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Measurements of the "*Br nuclear-quadrupole-resonance frequency and spin-lattice re-
laxation time in a polycrystalline sample of K, PtBrg from 4 to 450 K are reported. The fre-
quency data indicate that structural phase transitions occur at 78, 105, 137, 143, and 169 K,
The relaxation-time data are extremely sensitive to the phase transition at 169 K. At the
high-temperature phase transition the structure of the substance changes from cubic to te-
tragonal. On the basis of previous comprehensive studies in KyReCl; it is likely that the
phase transition is second order and is driven by the rotary lattice mode. As a model for
this transition it is assumed that the PtBrg?~ octahedra remain undistorted but that they rotate
within the cages defined by neighboring K* ions and that the cages elongate in the directions
of the axes of rotation of the octahedra. The frequency data in the high-temperature phase
are analyzed to yield the temperature dependence of a certain average ©, of the rotary-lattice-
mode frequency over the Brillouin zone; a 12% softening is deduced. The relaxation data in
the high-temperature phase are analyzed to yield the temperature dependence of a second av-
erage 5T1 of the rotary-mode frequency over the Brillouin zone; a 40% softening is deduced.
Itis shown thatthe difference between the temperature dependence of w, and ETI is due to a
difference in weighting of the rotary-mode frequency near the Brillouin-zone center. In par-
ticular, the dramatic temperature dependence of GTi can only be accounted for through the
anharmonic Raman process and not the ordinary Raman process for quadrupolar-dominated
spin-lattice relaxation. Below 169 K, two T, values, one approximately twice the other, are
observed at each temperature. It is shown that this observation is consistent with the model
postulated for the phase transition. The average rotary-mode frequency is found to harden as
the temperature decreases below 169 K. That T, is insensitive to the phase transitions at
lower temperatures is thought to imply that these transitions are not driven by the rotary-lat-

tice mode.

I. INTRODUCTION

Nuclear-quadrupole-resonance (NQR) research
carried out at the University of Toronto in recent
years!=S to study the cubic RyMXg compounds has
shown that the temperature and pressure depen-
dences of the resonance frequencies and spin-lat-
tice relaxation rates of chlorine nuclei predomi-
nantly reflect the behavior of the low-lying rotary-
lattice mode. Because of symmetry considera-
tions this mode is neither infrared nor Raman ac-
tive in the cubic phase, and therefore, NQR spec-
troscopy provides an especially attractive tech-
nique for the study of the rotary mode.

Many of the R,MXg compounds exhibit multiple
phase transitions from their high-temperature
cubic phase to lower-symmetry phases as the tem-
perature is decreased. It was suggested by
O’Leary® that the temperature variation of pure-
NQR-frequency data could be used to advantage
for the observation of the softening of low-fre-

quency librational modes in regions otherwise in-
accessible to spectroscopic investigation. He pre-
sented data for the **C1 NQR in K,ReCl; and ana-
lyzed the data in the region of the crystalographic
phase transition at 110. 9 K. The analysis of the
experimental information for this paramagnetic
compound is complicated by the possible contribu-
tion from 7 bonding and by large specific-volume
effects.® To circumvent these difficulties we de-
cided to study the ™Br resonance in diamagnetic
K,PtBrg in which 7 bonding is not present and in
which specific-volume effects are likely to be con-
siderably less important.

Unfortunately, much less is known about the
phase transitons in K,;PtBrg than in K;ReCl;. In
our analysis we will rely on the results of the
comprehensive analysis available for K,ReClg."

In this salt the phase transition at 110. 9 K is
thought to be a displacive phase transition of the
second kind in the Landau sense. According to the
Landau theory the phase transition is brought
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about by the softening of an optical phonon at a
particular point in the Brillouin zone. On the
basis of a group-theoretical analysis all but three
mode candidates can be eliminated. On the basis
that the phase transition involves no change in the
number of molecules per unit cell, two of the re-
maining three candidates can be rejected. The
analysis predicts that the phase transition is
driven by the softening of the rotary mode at the
center of the Brillouin zone.

As well as measuring the Br NQR frequency
in K, PtBrg it was also decided to measure the nu-
clear spin-lattice relaxation rate. The use of
quadrupolar relaxation to study phase transitions,
for example, ferroelectric ones,"'10 is well known.
We know of no previous experiment which has
combined both NQR-frequency data and relaxation-
rate data to study a single phase transition.

