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In this paper we propose a pendulum fringe method for measuring the basic parameters of crystal
lattice dynamics that allows calculating with high precision the temperature and pressure depen-
dence of structural amplitudes Fg (7, P) without measuring the energy parameters of dispersion.
It is shown that theoretical calculation of the Debye temperature dependence 6p(7T') should take
into account the contribution of phonon AM and potential AT components.
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The atoms in real crystals are in a state of continuous
oscillatory motion, with its amplitudes linearly depen-
dent on temperature. Some of the resulting anharmonic
effects, such as a thermal expansion of solids, the temper-
ature dependence of the specific heat and elastic moduli,
etc. are readily found experimentally. The existing tradi-
tional methods of studying the anharmonic effects that
are based on measuring the thermal dependence of spe-
cific heat, the velocity of supersonic waves propagation
and the integral intensity of X-radiation dispersion [1]
have different selective sensitivity to frequency character-
istics of crystal photon spectrum f(w) and to methods of
choosing its averaging procedures. The basic parameters
of crystal lattice dynamics, such as mean-square atom-
ic thermal shifts (U2 >Z_, characteristic temperatures (6),
and the Griineisen parameters 7; can be found from the
absolute values of integral dispersion intensities Ip (7).
However, the measurement accuracy Iy ~ 5 + 7% does
not yield trustworthy results.

In this paper we propose a pendulum fringe method for
measuring the basic parameters of crystal lattice dynam-
ics that makes it possible to measure structural ampli-
tudes as functions of temperature and pressure Fy (T, P)
with a high precision (~ 0.1-1 %) [2,3] without measur-
ing the integral intensities. The pendulum fringe method
is mainly used for highly perfect dislocation-free single
crystals, such as Ge, Si and SiO;. We have made an at-
tempt to use this method for alkali-halide crystals, such
as CaFsq, LiF, NaCl and KCIl, which are traditionally re-
ferred to as ideally imperfect crystals in terms of X-ray
diffraction.

THEORETICAL FUNDAMENTALS
OF THE METHOD

A period of pendulum oscillations equals

Ao )\(Wo’m)l/2 (1)
Cloy|

where A is the wavelength of the radiation being used,
Yo, v are the direction cosines of incident and diffracted

waves, C' is the polarization factor, ¥y = %FH is
the Fourier factorization coefficient of the crystal being
used, V is the unit cell volume. In the symmetric case of
the Laue diffraction over a wide temperature range the

relationship (1) can be presented as

A=A-V(T,P)exp[M (T, P)], (2)
where
M@ Py = BT g ()4 2] 0
mko7, 4 A2
and =z = %, ®(x) is the Debye function, and variable in

close approximation can be considered as constant. For
temperatures 1" > 6 in the Debye—Griineisen approxima-
tion and with account of

(“52) = (@)

a relationship is easily obtained

Ar = Apexp (AM) exp {ﬁAT {1 + AM (’y — %)} } ,
where 7 is the Griineisen parameter, § is the coefficient
of crystal volume expansion; AM = Mg, — My, and
Ty > T, Ag is the period of pendulum fringes at low
temperatures.

The relationship (5) was obtained [2] with an al-
lowance for the fact that the Debye-Waller factor is
[CID (x) + %] = 1. For the crystals where 3 value is neg-
ligibly small, the temperature dependence A(T) can be
represented as

Ar = Agexp(AM). (6)

Precisely this dependence was used in the work by N. Ka-
to [4] for the estimation of Ge and Si characteristic tem-
peratures. As is shown in paper [3], the neglect of factor
exp {BAT [1 + AM (7 — %)] } already at room tempera-
ture leads to an error of the A7 calculation of 0.5-1.5 %,
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even for such crystals as Ge, GaAs, SiO5, where 3 =~ 1076
K. Such changes of A7 can be readily detected exper-
imentally, particularly at high temperatures [3].

At isothermal compression and 7' > 6, from (1) we
can derive

dln A dlnV dM
=|— t{(- ] - (7)
dP /. dP ) arP ),
Factor M in the Debye—Waller factor can be represented

as M = B-05%- V%3 where B is a P-independent
constant. In the Debye-Griineisen approximation

(7).~ (@), (@), ®

o\  ypb  (dV
@), =% (@)= o

Then from (7) we can derive

(5, o)

Integrating (10) within Py — P we obtain

Ap = AOeXp{—X P [1 +oM (yp - %)] } G

where Ag is a period of pendulum fringes at the atmo-
spheric pressure, y is the isothermal compressibility, vp
is the isothermal Griineisen parameter.

