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Quatrtic anisotropy of the recoilless fractions in NaCl
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Previously obtained data on the recoilless fractions in single crystals of sodium chloride have been reana-
lyzed in terms of the general formalism conforming to the crystal symmetry. The original data were obtained
by using Rayleigh scattering of the Mdsbauer radiation. It was found that above the quantum region and at a
temperature high enough to neglect anisotropy of the ionic form factors there is some anisotropy of the thermal
motion of the entirely quartic character. On the other hand, quadratic terms in the wave-vector transfer are
completely quasiharmonic. A departure from the Gaussian thermal distribution is quite significant for both
cations and anions. The anisotropy tends to diminish at high temperatures.

I. INTRODUCTION Il. RECOILLESS FRACTIONS IN NaCl

The recoilless fractiori can be approximated in the fol-

Re_coﬂle;s fractions are Very QOOd pqu_Jes (_)f the_ Ioca‘owing way for an atom residing in a site having cubic sym-
atomic motions around the equilibrium positions in sofid. metry with the inversion centér:

They could be measured either by using coherent methods,

ie., x-ray or neutron diffraction, or by incoherent methods f:exp(_{q2< R(Z))Jrq“[(R(“))—bﬂ‘(‘))(S(sin 9)2

like the Mossbauer spectroscopy. Incoherent methods do not ) ) .

suffer from the static disorder contributions, but they usually X{1—(sin6)’[1-(sing)*+(sin$)* [} — 1)), (1)

operate at the constant wave number. On the other hangoyided all terms higher than quartic are neglected, and the
coherent methods have generally low-energy resolution resetropic part is described completely by the even terms.
SUlting in the Significant thermal diffusive contamination par- Here,q stands for the wave-number transfer to the sysﬁ@m7
ticularly at high temperatures. The exception is the Rayleighand ¢ denote polar and azimuthal angles of the wave-vector
scattering of the Mssbauer radiation either in the energy or transfer to the system in the main crystal coordina{é€@,
time domain. It is characterized by the very good energy010), and(001)), respectively, while the paramet&iR(?)),
resolution. (R®), and b$y) describe vibrational dynamics. The latter
Nuclear methods seem superior as the scatterers are truirameters are temperature dependent. More details may be
pointlike. However, the standard nuclear neutron diffractionfound in Ref. 7.
has generally poor energy resolution at the wave-number Recoilless fractions have been calculated versus tempera-
transfers required, while the Mebauer spectroscopy oper- ture in the main axis and the chemical unit-cell diagonal
ates at the constant wave number and for the limited range dfirections for the average sodium cation and chlorine anion,
scatterers. One has to realize that the nuc(déissbauer  respectively, based upon the results published in Ref. 4, and
forward or Bragg scattering of the synchrotron radiation is &for various Bragg reflections. The latter results have been
two step process, and hence it suffers from the constarfterived from the Rayleigh scattering of the Sauer radia-
wave-number restriction as well. tion (RSMR) measurements performed upon single crystals
The paper is aimed at the analysis of the recoilless fracat various temperatures and for various Bragg reflections
tions behavior in sodium chloride based on the data obtaineBaving wave-vector transfer either along the main crystal
by the Rayleigh scattering of the sbauer radiation from @axis or along the cell diagonal. The former reflections had
single crystalé Super sources of®3W were used for the €ven Miller indices, while the latter had either even or odd

purpose. N _ _
TABLE Il. Parameters describing recoilless fractions versus

temperature. Temperature range covered: 300-950 K for Na and
TABLE I. Coefficients of the lattice constant dependence upono20_950 K for CI.

temperature. Interpolation valid between 50 and 950 K. Note irrel-
evance of the linear term in agreement with the quantum- Na cl
mechanical expectations.

Al] 1.14(9)x 104 5.6(4)x10°°
ag[A ] 5.58704) B [1/K] 2.01(2)x10°8 1.33(1)x10°©
C, [A K] 1.7X107(68x10°7) a [-] —2.0(4)x10°° 0.0
C, [AIK?] 7.8(4)x10°7 B1/K%] 6.51(5)x 1016 6.46(3)x 10716
C; [A/K3] —1.34(9)x10°° al[-] 2.2(2)x10°8 1.41(7)x10°8
C, [AIK# 1.25(9)x 10 *? b [1/K] —1.38(9)x 10 %0 —1.06(4)x10 %0
Cs [A/K5] —4.5(4)x 10716 c [1/K?] 42(1)x10 = 3.50(5)x 10 *®
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FIG. 1. Parameters of the recoilless fractions plotted as functions of the temperature at “zero” pressure.