Previous NQR measurements in K,PtBrg are
limited to measurements of the "Br resonance
frequencyn'12 at liquid-nitrogen, dry-ice, and
room temperature and measurements of the ®Br
resonance frequency13 at seven temperatures be-
tween 160 and 320 K.

II. 200-MHz SPECTROMETER

The measurements reported were obtained by
means of a phase-coherent, pulsed, magnetic
resonance spectrometer operating in the region of
200 MHz. A continuously operating signal gener-
ator centered at 200 MHz, stable to 1 part in 108,
and having a bandwidth of 20 MHz provided the res-
onance frequencies. The rf pulses are produced
using a gated MOSFET amplifier’* which delivers
10 mW of peak power into a Hewlett Packard (HP)
230B power amplifier. The output from the HP
230B is further amplified in a power transmitter
comprising a 6360 driver stage and a 3E29 output
stage, both operating class C. The 1-kW rf pulses
are coupled into the sample coil and the sample
coil to the input of the receiver by means of a co-
axial bridge circuit.!® The receiver section con-
sists of three dual-gate MOSFET preamplifiers.
Phase-sensitive detection is achieved using a Hew-
lett Packard 1053A mixer detector. The coherent
rf reference originates at the signal generator and
is coupled to the HP 1053A via a General Radio
trombone-line phase shifter. The detected output
is further amplified in a video amplifier and then
monitored on an oscilloscope or sampled by a box-
car integrator which drives a Moseley 7035B x-y
recorder.

The sample coil forms part of a parallel L-C
tuned circuit located within a Dewar. Impedance
matching to the coaxial bridge is achieved by tap-
ping at a suitable point on the coil. The 3 coaxial
line connecting the coil to the bridge consists of
concentric, thin-walled, stainless-steel tubes

chosen to make the characteristic impedance of the
line 50 Q. The variable capacitor (2-5 pF) consists
of concentric conductors. The inner conductor
which is movable, is grounded via a phosphor-
bronze-wiper contact and is coupled to the outside
of the cryostat through an O-ring seal.

III. EXPERIMENTAL PROCEDURE

The polycrystalline sample of K,PtBrg was pur-
chased from Atomergic Chemetals Co., Division
of Gallard-Schlesinger Chemical Manufacturing
Corp.

The auxiliary equipment for establishing and
monitoring the temperature of the sample and the
experimental techniques used to measure NQR fre-
quencies and spin-lattice relaxation times have
been described in an earlier publication.16 The
NQR frequency and spin-lattice relaxation time of
the "Br nuclei in K,PtBr; were measured at 5-K
intervals from 4 to 450 K. Near the phase transi-
tions, data points were taken at 1-K intervals. All
temperature measurements are accurate to within
0.5 K, all NQR frequency determinations to within
10 kHz, and all spin-lattice relaxation time mea-
surements to within 5%.

1IV. TEMPERATURE DEPENDENCE OF THE
NQR FREQUENCY

The v(T) data for the Br NQR of K,PtBr, are
shown in Fig. 1. From 450 to 169 K a single reso-
nance line is observed; the frequency of the line
increases by ~ 1.5 MHz as the temperature de-
creases over this range. Just below 169 K the line
splits into two components with the intensity of the
higher-frequency one (labeled v, ,) being twice that
of the lower-frequency one (labeled v,). The fre-
quency of each line then increases as the tempera-
ture is further decreased. This behavior is com-
patible with the suggestion that the substance under-
goes a displacive phase transition at 169 K from a
high-temperature cubic structure to a structure
possessing tetragonal symmetry. A second phase
transition to a structure of still lower symmetry
takes place at 143 K. Just below 143 K the high-
frequency line splits into two components, and the
three lines observed are of equal intensity. Below
143 K the frequency of the lower line increases uni-
formly as T decreases; the general trend of the up-
per line is similar; however, additional discontinu-
ous changes are observed at 137, 105, and 78 K.
Between 105 and 137 K the intensity of the single
upper line is again twice that of the lower line.

