
increase in intensityof a factor of about 500 in Mgsbauer to 0.0625 in. in width if needed. After scattering from the
photons allows us to collect full Mesbauer spectra rather sample crystal, the beam passes thtoagl in. by 0.5 in.
than two-point spectrésee Fig. 1 and to collimate our beam opening before reaching the detector. The extra width allows
to about 0.3, In addition, it allows us to fit our spectra to the entire scattered beam to be detect&te scattered beam
the true line shape of the transition, rather than assuming i& wider than the incident beam due to penetration into the
Lorentzian shape, which leads to errors in the measured elasample crystal; we choose to accept the entire scattered beam
tic scattering fraction in on- and off-resonance measuremento that thermal expansion corrections are simplified.

and even erroneous Debye temperatfiré$As a source de- We used NaCl and KBr crystals fabricated by Bicron, Inc.
cays, absorber nuclei build up in the source, and source resdhese crystals were grown and cut so that the desired Bragg
nance self-absorptio(SRSA begins to distort the shape of planes were parallel to the crystal face. We obtained two
the observed Mssbauer line. We used sources for only 1crystals for each salt, one oriented on fi®0] and one on
week, during which SRSA is negligible. However, over thethe [nnn]. These crystals were nominally %3.2xX0.125
lifetime of a °’Co source, the observed source recoilless fracin. The length of the crystals allowed the entire photon beam
tion can change by more than 30%, changing the line shap® illuminate part of the crystal face and scatter in reflection
and distorting the measurements of elastic scatteringeometry. These crystals had rocking curves with a full
fraction!® By collecting full Mossbauer spectra, fitting them width at half maximum of less than 0.5°; a typical rocking
to the true line shape, and using sources only for a shorturve (w scan is shown in Fig. 2. Bicron also fabricated

sources. The typicat-100-mCi *'Co source requires very
close geometry with large acceptance angles and uses o
two points on the Mesbauer spectrurnfon and off reso-
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KCI crystals, but these had large mosaic spreads; other KGlons were much less sensitive to the alignment of the crystal
crystals were obtained from the University of Utah. Thesen the beam.

crystals were much smaller, so that the entire crystal was At each temperature we examined the rocking curves (
bathed by the photon beam. Some data were taken using tisean of each Bragg peak and collected a $dbauer spec-
larger crystals; the same results were obtained in each caséum after scattering from each peak. In this way we mea-

The temperature of the sample crystals was adjusted frorpured the total intensitgelastic plus inelastjcof each reflec-

about 90K to room temperature by using a liquid nitrogention and determined the elastic scattering fraction for each
Dewar. The sample crystals, in a boron nitride holder, aréeflectlc_m. We_ OSC|_IIated a resonant absorber, a natural tung-
placed in an isothermal holder which is attached to a coldt€n foil 2 mils thick, between the sample crystal and the
finger. There is a thermal switch which may be evacuated tﬁetector. A line shape analysis of eachébauer spectrum,

inhibit heat transfer between the sample and the nitroge ased 89?2 an ar_lalyt|c expansion of .the transmission
bath when the sample is being heated above nitrogen te ntegral,” " determined the recoilless fraction of the photon

eratures by small rod heaters. The temperature is controlleb am after scattering from the sample. Theésktuuer line
b y ' P shape depends on the thickness of the absorber, the SRSA in

