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The temperature dependence (2-300 K) and hydrostatic pressure dependence (0-7 kbar) of the ¢ =0
transverse-optic mode frequency , and its associated damping 2I'(0, ¢, w,) are reported for the alkali, silver,
and thallium halides. These results are analyzed to yield the temperature dependence of the thermal strain
AE(0, t) and far-infrared anharmonic self-energies A7(0,t,w,) associated with the mode at ,. In addition,
calculations of A£(0, t), Af(0,£,92) at @ =0 and Q = w,, and I'(0, t,w,) are presented for the alkali halides
crystallizing in the NaCl structure using current many-body thermodynamic Green’s-function anharmonic
theories, and these are compared with the experimental results.

I. INTRODUCTION

The interatomic forces in a crystal are usually
strongly dependent on the interatomic spacing and
consequently the lattice potential energy for a
crystal can generally be written as a power series
in the displacements of the atoms from their equi-
librium positions. If such an expansion is termin-
ated at the quadratic terms, then this constitutes
the so-called harmonic approximation. In the
harmonic approximation the lattice vibrations are
true normal modes such that if energy is chan-
neled uniquely into any one lattice mode, then it
will remain undissipated in that mode. The har-
monic approximation would therefore predict, for
instance, that the spectral profiles of lattice vibra-
tions would be a set of undamped, temperature-
independent resonances. These and other such
predictions are, of course, in marked discord
with experimental evidence. As a result, the an-
harmonic terms in a lattice potential must be con-
sidered if a full understanding of many of the
physical properties of solids is to be achieved.

The inclusion of the anharmonic terms in a
lattice potential has two main consequences.
First, the phenomenon of thermal expansion is
now allowed. Second, the anharmonicity allows
interactions between the normal modes. The net
effect of these interactions is to open up channels
for the decay of phonons which lead to changes in
the phonon energies together with the appearance
of finite lifetimes for the phonons.!**> The tem-
perature dependence of each phonon energy in
the Brillouin zone therefore arises in two separ-
ate ways from lattice anharmonicity. First, the
thermal expansion arising from the anharmonicity
creates a temperature-dependent shift of each
phonon energy from the harmonic normal mode
value. Second, the anharmonic interactions be-
tween phonons cause a further temperature-de-
pendent shift for the phonon energies which can

be distinguished from the effects of thermal strain
because the former effect gives rise to a tempera-
ture dependence of the phonon self-energies that
takes place even when the crystal is held under
isochoric conditions.

The determination of these anharmonic self-
energies has proved to be no easy matter on either
theoretical or experimental grounds. Theoretical
descriptions of anharmonic self-energies involve
many-body thermodynamic Green’s-function ap-
proaches, and quantitative theoretical estimates
require complex calculations which need signifi-
cant computational times. As a result, reports
of such calculations have been somewhat limited®-®
and these have been confined to a few simple ionic
compounds. Because of their complicated form
and the need to separate out the effects of the
thermal strain, experimental measurements do
not lead straightforwardly to determinations of
the anharmonic self-energies. Lowndes and Mar-
tin” have suggested an experimental approach us-
ing high-pressure and variable-temperature mea-
surements to overcome these problems and have
utilized it via dielectric-constant measurements
to make first estimates of the low-frequency an-
harmonic self-energies of the ¢~0 transverse-
optic phonons in simple ionic solids. But the an-
harmonic self-energies are frequency dependent
and their measurement at other frequencies is
needed in order to more fully test current an-
harmonic theories. Although the procedure out-
lined by Lowndes and Martin’ lends itself to such
a measurement, the technical difficulties increase
significantly as the frequency is raised at which
the anharmonic self-energy measurements are
to be made. One of the prime technical difficulties
is associated with an accurate determination of the
thermal-strain contribution. Although the thermal-
strain contribution can be determined from low-
frequency dielectric-constant measurements, it
is more directly determined from high-pressure
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spectroscopic studies on specific phonons.?*® Un-
fortunately, the technical problems associated
with maintaining reasonable signal-to-noise levels
in passing radiation from the comparatively weak
far-infrared or neutron sources through a high-
pressure cell have proved difficult to overcome.

In this paper we describe a high-pressure far-
infrared experiment which has overcome these
difficulties and allowed us to measure the thermal
strain and far-infrared anharmonic self-energies
associated with the ¢ =0 transverse-optic phonons
for a wide range of alkali and heavy-metal halides.
In addition, we report on numerical estimates of
the anharmonic self-energies for those alkali
halides crystallizing in the NaCl structure and
use these in a comparison with the experimental
results as a first test of current theories of an-
harmonicity.

II. THEORETICAL CALCULATIONS

A. Introduction

In describing the physical properties of a real
anharmonic crystal it is usual to resort to the
use of perturbation theory. While ordinary per-
turbation theory has been used to describe anhar-
monic interactions,'®~*? more recent discussions
have appealed to the techniques of quantum field
theory in which the system is described in terms
of the Green’s functions or propagators for the
system. The use of temperature-dependent time-
ordered Green’s functions to describe anharmonic
interactions between normal modes of vibration
has been described by Maradudin and Fein' and
Cowley.> These authors have shown that the di-
electric and scattering properties (which are of
interest here) of an anharmonic crystal are de-
pendent on the Fourier transforms of certain
time correlation functions, the simplest of which
is the one-phonon Green’s function defined by

G(4,jj', ) =(TA(4, j, HAX(T,j’,0)), 1)

where the phonon operator A(q,j) is defined in
terms of the sum of a creation and destruction

operator, T is the Dyson time-ordering parameter,

and the triangular parentheses represent thermal
averaging. These Green’s functions are periodic

in the complex time direction and can be expanded
in a Fourier series in that direction. The coeffi-

cients of this series are

; -iBh X
c@iw=gp [ @i neta, @
0

where 8=1/kT, k being Boltzmann’s constant, and
2 =27xi/Bh, x being an integer. The physical pro-
perties of the crystal can be obtained from these

coefficients, analytically continued over the whole

of the complex w plane. The coefficients are ob-
tained from the use of diagrammatic perturbation
theory and the Dyson equation for the Green’s
functions obtained from these diagrams is the
matrix equation

DSl E, )P -2 6;,0 +2w"(§, ) D(E,ij’, Q)
<

By =
x GG, 17", @)= 2Bl Bd)
where D(q,jj’, Q) is the anharmonic self-energy of
of the phonons. In the harmonic approximation the
self-energy D(4, jj’, Q) is zero and the left-hand
side of Eq. (3) then plays the role of the dynamical
matrix within the harmonic approximation. In the
anharmonic crystal the self-energy is not zero
and the matrix on the left-hand side of Eq. (3)
couples phonons from the dispersion branches
J, j’, and j’’ with the same wave vector. This
coupling will occur whenever the modes trans-
form according to the same irreducible represen-
tation of the space group of the crystals. The ma-
trix D(§,jj’, ) has Hermitian and anti-Hermitian
parts, the Hermitian parts giving rise to a shift
in the normal mode frequencies, and the anti-
Hermitian parts giving rise to a now finite life-
time for the phonon state. Formally the anhar-
monic contribution to the Hermitian part of the
self-energies of the normal modes can be included
by renormalizing the frequencies and eigenvectors
of the normal modes. If the off-diagonal Hermit-
ian terms in the matrix equation are neglected,
then the Green’s function for the anharmonic cryst-
al becomes similar to that of the harmonic cryst-
al if [w"(§,j))? is replaced by [w({, j)]? such that