A recent x-ray determination!” in this tempera-
ture range has confirmed that the structure is in-
deed tetragonal and that the number of formula
units per unit cell is the same as in the high-tem-
perature cubic phase. The observed splitting of
the upper line between 78 and 105 K is ~50 kHz and
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FIG. 1. Temperature dependence of the ®Br NQR fre-
quency in K, PtBrg. The data indicate that five phase
transitions occur.

just within the resolution capability of the spec-
trometer,

The electric field gradient at a particular bro-
mine nucleus in K,PtBrg may be taken as the sum
of two parts, a contribution ¢, from the complex
ion to which the bromine nucleus belongs and a
contribution ¢, from the neighboring ions, in par-
ticular, the K* ions, defining the cage in which the
PtBrg®" ion resides. The two contributions are of
opposite sign, and the magnitude of ¢, is less than
10% that of ¢, .

One model for describing phase transitions in
R,MX, compounds’ assumes that the MX®" ions
are rigid octahedral structures. In a phase transi-
tion the cage dimensions may change and the oc-
tahedra may reorient relative to the principal axes
of the cage but the octahedra themselves remain
unchanged.

The temperature dependence of v(T) in the high-
temperature phase reflects the increase with tem-
perature of the efficiency of the lattice vibrations
in averaging out the electric field gradient at the
bromine nuclear sites. A detailed analysis of
these data is presented below.

At 169 K a phase transition occurs. The angle
of rotation of the equilibrium orientation of the
PtBrg octahedra from that in the high-temperature
cubic phase is taken as the order paré,meter for

the phase transition. The observed splitting of the
NQR line is associated with a change in the value
of the order parameter. Theoretically, for a sec-
ond-order phase transition, the order parameter
changes continuously, from the value zero at the
transition, as the temperature decreases from the
transition temperature. In practice, however, the
order parameter may experience a discontinuous
change at the transition due to an increased inter-
action between those optical phonons which are
driving the transition and the acoustic phonons.
Therefore, the appearance of a discontinuous
change in the NQR frequency at 169 K in the ab-
sence of hysteresis does not necessarily imply
that the phase transition is of the first order. The
temperature dependence of v(T') below 169 K
reflects both the temperature variation of the or-
der parameter and the temperature variation of
the efficiency of the lattice vibrations in averaging
out the electric field gradient at the bromine nu-
clear sites. Similar qualitative remarks apply to
each of the other phase transitions. No detailed
analysis of the NQR-frequency data below 169 K

is possible since we do not know how to separate
the two contributions causing v to vary with tem-
perature.

If the model proposed to account for the phase
transitions is a reasonable one then it must be
able to account for frequency shifts of the order of
4 MHz due to changes in the magnitude of g, with
the occurrence of the phase transitions. Since gy
accounts for about 10% or 20 MHz of the observed
frequency, changes in g, of the order of 25% are
required. A simple calculation based on a point-
charge model, and including only nearest neigh-
bors, indicates that changes in the magnitude of
¢q; of this amount are easily explained.

The analysis of v(T) in the high-temperature
phase was carried out using a procedure intro-
duced by previous authors.”® The electric field
gradient at a bromine nuclear site possesses axial
symmetry about the PtBr bond (z axis); the field
gradient is assumed to arise entirely from the
charge distribution within the complex ion. In
this approximation the NQR frequency is given by

v(T)=eQq(T)/2h ,

where eq(T) is the time-averaged value of the zz
component of the electric-field-gradient tensor,
and @ the quadrupole moment of the bromine nu-
cleus. In lowest order

q(T)=qo(1 -3(6%)),

where (6%)=(6,7) =(62) isthe mean-square angular
displacement of the PtBr-bond axis in the x or y
direction. From the theory of lattice dynamics in
the harmonic approximation we find
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where a=x, y; N is the total number of unit cells;
R=2.63 A is the PtBr-bond length; , is the
mass of nucleus X; e (X 1-(.,) is the ath component
of the polarization vector associated with the dis-
placement of nucleus X in the normal mode of
branch j and frequency w ,(E) at point K in the Brill-
ouin zone. The summation is taken over the 15 in-
ternal modes of a PtBrg“" octahedron and the three
rotary-lattice modes. Defining v,=eQqq/2h to be
the static lattice resonance frequency, the fre-
quency shift Av, . (T) from v, at temperature 7 is
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A value for vy was obtained from an extrapolation
to T=0 K of the straight-line fit to the data for
350< T<450 K (see Fig. 1). The value vy=202.47
+0.03 MHz was deduced. The contribution Av,,,(T)
is then evaluated assuming the normal modes of
an isolated XYg molecule, neglecting dispersion,
and substituting the vibrational frequencies found
by Debeau and Poulet'® for (NH,) ,PtBrg. Although
no infrared or Raman data are available for
K,PtBrg, the use of (NH,) ,PtBrg internal mode
frequencies is justified since it is well established
that these frequencies are quite insensitive to the
crystalline environment. It is found that aAv,,,(T)
accounts for only about 10% of Av,, (7). The dif-
ference Av,,,,(T) - Av,,,(7) is taken to be the con-
tribution Av_,(7). From the above expression for
AV, (T) it follows that in the high-temperature
approximation