Variation of Ap quantities for Ge and Si single crys-
tals (xge = 1.33-107 m?2 /H, ys; = 1.022-10~ m? /H)
was determined experimentally in the pressure range of
10+30 kbar [2].

and

ANALYSIS OF THE EXPERIMENTAL RESULTS

The measurement of pendulum oscillation periods A
was carried out in the temperature range of 100-700
K. Single crystals with the dislocation density p < 102
ecm~? were made wedge-shaped with the angle of 1.5
3°. CuK,- and MoK ,-radiations were used. The effect
of different factors on the pendulum fringe location and
the accuracy of measuring A periods i 1s dlscussed in pa-
per [5]. Temperature dependences ln T for CaFs, LiF,
NaCl and KCI single crystals are shown in Fig. 1. Unhke
integrated intensity, we can observe the growth of In 42 "
values with a rise in temperature. It is significant that
the functional dependence In 11\\_€ on T is nonlinear. Let
us analyze the previously derived relationship (5) and
rewrite it as

IHA—AM+/BAT|:1+AM(’)/1):|. (12)
Ao 3

Such a representation allows to separate the contribu-
tion of phonon AM and potential SAT summands to
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dependence Ar. Theoretical calculations show that for
CaF,, LiF, NaCl and KCI single crystals the prevailing
summand takes into account thermal expansion GAT,
whereas for Si, Ge, GaAs single crystals — AM [2]. Rela-
tionship (5) was obtained on the assumption of a volume
dependence of the characteristic temperature 6. How-
ever, the experimental determination of 6p(7T) in the
temperature range of 100-700 K for given single crys-
tals shows that characteristic temperature is a function
of temperature (Fig. 2), and its dependence in the form
of (4) proves to be underrated compared with the experi-
mental one. Similar conclusions were obtained while mea-
suring the temperature dependences of the integral inten-
sities for many materials (see, for example, [6]). Taking
into account the volume and temperature dependence of
characteristic temperature, we can write:

dlnf _ <8ln9) av 4+ (81119) iT, (13)
T v

dr ov or

or

dlnf dlné
= — dr. 14
=+ (% )V (14)
As there is no explicit dependence 6(T), the addend
in equation (14) can be estimated only experimentally.
In Mikhalchenko’s paper [6], estimation is made of the
quantity

dlnd
~ 15
( T )V P, (15)
where factor 7=1+2. Integrating (15) within the limits
AT=Ty — T1, we get
9T = 90 (1 - T’yﬂAT) . (16)

Taking into account the semi-empirical dependence
(16), it seems possible to determine the Griineisen pa-
rameter 7 from the experimental values 6(T'), which at
T=293 K for the referred single crystals proved to be:
YcaF, = 0.9; yLir = 1.5; YNac1 = ka1 = 1.6. In pa-
pers [7, 8] the Griineisen parameters v were calculated
for some metals and alkaline-halide compounds based on
the experimental values of averaged elastic moduli and
the velocity of acoustic wave propagation. The Griineisen
parameters given in those papers are: vycar, = 1.38;
YLir = 1.34; yNac1 = 1.6; yker = 1.47.

The authors have analyzed the effect of lateral and
longitudinal strain on the anharmonicity of atomic os-
cillations in the crystal lattice. With regard to velocity
averaging of the acoustic wave propagation for polycrys-
tals made by the authors of papers [7, 8] one can state
a satisfactory agreement between the ~ values that we
established for single crystals under study. In the gen-
eral case, it must be also taken into account that the
Griineisen parameters «y for the anisotropic materials are
tensor quantities.
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Fig. 1. Temperature dependences In //\\—€ for CaFs, LiF, Na-
Cl and KCI single crystals.
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Fig. 2. Temperature dependences 6p(7T) for CaFa, LiF,
NaCl and KCI single crystals.

It must be also noted that there is a marked differ-
ence between the theoretically calculated 67 (7T) and the
experimental 8. (T'). This is due to the fact that the tem-
perature dependence Ar (5) for these single crystals is
mainly determined by the factor exp(BA T), whereas the
factor exp(AM) is of importance and makes 20-30 %
of the general contribution to dependence Ar. There-
fore, the account of thermal expansion alone does not
provide full agreement between the theory and the ex-
periment. Secondly, these single crystals have diatomic
lattices, where the anion and cation masses are different.
Therefore, one should also expect their different frequen-
cy contribution to the total crystal phonon spectrum.