[w(@ )P =[0G, )F +20"F, )HD(T,jj, Q),

3)

(4)
where

Detailed expressions for the self-energy
D(4,jj’, ) have been evaluated by a number of
authors.!»*:!3:* To second order in both cubic
and quartic anharmonicity, the real part of the
total anharmonic self-energy may be written

AT, jj’, Q) =05(q, jj") + 843, ji", Q). (6)
where A%(§,jj’) is the thermal-strain contribution

given by

= oy 2 - =,
B4, i) =5 220 Vasl@Ji =8j"uls, (7)

and AT(4q,jj’, Q) is the anharmonic self-energy
contribution given by

A%(q, 35", Q) =A%, jj) +A%(G, 51", @), (8)
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where A%(d, jj’) is a frequency-independent con- AA(E, 73 = AB(F, ji") + AB(T, §i"), (9)
tribution and A%(q, jj’, ) is a frequency-dependent
contribution to A%4(q, jj’, Q) given by with
(4) - .., 12 -, -> . 10
AT, i) = 5= D0 V(@S ;85758000 - 8,5)@n +1), (10)
q.ljl
AOE . 144 e L
(4,77 )"‘%Z_Z Z Z V(4j;d5'; —qul,—quz)V(Ch]_l, "q1.72y%]3: —-037,)
Qi1 iz Qs
n+n,+1 0 -m 1 1
X(w;'wg w;'-wg)("‘"a* ) A
and
AA(G, ji’, @)= A0(G, 1", Q) +A®N(G, jj', Q), (12)
with
- .. 18 - . .
A(s)(Qy]]’,u)z—FZ Z lV(CU;qlh;_iL]z)lzR(Q)y (13)
Qi iz
- . 96 - = e
ARG, @)= =37 30 20 20 V(858 T Gds P S(@), (14)
a4y daip dafg
where
[ ptny+l  mytny 4l 2(n, —n,) 15
R@) (Q+w{'+w£‘ Q—w{'—w: Q—wf+@ ’ (15)
. 1 1
b(ﬂ)=[([(”1 +1)(ny +1)(ng +1) = ny my ny) <Q+w{‘+w§+ﬂ Tgsai- wzi—wg')
+3[n (n, + )(ng +1) = (n, + )n, ]( 1 - 1 . (16)
1\ 3 t 2B Q-0 vt T Qi -0l -0t

The imaginary part of the self-energy is given by

r(4,jj', Q) =T®(g,ji', Q) +T®(g,jj’,Q), A7)
where
i 1 (~I(4,jj’, Q)
AA ’ - = ) ) ', 1
(4,j7", Q)= = oo, as (18)

In these equations the »n’s are phonon population
numbers, the V coefficients are the Fourier-
transformed anharmonic force constants, and
the superscripts on the A and I'" label that part
of the quantity coming from the contributions to
that order in parameter n when the Hamiltonian

is of the form
H=Hy+nH,+n*H, . (19)

In this paper we shall be concerned with the quanti-
ties defined by Eqs. (5)-(18) evaluated at §=0 and
with j=j'=¢, the transverse-optic branch.

B. Numerical calculations

Numerical estimates of the different contribu-
tions to the real and imaginary parts of the an-

r

harmonic self-energy can be made provided the
harmonic frequencies w"(§,j) are known through-
out the Brillouin zone and provided a determina-
tion can be made of the complicated form of the
V coefficients. For simple crystals like the al-
kali halides, reasonable lattice-dynamical calcula-
tions of the dispersion curves throughout the
Brillouin zone can be made thus generating the
eigenvectors and eigenvalues necessary for the
evaluation of the lattice sums contained in Egs.
(7)=(17). An exact determination of the Fourier-
transformed anharmonic force constants V is ex-
tremely difficult. If we follow Peierls'® and re-
write the V as

V(ale; .- ,rls]s)

=3(1/S1)(5/2N)/2NA(G, ++ - - +3,)

.5 Gsds),
(20)

x[wjl(ﬁl) . 'w,s(i)Jl/ZC(ﬁljl; ..

then Ipatova et al.® have argued that the C should
have a constant order of magnitude for all values
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of their arguments and that, as a first approxima-
tion, they may be replaced by constants [i.e.,
|C42=1C(0,4;8, j,; -4,i,)¢, etc.]. If the anhar-
monicity associated with the Coulomb forces is

neglected, then these constants are simply, but
tediously, related to various derivatives of the
short-range repulsive energy as®

16 M,+M
1€ = rp 175 M;LZ'(73B2+67‘(‘,BC+157‘:‘,CZ), (21)
b 3 + -
4 (M, +M_) 1 Mi+M
|C,l%= 0, X AjI;M“-) (M,, 7 M:+M- [4r8 A% +24rL A(2v2 B +3C) +60(4r3 B> +12r2 BC +9C?)]
+3[2r8 A% +12vL A(2r2 B +C) +6(160% B + 2012 BC +1502)]>, (22)
2 1 1 1\?
C,;:Em<M+IT/I—>(7’3A+10V§B+15C), (23)
b 2 + -
8 1 (M,+ M_) (M%+M?
"2 . + = + - 4 2 2
lc4 3 wh(o, t)zlJ-zSz Mng_ ( M+M_ (TOA +10’V'OB+15C)
+[0r2A+T2B)0r A +8r B +5C) + (2B +5C)(r4A +1072 B +15C)] ) ,  (24)
r
where fluoride and sodium chloride. They report that an

A=(1/r8) " ry) = (6/7r)0" (r,)
+(15/72)"(ry) = (15/73) ' (r,)],  (25)
B=(1/r3) 9" o) = 3/7o)p M (r,)

+(3/72)9' (o), (26)
C=(1/2)p"re) = (1/7)0'(ro)], 27
be= g 2 (@I, (28)
aj
Sfﬁl Z - (W@ D F[W™E, 5P, (29)
q Ji'

S;= Ivl‘ Z ;'[w”(ﬁ,j)lz[w"(ﬁ,j')lz , (30)
q J

S= 2 AT, +G, +8)[w(d, )P
QA 3, 114044

x[wh( ﬁ, jz)JZ[wh(aa:ja)]z , (31)
with ¢ being the short-range repulsive force act-
ing between nearest neighbors separated by », and
M, and M _ the ionic masses.

If the coefficients C(4,j,;...;d,j,) are really
constants, then the relations |C,P =|C. =|C/F
should hold. Table I summarizes values of these
constants for all the alkali halides discussed here.
The data reveal that |CjP is in fact reasonably
close to |C,P for all the alkali halides. |C/[?, how-
ever, deviates from this equality, being generally
only about 20% of |C,>. Whether this difference in
magnitude of |CJ]* and | C/|? affects the calculation
of the anharmonic self-energies in a significant
way has been tested by Ipatova et al.® for lithium

exact calculation of the V force constants leads to
final results for the anharmonic self-energies
which are not significantly different from these
approximate estimates and because of this we
have made the present calculations within the
framework of the above approximation.

In calculating the principal parts and 5 functions
occurring in Egs. (7)-(17) we have used the rep-
resentation method suggested by Maradudin and
Fein,! which involves the approximation

[((x)p)t=imb(x)=(x+i€)™*, (32)

where € has a small but finite value. In the cal-
culations to be presented we have used a mesh of
8000 points in the Brillouin zone for I'(®)(0, ¢, Q)
and A€)(0, ¢, 2), but only a mesh of 1000 points
for the lengthier calculations of I'®)(0, ¢, Q) and
A®)0,¢,9). In general, a value of € =0.0lw, was
used, where w, is the maximum frequency in the
Brillouin zone.