_ 3%1}& ZkBT
& ()= 507 kE 7Ry (6)
3vgks T J’ k2dk
_ SVokgl kdk
T V)

where I is the moment of inertia of the PtBrg octa-
hedron for oscillations about a principal axis, and
V is the volume of the unit cell in the actual lattice.
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The integration is performed through one unit cell
in the reciprocal lattice; the unit cell is approxi-
mated by a sphere. The neglect of the k depen-
dence of the polarization vector is consistent with
the model adopted for the field gradient. We de-
fine an average rotary-mode frequency

&,={anv [ [RPdk/wl @]},
and write the expression for Av_ ,(T) in the form

Av (T) =%§—‘3—T .
Using this expression, the temperature dependence
of @, was deduced from the NQR-frequency data.
Figure 2 shows the result obtained. As the tem-
perature decreases towards the transition, @, de-
creases. At 300K, @,(300)~32 cm™!, whereas
at 169 K, @,(169)~28 cm™, That is, a 12% soften-
ing of the average frequency of the rotary-lattice
mode is indicated.

V. TEMPERATURE DEPENDENCE OF THE NUCLEAR
SPIN-LATTICE RELAXATION TIME

The T,(T) data for the "Br NQR of K,PtBr, are
shown in Fig. 3. The most striking features of the
data are the dramatic decrease in 7, from ~40 msec
at 30 K to 40 usec at 169 K, a change of three or-
ders of magnitude, and the pronounced T; minimum
which coincides with the phase transition observed
in the frequency data at 169 K. Above 169 K, the

35 1 T | T T T T

30— =

-Ujv (cm")

G

l | | | | | |
OIGO I80 200 220 240 260 280 300
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FIG. 2. Temperature dependence of the average ro-
tary-mode frequency w, as deduced from the NQR-fre-
quency data in the high-temperature cubic phase. A 12%
softening between 300 and 169 K is indicated.



1600
SO T T[T T T TTTL
30 '.- -
L . _
|O: 'A =
= £ KoPtBrg 3
5.0 - 79Br n
ok
3.0 oA -
oA
—_ - :‘ —
§ 78'.A
g 1.0 4 =
~ — A -
Ll - ¢ —
= 0.5 |£5$/T“"y .
— oA
0.3 3 —
g - i/le _|
= i '
% O.1E 137 "t . 3
I 0.05: $ ]
0.03F | -
L 169 _
C.0l Ll it Lol
10 30 50 100 300 500 1000

TEMPERATURE (K)

FIG. 3. Temperature dependence of the Br spin-
lattice relaxation time in K, PtBrg. Only the phase tran-
sition at 169 K is clearly apparent in the data.

single NQR line is characterized by a single re-
laxation time; below 169 K, the lines labeled v,
and v, , are characterized by spin-lattice relaxa-
tion times Ty, and Ty, ,, respectively, with
Ty,<Ty,, at each temperature. The temperature
at which the other phase transitions occur, as in-
dicated by the frequency data, are marked on the
diagram. There is little if any evidence for such
phase transitions apparent in Fig. 3. In fact, the
T,’s at any temperature as measured for the two
upper lines in the temperature range 137<7 <143
K are somewhat different. For 78<7<105 K, the
T,’s for the two lines are indistinguishable to with-
in experimental error.

Recent studies of chlorine nuclear spin-lattice
relaxation in R,PtCl; compounds®'16-20 have shown
that two relaxation mechanisms can be important—
the resonant anharmonic-Raman process® '?? and the
nonresonant hindered-rotation process.? The lat-
ter process was identified in K,PtClg for 7> 320 K
by its characteristic isotope independence. We
believe that it is this process which dominates the
relaxation of the bromine nuclei in K,PtBrg for 7
> 400 K and which is responsible for the rapid
decrease of 7y occurring at high temperatures.
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For the analysis presented below we assume that
for T'<300 K the relaxation of the bromine nuclei
is dominated by the resonant anharmonic-Raman
process and consider that process only.