by a thermocoqple and measured by two platinum resistorg, e source, the recoilless fraction of the source, the width of
located on the isothermal holder. the transition, and the number of counts collected. The thick-
Above room temperature the temperature of the samplegg of the absorber and the SRSA were taken as known
crystals may be heated up to near their respective me_ltinga|ues from previous high-precision measuremé&htd Ad-
points by the use of a furnace. The sample crystals, in gitionally, we have shown that, provided the actual absorber
boron nitride holder, are placed in an isothermal coppethickness and SRSA are constant, the elastic scattering frac-
holder, with 1-mil copper end windows for the beam to passijon does not change for small inaccuracies in the thickness
through, which is between two heating coils. There are fivenumber of the absorber or the source. That is, using a slightly
thermocouples used for temperature control and measur@accurate value for one of these parameters will affect the
ment of temperature. At even the highest temperatures thecoilless fraction measured in both the before and after po-
temperature variation was less than 3°, and usually the tensitions, but the elastic scattering fraction will be unaffected.
perature was constant within 1°. The outside of the furnac#Ve also took the width of the transitioi {r, wherer is the
is water cooled, and there are up to four tantalum heat shieldetime of the excited stajeto be known, after confirming
surrounding the sample, with windows cut out for beamthat there was no instrumental broadening. In this manner,
transmission. we reduced the number of parameters to avoid parameter
We wanted to collect data as near to the melting points oforrelation problems in fitting these spectra.
the crystals as possibiéhe melting points of the crystals are 10 measure the recoilless fraction of the photon beam
1074 K for NaCl, 1043 K for KCI, and 1007 K for KBy  Pefore scattering, we used a LiF calibration crystal. At room
however, at temperatures near the melting point the alkalit€Mperature, th€200 Bragg plane of LiF is a nearly 100%

H 6,17
halide crystals tended to evaporate excessively. This had tw@astic scatterer of 46.5-key rays >’ and so we can deter-

effects; the crystal gradually became thinner, moving the po[’nine the recoilless fraction of the incident beam by scatter-

sition of the crystal face away from the-ray beam, and ing from LiF. The ratio of the recoilless fraction after scat-

depositing the evaporated material on the window foils, atfering to the rec_onless fract_lon before scattering Is the elastic
cattering fraction, and this, when multiplied by the total

tenuating the intensity of the transmitted beam. To overcom@ . ; . o )
this problem we reduced the maximum temperature to Whicﬁcattered intensity, determines the elastic intensity, and thus

we raised our crystals and we coated the crystals with col'Ehe DWF.

loidal graphite. The coating of carbon did not affect the dif-

fraction peaks, but it did reduce the evaporation problem, Ill. EXPANSION OF THE DEBYE-WALLER FACTOR
eliminating it completely below 850 K. At and above 850 K
there was evidence of some small amount of evaporation
occurring; we monitored the drop in count rate caused b
evaporated material depositing on the copper windows an
corrected for this effect, but it did introduce additional un-

The exponential of the Debye-Waller factor can easily be
xpanded in a power series @ and T. For cubic crystals

ith inversion symmetry, keeping only terms of ordgt or

ess, the DWF exponential can be written quite simply. To
simplify calculations, we normalize our data to the intensity
@t room temperature and take the natural logarithm, to deter-

crystal in the gamma-ray beam. Due to the thermal expan®'"® the exponential of the DWF. It is customary to divide
ut the Q? dependence of this exponential so that anhar-

sion of the crystal and furnace or cryostat, the position of thdut p- b i
crystal relative to the beam changed slightly each time th&nonic €l ects may be more easlly seen. .
A typical function to which previous investigators have fit

sample temperature was changed. Aligning the crystal was *. qi ) is givel 1
accomplished by a hand-driven screw which translated th&'€ Integrated intensity measurements is give

crystal into and out of the beam. This alignment process
introduced the largest, nonstatistical uncertainty into the
data. For_the lowest-order r_eflectlons, this is very S|gr_1|f|_cantWhere the rescaled elastic intensities are given by
For the higher-angle reflections, the actual changes in inten-
sity with temperature were large, so that a small variation is 2

: . . (4m)c |
less important. Also, it was at low angles that the beam size Y=—" In—. (3)
was nearly the same as the crystal size; the high-angle reflec- Q> o

Y=Yy—(4m)m,T2+mT3+Q%m, T3], 2
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T T T T the intensities of the reflections are corrected for thermal
L ] expansionms=0.2! By using thermal expansion data?*to
correct our data for the changes@ the Lorentz polariza-
NaCl (h00) | tion factor, and the number of scattering centers inythay
= ¥ beam, we eliminatedhs.
= 9 %J ] After eliminating m; from the analysis by correcting for
=] . thermal expansion, we can fit our data to the function
o f Y=Yy— (4m)m,T?+Q%m,T%], (5)
ISR i which is the same as E(R) whenm;=0. We first determine
® | | m, by a direct comparison of reflections within a family,
= % independently of the other parameters. By writing E&.for
2 11 i two different reflections withy' values given byy; andY,,
o we can eliminate the harmonic ana, terms if we take the
1 NaCl (onn) difference between them. This gives us
H
o ok i Y1—Y,=C1—Co— (47)?Q3m, T3+ (47)2Q5m,T°,
SO , ©®
t 1 whereC, and C, are the constant terms in E@}) for the
1 % i two different reflections. The terms with, and® drop out
} 1 because they do not depend on the magnitud®,0fnd so
- | they are the same for each reflection. From this it can be seen