Following the above procedures we have made
numerical calculations of A%(0, ¢, ) and I'(0, ¢, )
and their individual components for all of the al-
kali halides crystallizing in the NaCl structure.
The harmonic eigenfrequencies used in these cal-
culations have been generated via either the breath-
ing shell model'® or via the deformation dipole
model incorporating next-nearest-neighbor inter-
actions and a kind of three-body interaction.'”

The choice of lattice-dynamical model was deter-
mined by the closest fit to the available inelastic
neutron scattering measurements of dispersion
curves; in the absence of experimental dispersion
curves, the lattice-dynamical results from the
breathing shell model were used in the anharmon-
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TABLE I. Values of the quantities that arise in the anharmonic calculations for (a) the lithium and sodium halides,
and (b) the potassium and rubidium halides.

LiF LiCl LiBr Lil NaF NaCl NaBr Nal
A (10% ergem™?) 99.474 16.782 9.688 4.576 43.682 9.4396 6.3861 3.6874
—-B  (10% ergem™$) 38.403 9.384 6.101 3.367 19.684 5.885 4.302 2.774
C (10 ergem™) 16.862 5.865 4.286 2.747 9.8944 4.0569 3.1899 2.2846
By (10% sec™?) 5.1327 1.8416 1.1985 0.7755 2.0669 0.8828 0.5769 0.3993
S; (10% sec™) 9.5457 1.2317 0.5261 0.2224 1.5392 0.2809 0.1199 0.0575
S% (10% sec™) 7.1516 0.8778 0.3423 0.1348 1.1992 0.2174 0.0884 0.0411
S, (10™ sec™®) 29.194 1.349 0.872 0.098 1.9074 0.1486 0.0415 0.0138
| C4 12 (1012 erg™) 0.9873 2.1245 1.9474 2.9969 0.8417 1.2027 1.1739 1.3761
| Cy1?(10% erg™?) 0.1955 1.2639 2.8900 9.0489 0.1355 0.2799 0.4987 1.0519
[C412(10% erg™?) 0.2350 1.6486 3.1259 12.002 0.2065 0.4768 0.7625 1.5670
[CT%(10% erg™?) 0.2839 2.510 5.236 17.745 0.3889 0.9421 1.5647 3.3734
w, (em™) 674 480 430 371 434 271 225 201
KF Kcl KBr KI RbF RbCl RbBr RbI
A (107 ergem™?) 16.4083 4.6040 3.5312 1.7166 11.9852 4.56085 2.8119 1.7695
-B  (10% ergem ™) 8.9896 3.2968 2.6515 1.5269 6.9484 3.0830 2.1959 1.5166
C (10" ergem™) 5.4291 2.5847 2.1695 1.4854 4.4124 2.3630 1.8604 1.4052
Ky (107 sec™?) 1.1457 0.5657 0.3749 0.2756 0.7677 0.3989 0.2176 0.1547
Sy (10% sec™) 4.7300 1.1523 0.5062 0.2735 2.1360 0.5731 0.1712 0.0865
S% (10% sec™) 3.634 0.8968 0.3819 0.1988 1.5509 0.4383 0.1330 0.0663
Sy (10% sec™9) 32.485 3.9104 1.1378 0.4522 9.7814 1.3713 0.2251 0.0809
[Cy % (10 erg™) 1.1648 1.1414 1.1052 0.7222 1.3374 1.3341 1.4025 1.3792
| Cy 1% (10% erg™?) 0.3044 0.2774 0.3451 0.2880 0.7307 0.5176 0.4022 0.4517
[C4 1% (10%% erg™?) 0.5341 0.5454 0.6864 0.4393 1.2501 1.1155 0.9465 1.0571
| CY1% (10% erg™?) 1.0380 1.1677 1.4720 1.0453 2.3897 2.3473 2.0012 2.3290
w, (em™) 334 216 169 145 286 181 130 107

and their respective components are given for the
calculated value of w, which was determined from
Eq. (4) using the appropriate values of w"(0, t) and
A0, t, Q) [see Fig. 2(a)].

An analysis of the data in Tables II-V reveals a

ic calculations. Values of the quantities that
arise in the anharmonic calculations are summar-
ized in Table I.

C. Results

Figure 1 shows the frequency dependence cal-
culated for the different contributions to A4(0, ¢, )
and I'(0, ¢, 2) for NaBr, and Fig. 2 shows the cal-
culated frequency dependence of A%(0, ¢, ) for
NaBr at different temperatures. Such results
are generally typical for all of the alkali halides
crystallizing in the NaCl structure. Since at the
present time experimental measurements of the
total real or imaginary self-energy terms have
been made only for £ =0 and  =w;, where w; is
the quasinormal ¢ =0 transverse-optic-mode fre-
quency, we shall confine our attention in this a
paper to the anharmonic self-energies at these
two frequencies rather than to the full frequency
dependence.

Tables II-V summarize our calculated results
for AE(0,¢), A%(0,¢,0), A40,t, w,), and T'(0, £, w,)
and their component contributions for the lithium,
sodium, potassium, and rubidium halides, re-
spectively. The data for A%4(0, ¢, w,) and T'(0, ¢, w,)

number of overall qualitative features which
should be commented on:

(i) The frequency-independent contribution
A#(0, £) is always dominated by the positive con-
tributions from the first-order quartic term
A©)0,¢t); A®N(0, t) is always less than 10% of
A)(0, t) even above the characteristic Debye
temperature.

(ii) A%(0, ¢, 0) is always dominated by the nega-
tive second-order cubic term A(¢)(0, ¢,0). Al-
though A(®)(0, ¢, 0) is generally less than 10% of
A%(0,¢,0) at low temperatures, it has a much
stronger temperature dependence and can be as
much as 30% of A4(0, ¢, 0) at the characteristic
Debye temperature.

(iii) A4(0, ¢, 0) is always positive at low tempera-
tures because of the dominance of the first-order
quartic term A®)(0, ¢), but this usually becomes
negative at higher temperatures because of the
stronger temperature dependence of the negative
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contributions of A®)(0,¢,0), A®)X0,¢), and
A®)(0, ¢, 0).

(iv) A4(0, ¢, w;) is always dominated by the nega-
tive second-order cubic term A(®)(0, {, w,). At low
temperatures A®)(0, ¢, w,) is always less than 10%
of 5‘(0, t, ws) but because of a strong temperature
dependence it can be as much as 40% of A4(0, ¢, w;)
at the characteristic Debye temperature.

(v) A%4(0, t, w,) can be either positive or negative
at low temperatures depending on the balance be-
tween A(4)(0, t) and A®)(0, t, w,). At higher tem-
peratures A%4(0, ¢, w,) is generally negative, how-
ever, because of the stronger temperature de-
pendence of the negative contributions from
A0, ¢, w), A0, ¢, w,), and A0, ¢).

(vi) I'(0, ¢, w,) is totally determined at low tem-
peratures by the second-order cubic terms,
)0, ¢, w;). However, I'®(0, ¢, w;) has a much
stronger temperature dependence than I'®)(0, ¢, w,)
and both contributions to I'(0, ¢, w,) are generally

very close in magnitude at the characteristic De-
bye temperature.

