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Inelastic-neutron-scattering measurements of 43 mode Gruneisen parameters for the [00$j, [Q'0], and

gg] directions of RbI are reported. These "mode y's" were determined to an accuracy of 2 to 10'7o

of the Gruneisen-parameter range (about —2 to 13). Comparison is made and good agreement is

found with the results obtained using a breathing shell model which was extended to include the
third-order anharmonic interactions. The third-order parameters including those due to electronic

polarization effects are determined.

I. INTRODUCTION

For the study of anharmonic effects in lattice
dynamics it is convenient to divide the anharmonic
interactions into two parts: a deformation part
arising fxom the change in force constants due to
a deformation of the crystal lattice induced by
thermal or external. stress and an interaction part
related to the anharmonic coupling of one phonon

with all other phonons of the crystal at a given
temperature. ' The anharmonic-coupling param-
eters of both parts are, however, related. Since
at present the potential energy P(r) is not suffi-
cently wellknown for alkali halides, harmonic- as
well as anharmonic-coupling paxameters have to
be determined from expeximents. In addition to
the harmonic-coupling coefficients, inelastic- co-
herent-neutron- scattering measurements of pho-
nons can provide information about the anharmonic-
coupling parameters as well, One may consider
three types of measurements.

(a) The study of the temperature dependence of
phonons at constant px'essure: Owing to thermal
stx ss and the changing number of excited phonons,
both the deformation part and the interaction part
will change. The analysis of the phonon shift and

damping can provide the coupling coefficients at
least to fourth order, since the contributions of

the third- and fourth-order diagrams are of the
same order of magnitude. For ea,ch phonon in-

vestigated, however, summations over the whole

Brillouin zone are involved. Ther efore numerical
calculations using a realistic model for the lattice
dynamics, e. g. , of the shell-model type, ~ includ-

ing the Coulomb anharmonicities and the anhar-
monlc interactions which involve the dipole mo-

ments, axe extremely difficult.

(h) The study of the temperature dependence at
constant volume will provide information about
the interaction part alone. Apart from experi-
mental difficulties, similax numerical problems
as in (a) arise.

(c) The method we have chosen consists in study-
ing the pressure-dependent phonon shifts at con-
stant temperature, which give information about
the deformation part alone. A few measurements
of this kind have been done in the past. 3'4'9 We
have applied a hydr'ostatic pressure of 3 kbar in
order to achieve an isotropic deformation of the
RbI crystal. Such measurements can easily be
analysed in terms of a model including polariz-
abilities and Coulomb interactions' 7 to deter-
mine the coupling parameters of third order.

The analysis of our experimental results is
based on the renormalized harmonic approxima-
tion' where the harmonic-coupling parameters de-
pend only on the equilibrium positions of the ions
at a given temperature and a given extex'nal 8tl aln,
In this approximation the third-order coupling pa-
rameters are the coefficients of the linear terms
in the expansion of the second-order coupling pa-
rameters with respect to the deformation. The
validity of the renormaltzed harmonic approxima-
tion is not changed if external strain is applied at
constant temperature. Within this approximation
a good description of the measured phonon disper-
sion curves ln alkali halldes ls px'ovlded, lf a model
is used which allows for electronic polarization
effects. 3 For the present investigation a breathing
shell model' (BSM) was used.

RbI was chosen because it has many interesting
properties: It is the least stable alkali halide
showing NaC1 structure at atmospheric pressure,
and it exhibits a polymorphic phase transition to
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the CsCl structure at only 3. 6 kbar. Both ions
are strongly polarizable. ' The mode Gruneisen
parameter for the long-wavelength transverse-
acoustic phonons in the [100]direction of the Bril-
louin zone has a large negative value" compared
with other alkali halides and the thermal-expan-
sion coefficient is negative below 8 K. '~

II. EXPERIMENTAI.

Using the three-axis spectrometer IN2, at the
high-flux reactor in Grenoble, phonon measure-
ments were carried out on a cylindrical (30-mm-
diam, 50-mm-high [110]-axis) Rbi crystal along
the symmetry directions [00&1, [«0], and [«&]
at 3 kbar and at atmospheric pressure. The pres-
sure technique has been described previously. "
Gruneisen parameters

—d In&@(g, j)

were obtained from the frequency shifts and the
volume change (6 V/V was calculated from the
Bragg-angle changes to - 0.024+ 0.001) observed
under pressure. These "mode y's" could be de-
termined to an accuracy of 2 to 10%%ua of the
Griineisen-parameter range ( —2 to + 3).