3 F
oo [
O

01 2 3 456 that a plot of {;—Y,)/[(47)%(Q?—Q3)] versusT3 will
T[10°K?] have a slope of-m,. After determiningm, we fit for all

other parameters simultaneously.
FIG. 3. A plot of theQ* contribution to the Debye-Waller fac-

tor. The slope of each line corresponds to thg coefficient.Q, IV. THERMAL-EXPANSION CORRECTIONS
and Q, are two different scattering wave vectors which have the '
same direction. We have investigated the use of the parametgrand we

find that the results obtained when using it with intensity
I andl, are the integrated elastic intensities at the temperadata not corrected for thermal expansion are in error. The
ture T and at the reference temperature, respectively. Theorrection for the number of scattering centers is independent
harmonic termYy is given by of Q, which means that the correction to tNevalues de-

5 pends onQ. The correctedr values differ from the uncor-
12h T (D) 4) rectedY values by large amounts for low-order reflections,
ka@ZD T) while the difference is much smaller for th@00) reflections.
This can be clearly seen in Fig. 4. Because this difference in
where Y values varies dramatically witkp, a failure to properly
account for these thermal-expansion effects makes it impos-
1 (x zdz sible to correctly determine,.
V(x)= _fo 21’ The thermal-expansion corrections to tHevalues from
changes inQ, from the explicit dependence dp and from
C is a constant and a parameter in the fitting processs  the change in the Lorentz polarization term which is due to
the mean ionic massg is the Boltzmann constant, atdis  its explicit Q dependence, are straightforward. The change in
the Planck constanim,, mz, and m, are the anharmonic the number of scattering centers is more complicated. Our
terms of interest, an®, is the Debye temperature. By direct crystals expand in three dimensions, length, depth, and
comparison of parallel reflections, the valuerof can be height. The expansion in depth of the crystal does not affect
determined independently of the other parametses Fig. the number of scattering sites, because the penetration depth
3), but the others must be found by fitting the data for theof the y rays increases as well. The net effect of this expan-
remaining four simultaneously. This presents a problem besion is to broaden the scattered beam slightly. In these ex-
cause all buC are highly correlated. This problem has beenperiments, the collimation at the detector was such that the
ignored in the past by simply selecting a value for the Debyeentire broadened beam was still accepted into the detector.
temperature, ignoringns or carrying out some thermal ex- Consequently, the expansion in this dimension did not cause
pansion corrections, and fitting only for, andm,, which is  a change in the intensity of the scattered beam.
determined as above. We reduced the problem greatly by The originally selected crystals are all taller than the
correcting our measured intensities for the thermal expansioheight of the beam, and so as they expand the number of
of the sample crystals. Botim, and m; are associated with scattering sites decreases. Likewise, the crystals are longer
thermal expansionm, contains a part from thermal expan- than the effective beam width on the face of the crystal, and
sion, but other factors also contribut®g is wholly due to  again as they expand in this direction, the number of scatter-
the nonlinearity of thermal expansion with temperature. Ifing sites decreases. These two combine to give a two-

YH:C_




57 DEBYE-WALLER FACTORS OF ALKALI HALIDES 893

L& 3200 1 0F
o 1 a
- § - 0 '_
i E
5t $ 1 0F
L = (400) t _ -
* T 3 5 E
— 0O ® B —_— F
g Ii & E
°$ F e I ¢ A °$, 0E
~ & ~~ F
= 5 R I = E
o L« (600) _ 2 oF
> L . " | e E
0 . oE
5t : 4 0F
210 + * i S E
i 1 1 1 1 § i -10 :_ 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (K) . Temperature (K)
FIG. 4. A plot of the rescaled elastic intensiti¥$(j,T) Vs FIG. 5. A plot on(Q,T) vs temperature for NaCl. The scale

temperature for KBr showing the difference between the expansiofor each curve is the same.