III. EXPERIMENT

A. Introduction

In Sec. II it was shown that the quasinormal fre-
quency measured in any resonance experiment is
given by

[wr,0(0, OF =[w"(0, OF
+20"A%(0, ¢, w,) +AE(0,0)]  (33)

for an applied frequency Q =w; = wr o0, £), where
the subscripts 7,0 in [wy (0, £)]* denote the tem-
perature and (zero) pressure, respectively, and
where the subscript 7 has now been added to the
anharmonic self-energy to denote the temperature.
At the same temperature 7, but at an applied pres-
sure P which is such as to reduce the volume to
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FIG. 2. Calculated frequency dependence at 5 K (dashed
line) and 300 K (solid line) of (a) A% (0,¢,9) and (b)
T'(0,t,9) for NaBr. Also shown in (a) is the line of ' 2,
where

2 z~< 22 {lwho, 1)1 420, 1) AP0, 1)} )
- 290K -

2wh(0, t)

The intersection of the lines 2 and Ai?)o (0,t,Q) gives
the calculated quasinormal frequency, w(0,£), in this
case at 290 K.

that which the crystal has at 0 K and zero pres-
sure, Eq. (33) becomes

[wr,p(0,)F =[w"0, )} +20" A2(0, ¢, wy) . (34)
This leads immediately to
A%0, t) = —{[wr,p(0, ) = [wr,o(0, £) P} /200, £)

(35)
or
AR, )= -{[wr,p(O, B - [wr,o(O, 1P} /2w,,6(0, 1),
(36)
where

wn(oyt)zwo,o(O,t) . (37

Equation (36) therefore leads to a determination
of the thermal-strain contribution A%(0, ¢) from
suitable experimental measurements.

A2(0, ¢, wy) is determined as follows. At 7=0K
and at zero pressure, Eq. (33) becomes

[wo,0(0, £)FF =[w™(0, )2 +2w™(0, £)A(0, ¢, w{),
(38)
where
w{=wy(0, 1),

while at a temperature T and a suitably chosen
applied pressure P so as to maintain the crystal
volume at that found for the crystal at 0 K and
zero pressure, Eq. (33) becomes

[wr p(0, ) =[w™(0, ) +20™(0, 1)AF(0, ¢, w,),
(39)
which leads to
A0, £, w,) = A0, £, w))
={[wr,p(0, ) = [wo, 40, 1)} /200, £),  (40)
={[wr p(0, F = [w,,0(0, )} /2w,, (0, £)
==A(T). (41)

Equation (41) therefore allows an experimental
determination of the change in the anharmonic
self-energy between a temperature T and 0 K via
suitable studies of the temperature and pressure
dependence of w(0, ). AZ(0,¢, w{) is not necessar-
ily zero because anharmonic interactions can per-
sist in the presence of zero-point fluctuations.
However, experimental estimates of AX(0, ¢, w;)
can be made as follows. For temperatures close
to the Debye temperature and above, it can be
shown that the thermal population factors vary
linearly with 7 and also that the leading terms in
both the cubic and quartic anharmonic contribu-
tions to AA(0, ¢, w,) are linear in 7. If such a lin-
earity is found for A’(T), therefore, extrapola-
tions of these linear parts back to 7'=0 will yield
an intercept of A%(0, ¢, w{), and hence A£(0, ¢, w,)
can be determined from Eq. (41).

B. Spectroscopic measurements

For simple ionic solids like the alkali and heavy-
metal halides, the ¢=0 optic modes are most con-
veniently studied via far-infrared spectroscopy.
The ¢ =0 transverse-optic-mode frequencies and
lifetimes are readily determined from suitable
measurements of the normal incidence transmis-
sion spectra of thin films of the material under
investigation. Electromagnetic analysis of thin-
film behavior shows that the minimum in the spec-
tral transmission for such a thin film occurs at
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w(0, t) providing the film is thin compared to the
vacuum wavelength of the incident radiation.'® A
similar analysis reveals that 2I'(0, ¢, w,) is deter-
mined by the spectral damping measured at a
transmission 7', where T’ is given by

T =2T,/(1+T,), (42)

with T, being the transmission at w(0,¢). This
procedure therefore allows a direct determination
of w(0,¢) and 2I'(0, ¢, w,;) Without lengthy analysis
of the data, as would be required to deduce these
parameters from reflection data.

The far-infrared spectroscopic measurements
were achieved using an R.I.I.C. FS-520 or FS-720
Michelson Fourier spectrophotometer used in con-
junction with a Golay cell or gallium-doped ger-
manium bolometer as a detector. Below 150 cm™!
a mercury-arc discharge tube was used as a
source, but above 150 em~' a Nernst glower was
utilized.

C. Low-temperature measurements

The low-temperature measurements of w(0, ¢)
were made with a metal cryostat, with the sample
mounted on the base of the helium can, the full
details of which have been described elsewhere.!®
Because many of the alkali halides were hygroscop-
ic, an evaporation gun was therefore incorporated
into the cryostat and the thin films of the more
hygroscopic compounds were prepared in Siiu
without exposing them to the atmosphere.'®

D. High-pressure measurements

The requirements of hydrostatic pressure con-
tainment and far-infrared spectroscopy are some-
what conflicting. The first requires small aper-
tures for maximum strength while the second re-
quires large apertures to provide maximum energy
throughput from the comparatively weak far-in-
frared sources. These requirements are further
complicated because of the scarcity of readily
available window materials which satisfy the com-
peting demands of strength and transmissivity in
the far infrared. As a result of these difficulties,
much of the very limited far-infrared high-pres-
sure research has been confined to date to work
achieved with the opposed diamond anvil system.?°
When used properly this cell is a powerful tool in
the very-high-pressure domain, but, in the im-
portant 0-10-kbar range involved in the present
work, reliable far-infrared measurements are
difficult to perform with this cell. This is pri-
marily because of the difficulty in accurately de-
termining the system operating pressure but also
because of the inherent difficulty of achieving true
hydrostatic pressure conditions because of resi-

dual pressure gradients across the anvil faces.
The consequences of these problems have been
that it is difficult to precisely determine the pres-
sure dependence of mode eigenfrequencies, espe-
cially at the low pressures necessary for the eval-
uation of wr,p(0,¢), and it is virtually impossible
to reliably measure the (small) pressure depen-
dence of the associated linewidths using the dia-
mond anvil system.

Accordingly we have developed a high-pressure
far-infrared cell which goes some way to solving
these problems, and this is illustrated in Fig. 3.
The cell body, window mounts, and retaining
closures were machined from 4340 alloy steel
and then heat treated to a hardness of RC45 giving
a yield strength of 14 kbars. The critical bores
and surfaces of the cell and its components were
ground and honed to size after the hardening pro-
cess. The cell body measures 17X14xX10 cm and
fully assembled the cell has an effective speed of
f2.4.

The window mounts used in the cell gave a sup-
ported to unsupported area ratio of about 3 with
an unsupported port diameter of 5 mm. The win-
dow high-pressure seal was achieved by lapping
and polishing the mating surfaces of the window
and its mount to be flat and parallel to better than
300 A. The windows were prevented from sliding
off their mounts by brass retaining rings attached
to the window mounts. The window mount pres-
sure seal was achieved using a stainless-steel,
brass, and Teflon packing assembly.

In choosing both the cell windows and the pres-
sure transmission medium, care must be used to
avoid materials which have characteristic elec-
tromagnetic resonances in the spectral region
under investigation. The choice of materialsavail-
able for both window and pressure transmission
media for far-infrared service is extremely re-
stricted however. For windows we have used -
in.-thick fused quartz for the spectral range be-
low 125 cm~! and 3-in.-thick silicon for the spec-
tral range 125-400 cm~'. For a pressure trans-
mission medium we have used either helium or
argon gas since these exhibit no characteristic
far-infrared resonances as do most of the organ-
ic oils and molecular gases conventionally used
in high-pressure research.