indices. The 46.5-keVy-ray line of ¥W was used as the where the parametegs, andC, have been fitted to the data
radiation source. Experimental details are described in Rebf Refs. 8—10. The numerical results are summarized in
4. The energy resolution of the RSMR method assures thatable I. The functiora(T) is further abbreviated by the sym-
the intensity under the Bragg reflection is entirely due to thenol a. Hence the “natural” units of length were used in
elastic component with the negligible thermal diffusive con-further calculations, i.e., fractions of the lattice constant at a

tribution. given temperature. Such an approach is possible in the cubic
The lattice constara(T) evolution with the temperature systems with the unique length scale.
T has been approximated by the relationship Calculated recoilless fractions have been fitted to the pa-
5 rameters{R®)/a?, (R™)/a*, andbi})/a* separately for the
a(T)=ant C.TX, 2 average sodlum. cation and chlorine anion versus tempera-
(M=2 kzl k @ ture. The following temperature dependencies were found
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FIG. 2. Functionsp(x|0¢) andD(x|6¢) plotted versus/a for sodium and chlorine at various temperatures and for the angig} (
corresponding either to th€100) or (111) crystal directions. One has to note that the above functions are dimensionless xfathe

coordinates.

applying polynomial fits with the minimum number of pa- (R®Y/a*=a+ BT?,

rameters:

(R@)/a?=A+BT, bit/a*=a+bT+cT>
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The numerical values of the parameters are listed in Table ltemperature above the quantum region and maybe the vicin-
Additionally, the ratiobE(Q/(R(“)) was calculated versus tem- ity of the melting point provided they are plotted in the natu-
perature for sodium and chlorine. The functigiig®)/a?, ral coordinates. Hence they represent quasiharmonic motion.
(R®)/a*, b{ia*, and bi)/(R™) are plotted versus tem- Residua at zero temperature are small indicating a small
perature in Fig. 1 for sodium and chlorine both. static disorder at all temperatures within the range investi-
The biggest sources of the systematic experimental errorgated. The crystal is strongly ionic, and hence the static dis-
are the following:(i) extinction,(ii) static disorder, andiii) order is expected to be small.
nonlocal character of the scattering ionic amplitudes. It |sotropic quartic terms are practically the same for sodium
seems that neither extinction nor the static disorder have argnd chlorine within the whole temperature range considered.
meaning for the samples investigafetsotropic contribu-  sych a behavior indicates that these terms are due to collec-
tions to the nonlocal scattering amplitudes have been agje motions, i.e., interaction between acoustic phonons.
counted for during the original data evaluatfbrowever, The anisotropy of the motion has the same character for

the anisotropic contributions due to the solid-state effect§,oi ions leading to bigger displacements along the main

cannot be accounted for reliably leading to Fhe_ mixing b_e'crystal axes in comparison with the displacements along the

el diagonals. However, lighter ions exhibit bigger anisot-
ropy. It seems that all phonons contribute to the anisotropy
as it depends upon temperature in a more complex way than

practically unaffected for the sodium chloride. It is particu—quf'irtic isot_ropic terms. It_has fo be stressed that the entire
larly strong for light atoms with few almost unperturbed Coreanlsot_ropy IS of the_ quartic character. The motion becomes
electrons contributing to the scattering. Hence the data coulrore isotropic at high temperatures. The data at very IO\,N
be treated as reliable above 220 K for chlorine and abov&EMperatures cannot be reliably evaluated due to the admix-
300 K for sodium. ture of the scattering amplitudes anisotropy.

The recoilless fraction could be used to calculate a spatial Departures from the Gaussian thermal distributions are
distribution p(x|#¢) of the scattering center along some duite significant at all temperatures accessible to the data
crystal direction @) with x being a departure from the €valuation. Distributions are flatter than Gaussians. This is
equilibrium position. Such a distribution is Gaussianan indication that bottoms of the potential wells are flatter
G(x|6¢) provided all terms higher than quadratic in the than parabolic. The above flatness depends upon direction
wave-vector transfer to the system are neglected. Hence it Being the biggest in the main axes directions.
useful to define a functiol® (x| 8¢) = p(x| 8¢) — G(X| 8¢),
the latter function being a good measure of anharmonicity.

amplitudes(distributions of scattering electronshis effect
becomes stronger at low temperatures where the “thermal’
motion is small, while the electronic distribution remains
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One can conclude that quadratic terms are isotropic aSU99€sting that we carry out a theoretical analysis, and giv-
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