Most of the information was obtained on the
acoustic branches. For this part of the measure-
ments bent pyrolitic-graphite crystals (PG) were
used as monochromators in conjunction with a
pyrolitic graphite filter and pyrolitic graphite as
analyzer. The horizontal collimations were, in
the sequence from reactor to detector, 60', 25',
56' and 56 . Constant-Q scans with fixed kp
(ko= 2. 67 A ') were used throughout this part of
the measurements. About 40 different phonon
pairs were measured in this way, many of them
in two different Brillouin zones. For the mea-
surement of optical phonons Cu(111) monochro-
mators were used together with a PG filter in

front of the PG analyzer. Six TO phonons were
studied, but no LO phonons. The selection of mea-
surement points in reciprocal space was guided in
the usual way by consideration of the phonon struc-
ture factor obtained from the model calculation. '

The transverse branches [00(] and [$/0] did not
present any serious problems. In the transverse
[$$(] as well as in the longitudinal branches peak
distortions were encountered, which make the
evaluation of peak shifts more difficult. Another
difficulty arose with small-q phonons. In spite of
the large counting rates, the errors in the Grunei-
sen parameters rise steeply if the phonon peak is
superimposed on the slope of an incoherent elastic
peak. Owing to this effect the limit of feasibility
towards smaller q's was actually about q = 0. 1 to
0. 15 in any direction. The problems arising in

the evaluation of the peak shifts in these cases are
discussed in detail in Sec. III.

III. DETERMINATION OF PHONON FREQUENCY SHIFTS
FROM THE EXPERIMENTAL PHONON GROUPS

The main problem in deriving phonon frequency
shifts from the experimental phonon groups is the
fact that, with the exception of the optical phonons,
the phonon shifts are small compared to the width
of the individual group. In the classical optical
sense the shifted and the unshifted phonon groups
are not "resolved. " It is therefore essential that
the shift determination is treated as a relative
measurement; i. e. , the absolute values of the two
phonon energies do not have to be known to a com-
parable accuracy.

The essential basis of the evaluation is the
"templet hypothesis. " According to this hypothesis
the phonon group does not change its shape when
pressure is applied, but is merely shifted along
the energy axis like a rigid templet. This templet
is pinned rigidly to the "ideal phonon" and the shift
of the templet is exactly equal to the shift of this
ideal phonon. It is this shift which we are com-
paring with the phonon shifts calculated on the
basis of our model.

In the field of neutron scattering a hypothesis
of this kind seems to have been applied for the
first time by Brockhouse in his measurements of
Kohn anomalies in lead. '4 Some of the present
authors have used this hypothesis in several pre-
vious measurements of Gruneisen parameters. '

It is important to note that the ultimate limits
of accuracy in shift measurements, once the
counting statistics are sufficiently good, is given
by the validity of the templet hypothesis. In the
analysis of phonon-group shifts we therefore use
the templet hypothesis with due consideration of
conditions which might violate its validity. The
following effects can limit the validity of the
hypothesis:

(i) Spurious peaks which are submerged in the
main peak, and are large enough to have an influ-
ence. Spurious-peak search programs have been
used, similar to those in Ref. 15. Another means
which has been applied is a visual comparison of
both groups and control of the integrated intensities.

(ii) Uncertainties in the background substraction.
(iii) Change of the phonon peak due to pressure-

induced changes in V, &u(q). This effect is of sec-
ond order due to the smallness of shifts.

The [00$] and [$/0] longitudinal- and transverse-
acoustic branches present little difficulty (Fig. 1)
except for the low-q phonons and the turnover
points of the longitudinal branches (Gaussian peak
shape over a small background). Fortunately ex-
actly these phonons are of particular importance
in the comparison with our calculations. The gen-
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fIom evaluation either already by inspection or
after unsuccessful attempts along the above lines.
The results are given in Table I. The phonon

pRlrs 19~ 36~ 37 Rx'e marginal CRses ln this I'espect
but are of less importance in the compari. son with
our calculations.

'

An ultimate but very important justification of

100".

TABLE I. Values of the mo«oriineisen parameters

y(q &) measured at the points Q in the (110) plane of the

reciprocal lattice.

No.

I

THz

FIG. 1. Measured phonon groups for TA [114]at at-
mospheric pressure (0) and at 3 kbar (+), The full lines
are fits of Gaussians to the experimental points taking
into account a linear background.

eral px'ocedure applied in the shift determination
was a least-squares fit to each of the two groups
consisting of R GRusslRQ fol the mRln peRk Rnd R

background (either a constant or a straight line
and/or another Gaussian centered around zero or
with a free position). When thebackground param-
eters of the neutron groups measured at zero
Rnd at high pressure gave satisfactory agreement,
the differences of the fitted peak positions were
taken as the shift. %hen there were considerable
differences in these parameters (exception rather
than the rule) the influence of the uncertainty there-
of was estimated and added to the exror.