corrected and uncorrected values. The uncorrected data are the

diamonds; the corrected data are the pluses. due to the alignment difficulties discussed earlier. Addition-
ally, notice that the error bars ¢lstatistical errorsare much

dimensional correction to the scattered intensity. Howeverlarger on the low-order reflections than the high-order reflec-

we also used two smaller crystdl&Cl), for which the crys-  tions. This is a consequence of the definition of ¥ie. The

tal was smaller than the beam in both of these directions. I&ctual elastic intensities were found to greater precision in

these cases, we made no correction for a change in the nurie case of the low-order reflections, but to determinetthe

ber of scattering sites. ThH&11) and(200) reflections on the values we must divide b@?2. This reduces the uncertainty in

larger crystals are potential problems. If the crystals are corthe high-ordery’s.

rectly oriented, the crystals are longer than the beam; how- To fit our data to Eq(5), even after independently deter-

ever, if the crystal is slightly misaligned, the beam may bemining m,, it was necessary to place constraints on the pa-

wider than the length of the crystal. In this case, a onefameters®, andm,. The correlation between these param-

dimensional correction would be more appropriate. This mayters was so large that fitting the data from a single reflection

have been the case with NaCl. The uncertainties on theggave uncertainties greater than the value of the parameter. It

low-angle data points are such that the fitted parameters awas essential to fit several reflections simultaneously. The

not affected by which correction is made. However, the oneDebye temperature angh, were thought to be fixed for a

dimensional correction gives a result with a slightly smallergiven crystal, not varying with).2+2>25The Debye tempera-
X ture was thought to vary as \lass, from Eq(4) and be-

To make these thermal expansion corrections correctly, igause the phonon spectra of these three crystals are almost
is essential to know the variation of the lattice constants with

temperature. The coefficient of thermal expansion is not con-
stant at either low temperature or high temperature, and so
using the room temperature value, as has been done in the
past, leads to large errors. Since the lattice constants of all
three of these alkali halides have been measured as a func-
tion of temperature over the entire range of this experiment,
we have used these experimental values instead. We used the ::
fitting functions of Pathalet al. to calculate the lattice con- i
stants at each measured temperattir& We then calculated o
Q(T) and the relative number of scattering sites illuminated ~ 0r -
using these lattice constants. S E
O (444 1
V. RESULTS AND DISCUSSION -5 B J
.10 - KCl1 g
We took our measured elastic scattering intensities, cor- sk . . . . 1

rected them for thermal expansion, and converted them into
Y values to more readily see anharmonic effects. The experi- 200400 600 800 1000
mental Y values and the curves fitted to these points for Temperature (K)

NaCl, KCI, and KBr are shown in Figs. 5-7, respectively.

The lowest-order reflections deviate most from the curves FIG. 6. A plot of Y(Q,T) vs temperature for KCI.

[e]



894 C. K. SHEPARD, J. G. MULLEN, AND G. SCHUPP 57

T T T T

- - (400) -

0 2
S ] L * 3
0F . - (600) a? -
-5 F 1 _ == s 5 @
- or T =L .
= s} 1 - y
S -10 L 1 a - (222) s 1
= of ] & e T
5[ D - (333) . :
0 % I g g [ i
sp 32 - (444) .
10 - KBr 1 I * ]
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (K) Temperature (K)
FIG. 7. A plot on((j,T) vs temperature for KBr. FIG. 9. A residual plot for NaCl showing the better fit obtained

when allowing® andm, to be different for the two sets of reflec-

identical, differing by only a scaling factor. We tested theselonS- Each vertical division is 1 A.