Figure 4 shows the experimental arrangement
for a high-pressure far-infrared transmission ex-
periment. The high-pressure cell is located in an
isolated evacuated thick-walled module B designed
to protect the interferometric and detector mod-
ules A and C, respectively. The cell window axis
is deliberately chosen to be off line with both the
entrance and exit ports to module B to avoid any
possible damage to the interferometer or detec-
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FIG. 3. High-pressure far-infrared cell. A, retaining
closure; B, window mount; C, window; D, packing; E,
window retaining ring; F, gas input line.

tor due to a high-pressure window failure.

The hydrostatic pressure for these experiments
was generated from a two-stage gas compressor.
The pressure was measured using a suitably aged
and calibrated manganin cell. With this high-pres-
sure spectroscopic arrangement we are able to
make spectral studies in the far infrared under
truly hydrostatic pressure conditions with a pres-
sure accuracy of better than + 1% whilst at the
same time achieving signal-to-noise values of
better than 50.

E. Sample preparation

The results given in Sec. III F were all obtained
using thin-film samples evaporated on to Mylar or
Teflon substrates using the highest-purity starting
material available. Because of its hygroscopic
nature, the NaBr samples used in the pressure ex-
periments were overcoated with LiF to protect
them from the atmosphere while they were being

A
E
D
¢
E_%

F

FIG. 4. High-pressure far-infrared transmission
experiment. A, Michelson interferometric module; B,
high-pressure cell module; C, detector module; D,
source; E, chopper; F, beam splitter; G, moving mir-
or; H, high-pressure cell; I, module vacuum window;
J, detector; O, mirrors.

loaded into the cell. After being loaded into the
cell, these samples yielded the same character-
istic spectral parameters at zero pressure as for
uncoated, unexposed samples. Similar procedures
for some of the other hygroscopic alkali halides
were unsuccessful, however. As mentioned ear-
lier, all the samples used in the low-temperature
experiments were prepared iz situ within the
cryostat.

We have critically examined the influence of
film quality and choice of substrate on the mea-
sured characteristic spectral parameters. In
general, film quality had little effect on w(O0,¢)
except that the transmission minimum could be
displaced by 1 or 2% to higher frequencies when
the crystallite size was large or when the films
had become cracked because of excessive tem-
perature or pressure cycling. Poor film quality,
however, can cause significant increases in
2I(0, ¢, w;) by as much as 50%. In general, the
different organic substrates used had little effect
on the spectral parameters.

In order to test the equivalence of our thin-film
sample temperature data to that of bulk material,
we also determined the characteristic spectral
parameters for a few materials via Kramers-
Kronig analyses of reflection data from bulk sin-
gle crystals. In all cases the data were in close
correspondence. In testing the equivalence of our
thin-film pressure data to that of bulk material
we have used the pressure-induced phase transi-
tion in RbBr. For bulk material this transition
occurs at 5.75 kbar.?! Figure 5 shows our mea-
sured pressure dependence of the spectral pro-
file of the ¢ =0 transverse-optic mode for RbBr
in both phases. As can be seen the profile is well
defined in both phases and we observe the transi-
tion at 5.80 kbar.

F. Experimental results

Figure 6 shows the measured temperature and
pressure dependence of w(0, ¢) and 2I'(0, ¢, w;) for
a few representative compounds and Tables VI and
VII summarize the temperature and pressure de-
pendence of w(0, ¢) and 2T°(0, ¢, w,) for all the
materials investigated.

The temperature dependence of w(0, ¢) has been
reported previously for a few of the compounds
reported here.?® Where overlap has occurred,
there is generally a good agreement with the data
for w(0,t) reported here. The pressure measure-
ments reveal that w(0, ¢) has a linear dependence
on pressure, for pressures up to about 7 kbar,
for all the materials investigated. Values of
[dw(0, t)/dP ], determined from least-squares fits
to these data are summarized in Table VI and
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FIG. 5. Measured pressure dependence of the spectral
profile of the ¢ = 0 transverse-optic mode for RbBr in
both the NaCl phase and the high-pressure CsCl phase.
The NaCl—CsCl transformation was observed at 5.8
kbar.

from these data the mode Griuneisen parameters
have been determined from the relation

dw_m’_t_)> , (43)
T

__1 1
LG <w(0,t) dp

where B is the isothermal compressibility. The
values used for B, were determined from suitably
corrected values of the adiabatic elastic con-
stants.?®"3* The mode Griineisen parameters are
summarized in Table VI. Also shown in the table
are mode Griineisen parameters for a few com-
pounds which have previously been reported from
measurements with the diamond anvil cell.?: 35738
With the exception of the values reported for the
heavy-metal halides,® there is only a fair agree-
ment with the present work where overlap has oc-
curred. However, for the technical reasons cited
earlier, we believe the present data to be signifi-
cantly more accurate because of the genuine hydro-
static pressure environment that our samples have
been subjected to and because of the greater ac-
curacy in measuring our system operating pres-
sure.

Our measurements of the temperature depen-

dence of 2I'(0, ¢, w,) generally reveal a substantial
decrease with decreasing temperature. Neverthe-
less, the linewidths at liquid-helium temperatures
are still significant. Measurements of 2I(0, {, w,)
have previously been reported® for a few of the
materials studied here and, although there is
generally good agreement at 290 K between the
two sets of data, it is to be noted that the present
data show a much stronger temperature depen-
dence, and consequently a much smaller damping,
at liquid-helium temperatures than the earlier data.

The variation of the spectral damping with pres-
sure was found to be small. The results of least-
squares fits to determine d2I(0, t, w, )/dP are
shown in Table VI and these reveal the damping
to change by only a few percent per kilobar for
most of the compounds. Because of the smallness
of this dependence on pressure and because of the
experimental error, the sign of the d2I(0, ¢, w,)/dP
is only unambiguously determined for a few of the
materials and even for these the data reveal that
the d2I'(0, t, w,)/dP can be either positive or nega-
tive.

G. Experimental self-energies

The temperature and pressure dependence of
w(0, t) reported in Sec. I F can be used to de-
termine A%(0, t, w,) and A £(0, t) as outlined in the
introduction to this section. A room-temperature
value of wy p(0,f) can be directly determined from
our measurements of the pressure dependence of
w(0, t), once the value of P in Eqgs. (36) and (41)
is known. In order to determine w4 p(0,¢) below
room temperature we note that Eq. (33) can be
restated as

[w(0, £)]2=[w®(0, £)]%+ 2w™0, £ )A 2 (0, ¢, w,) ,  (44)

where w®(0,¢) is the quasiharmonic mode fre-
quency given by

[wB(0, £)]2=[w™(0, £)]2+ 20" (0, )A%(0,¢)  (45)

and is determined by volume alone and is not ex-
plicitly dependent on temperature. On the other
hand, the first-order volume dependence of
A%(0,t, w,) can arise only from the anharmonic
force constants [see Egs. (8)—(16)] and in the fol-
lowing discussion we show that this is small.
Consequently [8 Inw(0, ¢)/81nV ], should not be very
dependent explicitly on temperature and if we as-
sume this to be the case then we can use our room-
temperature measurements of w(0, t) against pres-
sure to determine w, (0, ¢) at any lower tempera-
ture. Preliminary measurements of y, at low
temperatures support the adequacy of this approxi-
mation.,