By and large, the least-squares fits automati-
cally reflect the uncertainties stemming, e.g. ,
from the background subtraction. In most cases
good fits to the experimental neutron groups were
obtained. An exception axe the small-q phonons
where the statistics are extx emely good and non-

GRU881Rn ShRpes Rx'e superlIQposed on R 1RI'ge

bRckground. HeI'e stat1stical lllRccurRcles Rl e no

longer the main problem. In these cases we are
dealing with systematic exrors; i.e. , we approach
the validity of the templet hypothesis. part of the

increase of the final error at small q is due to the
use of a Gaussian for the main peak and could be
remedied by using an appropriate different peak
shape. This would, however, not solve the prob-
lem of background subtraction; we feel the sharp
increa, se of the exror is a fair indication of the true
uncertainty towards small q's (below about q
=O. 15). A true improvement for small q's would

require a better xesolution.
Some of the measurements had to be excluded
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l. 9 0.1
?0 0.2
21 a, 0.3
2lb O. 3
22a 0.4
22b 0.4
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+0.24
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+0.15
+0.15
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—0.01
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-0.91

+0.32
+0, 27
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*0.18
+1, 17
+0.10
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74+0. 17
53+ O. 15)

2.24 + O. 26
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2. 93 + 0.29

0.54+ 0, 53
l. .03+0, 28
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2.29 +0.22

l.91+0.28
l.76+0.18
1.52+0.15
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the validity of the evaluation is given by (a) the
agreement of the y values for phonons measured
in two Brillouin zones (numbers 9, 15, 21, 26, in
Table I), (b) the continuity of the y's as a function
of wave vector q, and (c) the qualitative agreement
with Rll previous Gruneisen parameter calcula-
tions, 5 7'I e. g. , the fast decrease from large
positive to negative values in the [00$] and [($0]
longitudinal branches, the negative values of the
[00$] and [$/0] transverse branches as opposed to
positive VRlues of 'y 8 ln Rll other branches.
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In the calculations we have used a breathing-
shell model where axially symmetric force con-
stants to first (A,2, BIz) and second nearest neigh-
bors (A~~, B2~) were taken into account. (1 labels
Rb' ions, 2 labels I ions. ) These forces were
assumed to act only via the shells. The shells
were coupled to their own cores by the force con-
stants A, and k, . The isotropic deformability of
the shells was characterized by the constants
gy = Eppes Rnd ga = Epkp, The loMC chRrge 18 Z Rnd

the shell charges F are assumed to be equal. '7

'With this model a quite satisfactory description of
the measured' phonon dispersion curves is possi-
ble, as was shown by one of the authors in a pre-
vious paper where the details are given.

The third-order coupling parameters (A„, B,'2,
Az~, B22, F, k „k2) of this model are obtained
from the isothermal isotropic pressure derivatives
of the long-wavelength data (i.e. , the three elastic
constants c&z, the dielectric constants co and z,
the reststrahlen frequency ~„, and the ionic polar-
izabilites nz and n„b) in a similar way as are the
harmonic parameters from the undifferentiated
data. ' The only parameter which cannot be deter-
mined from the long wavelength data, is the deriv-

0

ative Z of the ionic charge. Here A,a, etc. , de-
note thederivatives (- d InA, z/d lnr)r, „,, etc. In
Ref. 5 Z was found to affect strongly one of the
acoustic mode Gruneisen parameter branches in
the region around the X point. In the [100]direc-
tion this branch corresponds to the LA, in the
[110]direction to the T,A phonons. In that pre-
vious calculation the value of Z =- l.47 had been

TABI.E II. Input parameters for the calculation of the
mode Gruneisen parameters. The values are the same
as in Ref. 5, except for F44 and Z.

FIG. 2. Dispersion of the mode Gruneisen parameters.
Full lines: calculation; open. circles, full circles: mea-
surements with error bars for the transverse and longitu-
dinal branches, respectively.

adjusted so as to obtain agreement with the ther-
mal-expansion coefficient at T = 283 'K. The re-
sults of the present experiment allow us to deter-
mine Z in a more direct way. Best agreement
with the measured mode Gruneisen parameters is
now found with Z=0. 0, In addition, our measured
mode Gruneisen parameters for the transverse-
acoustic branch (Table I) in the [100]direction do
not confirm the low value of —3.32 at the X point
measured by Saunderson. ' In the frame of the
present calculations our data give better agree-
ment with the average of the different available
ultrasonic results. " Therefore the corresponding
input parameter y«= -8 (1 —C«) was changed from
—1.2V (chosen in Ref. 5) to - 1.20. The input
data finally used in our calculation are summarized
in Table II.