assumptions to determine how best to constrain our param-
eters. for each crystal varied according toymass, where the mass
We discovered that it was not possible to fit the two dif-referred to here is the mean ionic mass of the alkali-halide
ferent sets of reflections with the same Debye temperaturerystal for each of the three crystals studied. The values for
andm,. While this reduced the uncertainties in the param-the two different directions were different, but both sets of
eters, the fitted curves did not correspond to the data. This ikgflections followed this relationship. Therefore, we made
seen in Figs. 8 and 9, and this effect is even more prothis a constraint in our fitting process. We fit all odr0Q)
nounced for KCE” When they are constrained to have thedata together, allowing the, values to vary independently
same®, andm,, the (h00) data and thennn) data move from one crystal to another but requiring the Debye tempera-
away from the fitted curve in opposite directions as the temiures to vary according to the reciprocal of the square root of
perature increases. We can, however, cons#gjnandm, the mean ionic mass. We fit ounn) data in the same
to be the same for each reflection in a fanjilyat is, for the ~manner. Three important points were revealed by these
(200), (400, and (600) reflections we can require that they analyses and are discussed below.
be the samk This causes no problems in fitting the data. The first is that the Debye-Waller factor varies with crys-
Within errors, the values for the Debye temperature foundal orientation in these cubic crystals. All three of the non-
trivial parameters determined in our data fitting process, the
. . . . Debye temperature and the two anharmonic constants

- (400) Lo andm,, varied with crystal orientation. The difference in the
. F T T 3 Q* contribution was not unexpected, but because these crys-
:(600) @é: tals all have cubic symmetry, it is believed that the Debye
e e 8.s oo @ temperature and th@?T? term will be the same for the

- . [hOO0] and the [nnn] directions or, in fact, for any
- 1 direction?t?>2The mean-square displacement of an ion is
the same in any direction, and so the Debye temperature and
s 2 m, must be identical for the different directions. This is not
L 3 ¢ | the case. The coefficiemh, differs between the two direc-
- (333) . tions, tending to be larger in thénnn] direction (m,
o2 " =7.6(5)x10"8 A%/K? in the [nnn] direction versusm,
r g7 =1.7(4)x10 8 A?/K? in the[h0O] direction for KC). The
Debye temperatures in thnnn] direction were 146)%
L » i larger than in thd h0Q] direction. A larger Debye tempera-
: : - - : ture implies a smaller mean-square displacement from equi-
0 200 400 600 800 1000 librium; a largerm, implies a larger mean-square displace-
ment from equilibrium, although this term is a lesser
contribution to the mean-square displacement, especially at
FIG. 8. A residual plot for NaCl showing the poor fit obtained 10W temperatures.
when requiring® andm, to be the same for both sets of reflec- These results indicate that at lower temperatures, the ions
tions. Each vertical division is 1 A. Notice that the0) points  oscillate with a larger amplitude in tHé00] direction than
slope up while therfnn) points slope down. in the [nnn] direction. Thus, the probability density for the

%l
C:
L

Residuals [A’]

Temperature (K)



57 DEBYE-WALLER FACTORS OF ALKALI HALIDES 895

TABLE I. Debye-Waller factor parameters. The parenthetical quantity associated with each number is the
error in the last figure of the measured quantity. When two digits are given in parenthese®)£.9.,
=283(18), we mea® =283+18.

Crystal Direction 0p (K) m, (A2/K?) m, (A4/K?3)
NacCl (h00) 2817) —1.44) x10°8 11.29) x 10~
NacCl (nnn) 320013 1.45) x10°8 4.1(8) x10713
KClI (h00) 2496) 2.54) x10°8 10(2) x 10713
KClI (nnn) 28319 8.05) x10°8 —3(3) x10713
KBr (h00) 1975) 7.3(5) x10°8 1(2) x10713
KBr (nnn) 224(10) 6.86) x10°8 —

ions is not spherically symmetric; at low temperatures thdt suggests that there is such a dependence and that in the
mean-square radius may change by as much as 30% fropmnn] direction it may be quite large. In the KCI samples,
[nnn] to [h0O]. As the temperature is increased, contrib-  the [nnn] reflections also show n@* dependence within
utes more, and so the oscillation of the ions becomes morerrors[ m,=1(30)x 10" A%K?3]; however, thg h00] re-
spherical. For KBr, where the values of, are nearly equal flections do show such a dependencdm,
in the two directions, the asymmetry remains large up to high=1.1(2)x 10~ *? A%/K?]. Both sets of reflections show@f*
temperatures. For NaCl and KCI, where the valuemghire  dependence for the NaCl samples; however, the coefficient is
very different in the two directions studied, the asymmetrysignificantly larger in thg h00] direction (h00, m,=1.2(1)
decreases with increasing temperature. In general, our results10-*2 A%/K3 nnn, m,;=5.2(8)x10 ** A%/K®). These
indicate that the thermal cloud of the ions is not sphericallyalues are listed in Table I.
symmetrical in these cubic crystals, and the asymmetry di- The third point is that ther(nn) reflections with all odd
minishes with increasing temperature. indices and ther{nn) reflections with all even indices have