The values of the pressure P required to de-
crease the volume of the crystal at T (K) to that



3610

PRESSURE

(kbar)
4

—o
=

PRESSURE
2 4

R. P. LOWNDES AND A. RASTOGI 14

(kbar) PRESSURE  (kbar)
4

4
o

T T

[,

cfmnn

@
@©
TN T T T T

(cm™)
(cm™)
2,

IS
T

~N

2T O,
2T O,

-riz
»

, (em™)
[
7

2T (0 tw,)
nN b

o

o

| 1 . I 2

| . | . 0

o

. | L n
0 100 200 300 0
TEMPERATURE  (K)

PRESSURE  (kbar)

100 200
TEMPERATURE  (K)

PRESSURE
2

06 200
300 TEMPERATURE  (K)

(kbar) PRESSURE  (kbar)

{e]

T T . T T T T
(d)
CsBr

T T T

@
W\ ~
T T T I

Seal
F |
3 Sy
3 3 -
62l
sl
60
T 2 - I
§a § § el
¢ ¢
3 5 3 2=
=2 - -~
5 g e s
| — —
¢ | o | ! | L | | I i
. | . . | L , . . ) L R . .
% 300 % 300 o5 00 200

100 200
TEMPERATURE  (K)

100 * 200
TEMPERATURE  (K)

100 200 3
TEMPERATURE (K}

FIG. 6. Measured temperature (O) and pressure (@) dependence of w(0, t) and 2I'(0, ¢, w;) for (a) NaF, (b) KI, (c) RbBr,
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which it has at 0 (K) and 1 bar pressure can be
found from the thermal-strain expression
T P
wr= [Ta(ryar =} ["pP)ap, (46)
(] [}

where a@(T) and B(P) are the linear thermal ex-
pansion and the isothermal compressibility of the
crystal, respectively, Suitable values of a(T) and
Br(P) were taken or deduced from the litera-
ture.23-34. 39~-46

Using these estimates of wT,P(O, t) and the direct
measurements of wr 4(0, ), we have determined
AE(0,¢) and the function A’(T') via Egs. (36) and
(41) and some of these results are shown for a few
of the materials investigated in Fig. 7. With the

exception perhaps of LiF, we do observe a linear
temperature dependence of A’(T) and we have used
this to determine A%(0, ¢, w}), and hence A%(0, ¢, w,),
as described in Sec. IIIA. Examples of the extra-
polations used to determine A%4(0, {, w!) and the
consequent determination of the temperature de-
pendence of A%(0,, w, ) are shown in Fig. 1.

A number of qualitative trends emerge from
these results: (i) The A%(0, ¢, w}) are generally
quite small, and are no more than a few percent
of wyo(0, t). (ii) The A%(0, ¢, w,) for the silver and
alkali halides crystallizing in the NaCl structure
are generally negative in sign at all temperatures
and increase in magnitude with increasing temper-
ature. (iii) The A%(0, ¢, w,) for the thallium and
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TABLE VI. Measured temperature and pressure dependence of w(0,¢) for the alkali and heavy-metal halides. Also
shown are the present experimental values of v, and previous values of v,.

a9 (cm_lkbar-‘)

wy (em dP Ve ¥, (Previous work)
T (K) 2 90 200 290 290 290 290
LiF 318.0+1.0 316.0+1.0 310.0+x1.0 305.0+1.0 1.12+0.06 2.35+0.16 2.59 (Ref. 35)
LiCl 221.0+1.0 217.5+1.0 210.0+1.0 203.0+1.0
LiBr 187.0+1.0 183.5+1.0 179.0+1.0 173.0+1.0
Lil 151.5+1.0 150.0+1.0 146.0+1.0 142.,0+1.0
NaF 262.0+1.0 260.0+£1.0 254.0+1.0 246.5+1.0 1.06+£0.05 2.08+0.18 2.95 (Ref. 35)
NaCl 178.0+1.0 177.0x1.0 172.0+1.0 164.0+1.0 1.54+0.07 2.35+0.16
NaBr 146.0+0.5 143.5+0.5 140.0+0.5 134.0+0.5 1.49+0.09 2.37+0.20
Nal 123.0+1.0 121.5+0.8 118.5+0.8 115.2+0.5
KF 201.5+1.0 200.5+1.0 197.5+1.0 194.0+1.0
KCl1 151.0+0,8 150.0+0.8 146.0+0.8 142.0+0.8 1.80+0.10 2.28+0.18 2.83+0.1 (Ref. 36)
KBr 123.0+0.,5 122,0+0.5 118.0+0.5 114,0+0.5 1.59+0.07 2.06+0.13 2.46+0.1 (Ref. 36)
KI 109.5+0.5 108.0+0.5 105.5+0.5 102.0+0.5 1.88+0.01 2.20+0.06 3.1 (Ref. 37)
RbF 163.0+1.0 162.0+1.0 160.0+1.0 158.0+1.0
RbCl 126.0+0.5 125.0+0.5 121.0+0.5 116.5+0.5 1.63+0.04 2.16+£0.10
RbBr 94,5+£0.5 93.3+0.5 90.5+0.5 87.5+0.5 1.63+0.07 2.39+0.16
RbI 81.6£0.5 80.4+0.5 77.0+£0.5 75.5+0.5 1.48+0.08 2.09+0.15 2.5 (Ref. 37)
CsF 134.0+0.5 132.0+0.5 130.0+0.5 127.0+0.5
CsCl 106.5+0.5 105.0+0.5 102.0+0.5 99.5+0.5 1.70+£0.04 3.14+0.10 2.34+0.55 (Ref. 38)
CsBr 78.5+0.3 78.0+0.3 76.5+0.3 73.5+£0.5 1.26+0.01 2.74+0.05 2.15+0.52 (Ref. 38)
CsI 65.8+0.3 65.5+0.3 64.0+0.3 62.1+0.3 1.20+0.03 2.42+0.08 1.90+0.58 (Ref. 38)
AgCl 121.0+1.0 117.5+1.0 112.5+2.0 105.0+2.0 1.07+0.03 4.34+0.16 5.0 +1.0 (Ref. 9)
AgBr 91.5+0.5 90.5+0.5 85.0+1.0 80.0+1.0 0.89+0.03 4.41+0.19 5.6 +1.1 (Ref. 9)
TIC1 60.5+0.5 61.0+0.5 61.5+0.5 62.0+0.5 0.96+0.04 3.62+£0.20 3.9 +£0.8 (Ref. 9)
TIBr 45.0+0.3 45.5+0.3 46.4+0.5 47.0+£0.5 0.90+0.02 4.30+0.16 3.8 +£0.8 (Ref. 9)

alkali halides crystallizing in the CsCl structure
may be negative or positive at lower tempera-
tures but are always positive at higher tempera-
tures. (iv) The A%4(0, ¢, w,) have a smaller temper-
ature dependence than AZ(0, ¢) for all the materials
studied except the thallium halides.

IV. DISCUSSION

Tables VII-XIII summarize the experimental
values reported here of A%5(0,t), A4(0,¢, w,), and
T(0, t,w,), as well as values of A%(0, t) and A%(0, ¢, 0)
derived fromdielectric constant measurements re-
ported earlier,” and compares these withthe corre-
sponding results fromthe theoretical calculations
taken from Sec. II. Note that in this discussion we
shall be comparing values of I'(0,¢, w,) and not the
full spectral damping, 2I'(0, ¢, w,), reported in
Sec. III. Before proceeding with a discussion of
the comparison of these experimental and theo-
retical results, it is appropriate to attempt to
assess the accuracies of the two kinds of results.