In paper [6] it is shown that product -3, rather than v
or 3 separately, should be considered a generalized mea-
sure of anharmonicity. As follows from the experimental
result analysis, these crystals can be arranged as the “an-
harmonicity row” KCl, NaCl, LiF and CaF, followed by
Si09, GaAs, Ge and Si single crystals [2].

Table 1 shows characteristic temperatures of these
crystals measured by a calorimetric method 6¢ [9,10],
elastic constant method 6, [11], integrated intensity
method p [12] and pendulum fringe method 4.

Single crystals| 8, |0c | 0p | Oa

KCl 2241224(230|210
NaCl 306{306|280|275
LiF 700{700| — |684

CakFs 515(514| — |465

Table 1. Values of characteristic temperatures at 7' = 273 K.

It should be noted that 0c ~ 0, > 0p ~ 0. Such in-
equality is determined by different selective sensitivity of
experimental methods to the frequency characteristic of
phonon spectra. More specifically, the values fc and 6,
are insensitive to a specific form of the phonon spectrum
and are determined by its long-wave part alone, whereas
fp is determined by averaging over the entire range of
the phonon frequency spectrum. For the same reason, the
pendulum fringe method gives the values 0y ~ 0p < 0¢.
In conclusion, it should be noted that for low-symmetry
crystals the basic parameters of the crystal lattice dy-
namics are tensor quantities.
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JELAKI IIAPAMETPU JUHAMIKA KPUCTAJITYHOI ITPATKHU CaF,, LiF, NaCl I KC1

M. JI. Papascekuii’, B. H. Bamasiox®, B. M. Ceprees?, M. 1. Menpuuk®
Y Yepriseypruti nayionasvrul ynisepcumem im. FO. Dedvrosuua
eys. Kourbuncovrozo, 2, Yepnisui, 58012, Yxpaina
2 Xapriscoruti nayionasvrul nedazozivnud yrisepcumem im. I Crosopodu
eya. Apmema, 29, Xapxis, 61002, Yxpaina

Y craTTi 3aIIpOIIOHOBAHO METOJ MASTHUKOBUX CMYT JUUIsl BU3HAUEHHSI 3aJI€2KHOCTEN CTPYKTYPHUX aMIUIITY/ T Bl
remuepaTypu it THCKY Fhi (T, P) 63 BUMIpIOBAHHSA iHTEIDAJIbHUX IHTeHCHBHOCTE!H. [J0C/IiPKEeHO TeMmepaTypHi 3a-
JIEZKHOCTI 1epiojiiB MagTHUKOBUX ocmiisiiit Ar B inTepsasi Temmneparyp 100-700 K srykHOraaoiiuux MOHOKPHUC-
taniB CaFq, LiF, NaCl, KCI ta mockonammx monokpuctaiis Ge, GaAs, SiOs Cu ta MoK, — BUIPOMIHIOBaHHSIX.
IIpoananizoBano po3GiKHOCTI YmMcsIOBUX 3HadeHb Temueparyp [lebast Op(), pospaxoBaHux i3 TemiepaTypHUX 3a-
aexknocreit Ar(T) i npyxuux momyiis Cyjr. YCTaHOBIIEHO, 110 MakcUMasbHuii BHecoK B A1 (T") poburh 101aHOK,
KW BpaxoBy€ TepMiuHe posmupenns — SAT. @ounwmit noganok A cranosuthb 20-30%. ToMmy BpaxyBaHHS TiTbKH
TEIJIOBOI'O PO3IIMPEHHs He 3a0e3Iedye TOBHOIO y3IOJI?KEeHHsT TeOPil 3 €KCIIEPUMEHTOM.

I3 eKCIepIMeHTAIbHIX TeMIIEpaTyPHEX 3aexkHocTeit Op (1)) BusHadeHo mapaMeTpu I pronaiizena vy TyzKHOra-
soipaux mouokpucrasiis CaFa, LiF, NaCl, KCl, yucnosi 3naduenns gxux BignoBinHo piBHI: Ycar, = 0.9 1 1.38;
YLiF = 1.51 1.34; YNaCl = 1.61 1.6; YKC1 = 1.6 1 1.47.
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