In general the agreement between the calculated
and measured mode y dispersion curves (see Fig.
2) is quite satisfactory. Moreover the calculation
shows that the neutron results are consistent with
the optical and acoustical data and that the anhar-
monic extension of the BSM is a useful approach
for the calculation of mode Gruneisen parameters
in alkali halides.

As a further check we have recalculated the
linear thermal-expansion coeff icient

'y)) =2, 55,

y„=l. 86,

y44=-1. 20,

'It'To g") = 2, 37

d lMO

d 1nga

dn~
d IncC

where C(T: q; j) is the Einstein specific-heat func-
tion. The result is given in Fig. 3. In the high-
temperature limit the results are now in better
agreement with the measurements of Schuele and
Smithao than in Ref. 5. In the low-temperature
region the agreement is slightly poorer owing

touche

smallupward shift of the TA mode Gruneisen
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parameters in the [100]direction. It still remains
satisfactory if we consider the approximations
made for the calculation of the linear thermal-ex-
pansion coefficient.

V. DISCUSSION

I I

hC
0

Since the development of a justification from
first principles for the different models used in
phonon calculations is still in progress~' we give
here only a crude qualitative picture for the inter-
pretation of some of the anharmonic parameters
given in Table III.

The leading term in the short-range repulsive
interactions is A». The force constant A» arises
from the overlap of the wave functions of neighbor-
ing ions. The radial part of the wave functions
will in a first approximation lead to a Born-Mayer-
type repulsive potential Q(~) =B e ~' and A, 2

corresponds in this picture to ro/p, which de-
scribes the decrease of the potential. The Coulomb
contribution to the dynamical matrix can be fac-
torized into a part depending only on the structure,
which does not change if hydrostatic pressure is
applied, and a prefactor containing the charges
and the volume of the elementary cell. For the
Coulomb interaction between the ions this pre-
factor is + Z~e~/v, . Its change with applied hy-
drostatic pressure would lead to stronger Coulomb
forces if the ionic charge Z were not affected.
The wave functions for an ionic crystal will not
only consist of the individual wave functions of the
free ions but may have mixed-in homopolar con-
tributions arising from the exchange of the s and

p electrons of Rb and I, respectively. This "ex-
change part" may explain the value of 0, 88e of the
Coulomb charge in RbI found within the BSM at
atmospheric pressure. With increasing hydrostatic
pressure the exchange part might increase, lead-
ing to a decrease of the Coulomb-charge Z com-
pensating partly the strengthening of the Coulomb

2-

10 20
TPK]

100
I

200

FIG. 3. Linear thermal-expansion coefficient. Full
line: calculations; 0, measurements of Befs. 12 and
20, respectively.

interaction due to i '. In Ref. 5 this effect was
overestimated and both parts cancelled nearly
completely. From the results of the present mea-
surements it is found that the change in the ex-
change part can be neglected and the Coulomb
forces increase with pressure [ —din(Z2/n, )/dine
= 3.0]. Consequently the repulsive forces are in-
creasing faster than obtained in Ref. 5.

A(2
+12
A22

822
Z
F
k(
k2

14.40e~/v
—Q. 9981e /v

0. 7991e /v
—0, 1834e /v

0. 8795e
-3.888e
800. 3e2/v
223. 2e /v~

1.000
3.000

d lnX
d lnx

+10, 36
15.87
11.56
-9.798
—1.473

+10.30
+21.25
+22. 96

0. 000
0. 000

d lnX
(present)

d l. m"

11.88
19.25
14.53
1.76
0. 00
2. 59
5.58
6.63
0. 000
0.000

'See Ref. 5.

TABLE III. Shell. -model parameters and their deriva-
tives (obtained from the input parameters given in Table
I).

VI. CONCLUSION

The mode Gruneisen parameters of RbI obtained
from our measurements and the present model
calculations are in good agreement. In particular,
the model predicts the positive and negative signs
of different mode y branches and the steep slopes
of the LA [00$] and [$/0] branches remarkably
well. This is rather encouraging since the model
is constructed in such a way as to exactly repro-
duce for q-0 the ultrasonic and optic results.
Therefore the mode Gruneisen parameters deter-
mined with different methods in different regions
of the Brillouin zone are consistent within the
framework of the present theory. Satisfactory
agreement was found as well for the calculated
and linear thermal-expansion coefficient in the
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measured values of the whole temperature region
betmtveen 4 and 300'K. This indicates that the
model used does not only give a realistic descrip-
tion of the dispersion relations of both phonons
and mode Gruneisen parameters along symmetry
directions, but in the whole Brillouin zone. We
finally conclude that for suitable substances mea-
surements of mode Gruneisen parameters at a
high-flux reactor can give valuable information
pertinent to the anharmonic lattice dynamics.
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