Given the approximations contained within the
anharmonic theory, the errors associated with the

calculated values of the anharmonic self -energies
stem primarily from those involved with the
w"((I,j) and the anharmonic force constants. The
errors associated with the w"(q, j) are difficult to
assess, but it can be stated that our lattice-dy-
namical calculations are in close agreement with
available low-temperature dispersion curves, re-
ported from inelastic neutron scattering experi-
ments, with the most extreme differences being
less than 10% over small regions of the Brillouin
zone, and that anharmonic calculations for a few
compounds using w”(q, 7) values differing uniformly
by 10% throughout the Brillouin zone lead to only
10% changes in the real and imaginary anharmonic
self-energies. The anharmonic force constants
are sensitive to the input values of 7, and 3, and
in both cases values of these at low temperatures
are needed. Values of B are typically determined
directly at 4 K with an error of about +2%. Such
an error in B will lead to a 2% error in the A co-
efficient, a 2% error in the B coefficient and 1%
error in the C coefficients listed in Table I. Al-
though 7 is usually determined quite precisely at
290 K to better than +0.1% via x-ray measure-
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TABLE VII. Measured temperature and pressure dependence of 2I'(0,¢, w,) for the alkali
and heavy-metal halides.

2T(0,¢, wy) (em Y

__“21‘(3; w¢) (cm 'kbar Y

T (K) 2 90 200 290 290
LiF 7.3£3.2 10.4+2.9 13.9+2.3 17.1+1.9

LiCl 14.4+1.4 17.4+1.4 23.1x1.4 34.5+1.4

LiBr 15.3+3.8 20.5+£4.7 26.8+4.6 34.6+5.4

Lil 25.0+£4.7 27.9+4.7 35.0£7.5 39.7+8.8

NaF 6.5+1.3 10.4+2.1 12.7+2.1 16.8+2.0 0.10+0.07
NaCl 2.5+£0.7 3.5+£0.7 5.3+0.5 7.0£0.5 —-0.50+0.13
NaBr 3.4+0.9 4.3+0.7 7.0£0.7 8.4+0.7 -0.92+0.14
Nal 4.3+1.9 6.1+1.9 9.5+3.0 13.7+2.9

KF 11.9+2.1 14.0x2.1 16.6+2.1 19.0+x2.4

KC1 1.4+0.6 1.9+0.4 3.4£0.5 4.5+£0.4 -0.08+0.07
KBr 0.9+0.5 1.6+0.4 2.8+0.2 4.7+0.2 —-0.03+ 0.03
KI 2.0+0.6 2.7+0.5 5.0+0.5 6.2+0.5 0.03+0.02
RbF 6.4+0.9 7.4+1.2 9.6+1.3 10.9+1.3

RbCl 2.5+0.4 3.1+£0.4 4.0+0.4 4.8+0.4 -0.04+0.03
RbBr 1.3+0.3 1.7+0.3 2.4+0.,3 3.0+0.3 0.14+0.11
RbI 1.1+0.2 1.4+0.2 2.1+0.2 2.8+0.2 0.12+0.04
CsF 9.2+1.4 9.9+2.0 16.2+£2.0 19.7+2.0

CsCl 3.4+0.5 3.7+£0.5 5.1+0.5 6.1+0.5 -0.02+0.02
CsBr 1.5+£0.2 2.3+0.2 3.1+£0.2 4.0+0.2 ~0.04+0.02
CslI 1.0+0.2 1.4+0.3 2.1+0.3 2.6+0.3 —0.04+0.02
AgCl 3.5+£0.5 6.0+0.5 9.5+0.5 13.2+1.0 0.02 +0.01
AgBr 2.5£0.5 4.5+£0.5 8.5+£0.5 13.2+1.0 0.04+0.02
TIC1 4.0+£0.5 5.0+0.5 6.3+0.5 7.7£0.5 -0.05+0.04
T1Br 2.7+£0.3 3.0+£0.3 3.56+0.4 4.0+0.4 —0.03+0.02

ments, values of 7, at lower temperatures are

often not directly measured but are determined
from the known 290-K value of 7, and the known
thermal-~-expansion data. This leads to a typical
error of about +0.2% in», at 4 K. Such an error
will generate errors of the order of 10% for the
A coefficient, 6% for the B coefficient, and 7%
for the C coefficient. The accumulated errors in
these coefficients will, of course, lead to errors

in the individual contributions to the different
total self-energy quantities.

It should be recalled

that A%(0, ¢, ) is obtained as a sum of A(0, ¢),
A0, t), A®(0,t,0), and A®(0, ¢, ), and although
the errors on the individual contributions to the
self-energy stemming from errors in 7, and B are
no larger than about 10%, the accumulated error
on A%(0,¢, Q) is considerably larger because of
the opposite signs of these individual contributions
and because of the often close equivalence of the
two dominant, but competing, terms A (0, ¢) and
A®(0,¢,9). However, I'(0, ¢, Q) is simply the sum
of two components, I'®(0, ¢, Q) and T'®(0, ¢, ),

both of which are accurate to about +6%, and

hence the accumulated error on I'(0, ¢,R) will be
smaller than that for A%(0, ¢, ). In Tables VIII-

XIII we have listed our estimates of the possible
errors associated with the different calculated
self-energy components based on the known errors
on 7, and 8 only.

The errors on the experimental determinations
of A%(0,t), A%(0,t,9), and I'(0, ¢, w,;) can vary
significantly. The errors on the measured
w7 (0, t) are generally quite smalland at worst no
larger than about + 1%, but the errors on
wr, p(0, t) will be somewhat larger than this due to the
error in calculating P [ see Eq. (46)]. The ex-
perimental and theoretical results strongly sug-
gest that the zero-temperature anharmonic self-
energies are quite small, so that the use of the
approximation w,,(0, #)=w”(0, ¢) in Eqs. (36) and
(41) should not generate errors of more than a
few percent in the determinations. Consequently
we believe that the determinations of A%(0, ¢) and
A’ (T) are generally accurate to better than +1.5
cm™!, Of course, the determinations of A%(0, ¢, w;)
are somewhat worse than this depending on the
accuracy of the extrapolation procedure used to
determine A%4(0, ¢, w}). The errors on the mea-
sured I'(0, ¢, w,) are determined to be no better
than +15% for the longer phonon lifetimes and no
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better than +25% for the shorter phonon lifetimes.

Bearing in mind the preceding comments on the
accuracy of the different estimates of the anhar-
monic self-energy quantities, we turn now to a
comparison of the experimental and theoretical
results in Tables VIII-XIII. The experimental
results have allowed separate determinations of
AE(0, t) to be made at 2=0 and Q=w,. Equation
(7) shows A £(0, t) to be a frequency-independent
quantity and the experimental results generally
support this within the limits of the experimental
accuracy. The exceptions to this are the results
for the cesium and thallium halides at higher
temperatures, but these differences may indicate
the importance of the volume dependence of the
dipole moments associated with the transverse-
optic modes in these materials which have been

neglected in the determination of A%(0, ¢) at
©=0. It is for this reason that the results for
A%(0, t)determined at Q=w, are considered more
reliable, and a comparison of these with the
theoretical results reveals a good agreement
within the accuracy limits for all the materials.
The results for A%(0, t, 0) are qualitatively very
good in that both experiment and theory show a
reversal in sign as the temperature is raised,
and furthermore show this reversal to take place
at about the same temperature. Quantitatively,
the low-temperature results are in good agree-
ment for all the materials and this reasonable
agreement is maintained for the potassium and
rubidium halides at higher temperatures. For the
lithium and sodium halides, however, serious
discrepancies arise between the two sets of data
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TABLE XII. Experimental values, in cm™!, of A%(0,¢) and A%(0,¢,9), determined at 2 =0

and 2 = w,, for the cesium halides.