The general assumption has been that in cubic crystalthe same temperature dependence. If measurements of the
like these, where there is inversion symmetry about everyntensity for both even and odd orderenn(n) reflections are
ion, the vibration of the ions about their equilibrium points is made, it is possible to separate the scattering of the two types
spherically symmetric. This is an unstated assumption irf ions, and measure individual DWF's for the ions. We can
most discussions of Debye-Waller factors and most measurevrite the scattered intensity for each type of reflection in two
ments of it. It follows from the more general notion that the ways, once using an average DWF and once using an indi-
thermal cloud is an ellipsoid, and in cubic crystals wherevidual DWF for cations and anions separately, as Martin and
(x%)=(y?)=(z?) it follows that the thermal cloud must have O'Connor did" The total scattering can be written in terms
spherical symmetry. Thus a single Debye temperature isf an average Debye-Waller factor as
given for a material, independent of the direction of scatter-
ing. Our results demonstrate that there is a difference in the _ N S MGT)2
Debye-Waller factors for different directions within a crystal lsum=EP(O)|[f1(Q)+,(Q)]e Ms(R V| (7
and that the thermal cloud is not spherically symmetric.

The second point is that we do observ®%4contribution ~ for the even-order reflections and
to the DWF. Earlier measuremehfs reported aQ* contri-
bution but reported coefficients varied by two orders of mag- o AN _f (A)la-Mp(Q,T)(2
nitude, discrgpancies that are so large as to shed doubt on lain=EP(O)[[F1(Q)~ f2(Q)]e™ M | ®

these earlier claims of a nonvanishi@f term. All the re-

ported values are larger than our data indicate. In KCl WE'Ior the odd-order reflections. It can also be written in terms
find my=1.1(2)x10 12 A%K3, while Martih and of the separate Debye-Waller factors as

O’Connot report a value ofn,=4(1)x10 *?* A4/K? and ) )
Solt et al® reportm,=1.5(6)x 10" A%/K3. These earlier leur=Ep(®)|f1(Q)e MDD 4 ,(Q)e MAQT|2 (9)
measurements were limited by a low source intensity, which
forced them to make compromises in the data collection angy, the even-order reflections and
analysis, and it is unclear how, if at all, they accounted for
thermal expansion. . . . .

Our high-photon-intensity measurements allow us to draw I pre=Ep(©)|f1(Q)e M1 —f,(Q)e M2 T)2
a definitive conclusion that there isQf contribution at these (10
temperatures for NaCl and KCI. The evidence for sué*a
dependence in the KBr samples is not compellilg, for the odd-order reflections. In these equati@ss an in-
=4(2)x10 '3 A4K3 for the [h0O] direction, andm, tensity term which depends only on the incident intensity and
=4(2)x10"'2 A%K3 for the[nnn] direction, whenm, is  p(®) is an angular-dependent term which takes into account
determined by a simultaneous fit with, and®); however,  polarization and the volume of the crystal irradiateg,, is-
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2F - ' - ' ] ested in anharmonic effects. The amount and quality of data
1t ) taken below the Debye temperature of each sample were
ol | insufficient to allow any conclusions to be drawn about the
relative DWF’s of the two ion types at low temperatures. If
-1 ] one considers the system in the light of the equipartition
— ol ] theorem as has Disatniét al,>! it becomes clear that the
°<: sl % | amplitudes of vibration for the two types of ions should be
= the same at high temperature. By equipartition, the average
gﬁ A4 r ] kinetic energies of the two ion types should be equal, and
51 ] thus the average potential energies of the two should be
6L | equal. The potential energy for a particle on a spring is given
i by $ku?, and since the two ions share the same spring con-
Tr iy stantk, they will have the same mean-square displacement,
8t . whenever the temperature is high enough for the equiparti-
ol tion theorem to hold. At low temperatures, where equiparti-