A%, t)

T (K) Q=0 Q=w, A$(0,¢,0) A0, 1, wy)

5 0 0 -1.1 -0.7

100 -1.6 -2.0 1.2 -0.1

Cscl 200 -2.9 -5.8 3.5 1.5
300 -3.840.4 -9.841.0 5.1+2.4 2.3£2.0

5 0 0 0.4 -1.2

100 ~1.2 -1.6 0.8 -0.2

CsBr 200 -3.2 4.2 1.7 0.6
300 —-5.2%0.6 —6.8%0.7 2.6%1.5 0.9+1.5

5 0 0 0.2 0.5

el 100 -1.0 -1.4 0.5 1.3

200 -2.3 -3.4 1.0 1.8
300 ~3.7%0.4 —5.5£0.5 1.4+1.3 2.2+1.1

at higher temperatures, with the calculated re-
sults showing a much stronger temperature de-
pendence.

The agreement between theory and experiment
is less good for A%(0, {, w,). Qualitatively, the
experimental results suggest that the second-or-
der anharmonic contributions always dominate so
that A%(0, ¢, w,)<0, whereas the calculated results
reveal that this is not always so at the lower tem-
peratures. Quantitatively, although the results
for many of the compounds agree within the error
limitations, the experimental results generally
tend to vary somewhat faster with temperature
than the calculated theoretical predictions. The
preceding comments have been made for the cal-
culated values of A%(0, {, w,;) determined at the

calculated value of w,;. In order to test the sen-
sitivity of the calculated values of A%(0, ¢, w,) to
any frequency dispersion, we have also listed
values of A%(0, ¢, w,) calculated at the experi-
mentally determined values of w, in Tables VIII-
XI. With the exception of the higher temperature
data for LiBr and Lil (which in any case must be
treated with some caution for the reasons given
earlier), the two sets of calculated values for
A%(0, t, w,) are quite close and generally differ at
most by no more than +15%. However, the values
of A0, ¢, w,) calculated at (w,)exp are generally in
no better agreement with the experimental values
than the A%(0, ¢, w,) calculated at (w ).
The results for I'(0,¢, w,) show the theoretical
predictions at low temperatures to usually be

TABLE XIII. Experimental values, in cm™!, of A£(0,¢) and A%(0,¢,Q), determined at 2 =0

and @ =w;, for the silver and thallium halides.

Ao, )

T (K) Q=0 Q=w, A%(0,t,0) A0, t, w;)

5 0 0 3.5 - 4.5

100 - 0.8 -1.7 0.3 - 5.3

AgCl 200 ~- 3.7 -5.2 —2.1 — 7.2
300 - 8.80.8 -9.5£1.0 -3.0£2.0 ~10.5%5.0

5 0 0 3.0 — 1.4

100 — 0.6 -1.3 -0.3 ~ 2.0

AgBr 200 - 52 —4.6 -0.7 - 3.2
300 ~11.240.8 -8.6+0.8 —1.2£2.0 — 4.8+2.3

5 0 0 1.0 3.0

100 - 0.6 —0.9 3.9 4.5

Ticl 200 — 3.4 —4.4 7.1 8.4
300 — 4.6%0.7 -8.3+1.0 10.8%2.0 12.6 £2.1

5 0 0 1.0 3.0

100 - 0.6 -0.6 3.1 4.4

TiBr 200 - 2.0 -3.5 6.0 8.6
300 -~ 4.320.6 —7.6£0.9 8.8%2.0 12.841.8
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somewhat smaller than the experimental values
and, as the temperature is increased, to gener-
ally have a somewhat faster temperature depen-
dence than the experimental results. The calcu-
lated theoretical results at the higher tempera-
tures are generally in reasonable agreement with
the experimental results for the lithium and
sodium halides but are significantly bigger than
the experimental results for the potassium and
rubidium halides.

The experimental studies of the pressure de-
pendence of I'(0, {, w,) suggest that its volume
dependence is small. Equations (17) and (18) re-
veal that such a volume dependence can arise on-
ly from that of the anharmonic coupling coeffici-
ents or from that of the w”(q, j). We have at-
tempted to calculate approximately what Eqgs.

(17) and (18) would predict for the volume de-
pendence of I'(0, ¢, w,) for a number of alkali
halides by allowing all the w”(q, j) to have the
same pressure dependence as that measured for
w(0, ¢) and by using values of 7, and B suitably cor-
rected for the effects of pressure. Such assump-
tions lead to the conclusion that I'(0, ¢, w,) will
always decrease with increasing pressure by
(1-2)% per kbar. Although the absolute magnitude
of this calculated pressure dependence for I'(0, ¢, w,)
is in agreement with that found experimentally,
these results do not explain the small increases
with pressure found for I'(0, ¢, w,) for some ma-
terials.

The reason for the less good agreement between
the calculated and experimental anharmonic self-
energies at Q=w; is not clear. The discrepancy
between calculation and experiment for I'(0, t, w,)
at low temperatures could simply arise from an
underestimate of I'®(0, ¢, w,) or T'®(0, ¢, w,) or
from some sample artifact in the low-temperature
experimental measurements; this latter would
seem most unlikely, however, in view of the equi-
valent results that we obtain from single-crystal
reflection measurements and thin-film transmis-
sion measurements. The generally good agree-
ment between calculation and experiment for the
higher temperature I'(0,?, w,) for the sodium,
potassium, and rubidium halides suggests, but
does not prove, that the calculated form of
A4(0, t, w,) maybe correct [see Eq. (18)]; if this

were true then this in turn would suggest that the
general disagreement between calculation and ex-
periment for A%(0,t, w,) might arise from the cal-
culation of A4(0, ¢) [see Eq. (8)].

V. CONCLUSIONS

In this paper we have presented both experi-
mental and calculated theoretical results for the
self-energies associated with the ¢ =0 transverse-
optic modes of a wide range of simple ionic solids.
The comparison between experiment and theory is
generally good for the thermal-strain contributions
and for the low-frequency anharmonic self-ener-
gies. However, some discrepancies between ex-
periment and theory occur for some materials for
the far-infrared anharmonic self-energies which
may not be due simply to the associated errors of
the experiments or calculations. However, before
reconsideration of the current calculation pro-
cedures and the anharmonic theories are under-
taken, it would seem that experimental measure-
ments of the full frequency dependence of the an-
harmonic self-energies should be attempted in
order to more fully test the full frequency de-
pendence of the anharmonic self-energy calcula-
tions. Given the experimental results presented in
this paper for the thermal-strain contribution, it
would now seem possible to utilize such techniques
as asymmetric Fourier-transform spectroscopy*’
to yield the full dispersion of the dielectric re-
sponse and hence derive the frequency dependence
of the anharmonic self-energies following the pro-
cedure outlined by Lowndes and Martin.”
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FIG. 3. High-pressure far-infrared cell. A, retaining
closure; B, window mount; C, window; D, packing; E,
window retaining ring; F, gas input line.