. . . : tion would not be valid, the change in scattered intensity
0 200 400 600 800 1000 with temperature is too small to allow us to see any differ-
Temperature (K) ences bet_ween the scattering from the two types of ions in

this experiment.
FIG. 10. A plot of the rescaled single-ion elastic intensity

YS,(Q,T) vs temperature for the separate ion types in NaCl. The
diamonds are the cation data and the pluses are the anion data. V1. CONCLUSION
In conclusion, we have carefully collected Debye-Waller
the intensity when the reflections from the two types of at-factor data for NaCl, KCI, and KBr, and corrected them for
oms are in phase, andy; is the intensity when the reflec the thermal-expansion of each crystal. The thermal-
tions from the two types of atoms are out of phase. For th@xpansion corrections are absolutely essential for a proper
rocksalt structure, scattering from ther(n) planes depends analysis of the data, and must be made with care. Accurate
on the sum of the scattering from the alkali and halide iondattice constant data over the entire temperature range are
whenn is even and the difference whenis odd, and so the needed, as the expansion of these crystals is complicated.
DWE for the individual ions,e 2M1(QT) gnd e=2M2(R.T)  One must correct for three effects, the changirin the
may be calculated from data from ther(n) planes. Refer- definition of the rescaled elastic intensit{¢se Y values de-
encing all intensities to room temperature and using knowidined in Eq.(3)], the change iiQ in the Lorentz polarization
atomic scattering factoris?® and our measured intensities for factor, and the number of scattering sites illuminated by the
the (nnn) reflections, we fit all our ifnn) data simulta- gamma beam.
neously to the individual Debye-Waller factors. We had data We find that the Debye temperatures and the anharmonic
for the (112), (222), (333, and (444 reflections for NaCl, coefficients vary with the mean ionic mass, such that the
and the(111) and (222 reflections for KBr. The data for Debye temperature varies according to/mhean mass and
NaCl clearly show that the different ions have the same temm, increases with increasing mass. In th@Q) directionm,
perature dependence. For KBr the results are not as cleatgecreases with increasing mean mass, though the functional
due to the larger uncertainties in these measurements, bdependence is not apparent, while in tihe () direction our
they are consistent with this hypothesis. Figure 10 shows thdata do not indicate a systematic changemnwith mean
Y values for the single-ion scatteringg,, for NaCl. mass. The reasons for the dependencapbn mass are not
These results are in contrast to earlier measurements hyet understood. We find that there is a quartic term in the
Martin and O’Connof, who claimed to have seen different DWF exponent fn, is nonzer, but that it is much smaller
temperature dependences for the individual ions. Their meahan earlier reports had indicated. This dependence is obvi-
surements, however, suffered from tiié&e experimental ous in the cases of NaCl and KCI, but less convincing for
drawbacks associated with inadequate photon intensities, aiBr because of our large experimental errors in this latter
they did not correctly account for thermal expansion effectscase.
Additionally, they did not directly determine the single-ion  We have determined that the two types of ions in these
scattering; they attempted to estimate what the scatteringrystals have the same mean-square displacement from equi-
would be in certain cases and used these estimates to detébrium, as would be expected at high temperatures from the
mine the single-ion scattering. Given the systematic errorgquipartition theorem. This supports claims by Huiszoon and
introduced in their experiments and the contrast in intensityGroenewegeti and Jexet al3° that, for temperatures greater
between the all-odd and the all-even reflections, the differthan the Debye temperature and in the harmonic approxima-
ence between our results and their claims is not surprisingtion, the mean-square displacements of ions are independent
The identical DWF's for the two ion types require that the of their masses.
mean-square displacements of the ions be identical in the We have found that the Debye temperature and the coef-
[nnn] direction. For temperatures above the Debye temperdicient m, do vary with direction, indicating that the oscilla-
ture, this is expectet??>*°The bulk of our measurements tions of the ions about their equilibrium positions are not
were taken at high temperatures, as we were primarily interspherically symmetric. It is generally accepted that the ther-
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