Initially, let us consider the relaxation-time
data for 169 <7 <300 K. In this range the crystal
structure of K,PtBr, is cubic, and the adaptation
of the theory of Van Kranendonk and Walker?®! 22
to R,M X, substances are carried out by Armstrong
and Jeffrey?® should be applicable. Part of that
presentation will be repeated here in order to
clarify some of the steps taken. The relaxation
rate of the bromine nuclei can be written as

2
-5 X 419

wel,2 i SR

73 (R)y, (K
x| f #(KKj5") |2 nle; (k)

x [n(e ; (k) +1]6(, (k') - € (K) - Ep),

where -y,(-ﬁ) is a microscopic Griineisen param-
eter associated with mode j and wave vector E,

Q is the quadrupole moment of the "Br nucleus,
E,(E) = ﬁwj('ﬁ) is the energy of a phonon labeled by
k and j, » denotes a Bose-Einstein occupation num-
ber, E, is the energy difference between the NQR
levels, and N is the total number of unit cells.

The quantity f*(kk'jj) is defined by the relation

BTN 7
b (kk 77 )= Z[wj(ﬁ)wj.($k7)]172

u (eaBrlkj) e, (PtIK))
X?gfow(m 7z~ 7z )

Br Mpt

" (eB(BrIE'j') _e(Pt |’1E’j')>
mBrl/z mPtl/z )

where f,; is the derivative with respect to x, and
x3 of the uth component of the electric-field-grad-
ient tensor evaluated at the equilibrium position

of the bromine nucleus. The summation is taken
over the 15 internal modes of the PtBrg octahedron
and the three-lattice modes. Introducing the high-
temperature approximation and replacing ) zz. by
NV [, f; akdk’ gives

2 2
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It should be noted that in accordance with the ap-
proximation of considering only nearest-neighbor
coupling we have neglected the k dependence of the
polarization-vector components.

Making the additional assumptions that w(K) [and
therefore y(K)] is independent of the direction of k
and that there is no significant overlap of the in-
ternal modes, the expression further reduces to

- 4y P ' 72
! T)=29<—2—) 20 2
1 3n ), iy &

" ( mg( BrlZ gq(_iTL>

(eB(Br 15") eﬁ(Pt
Mpyr

2
) l (ArYriT?V?

, Ktdk
XJ; '}’j(k)'/j'(k ) w?(k)w?. (k)|‘ aw,:/ak Pe
The prime over ;;, denotes that the summation
over j and j' contains nonzero contributions only
for j and j' being degenerate branches of the same
mode. Because of the relatively high frequencies
of the internal modes their contribution to the re-
laxation rate is negligible® and E, ; need only in-
clude the rotary-lattice modes. Therefore, we

find
B 47TQ TTkaTz rot GeSﬁ
(T 29( ) )R>
! ) 3’{ Mpr p=1,2 i 4
2
(Br|j) e5(Br|j")
4
21,2 ’ kR dk
x@arv J;Vf(k’yf"k ) oW, 0w, ok

The coefficients f; have been evaluated using a
point-charge model. For the Pt nucleus located at
(0, 0, 0) and the Br nucleus at (0, 0, @) these coeffi-
cients are given by

0 0 -2
f}wﬁ_gg o o -2 ,
-2 -2 0
1 1 0
3se | .
fatB 2R 4 -10 >
0 0 O

where ¢ is the electronic charge, R is the PtBr-
bond length, and s is a factor introduced to take
account of covalency and antishielding effects. An
estimate of s may be obtained from the NQR-fre-
quency data through the expression

v(T)=(Q/2n) (2se/R?) .

We then define an average rotary-mode frequency

_ _((47r)2v2 J’ V2 (R)E dR
le_

1/5
Wi ()1 8w, (B)/0R1 ) )

where y is taken to be the average Griineisen pa-
rameter for the rotary mode far from the phase
transition. It is because the quantity on the right-
hand side has the dimension of (time)™ that we
label the defined quantity an average frequency.
The expression for the relaxation rate may then be
written in the form

T7H(T) = (mvQseky /im g, R (T3/ @ ©y )

Using this expression, the temperature depen-
dence of wr, was deduced from the T; data. Fig-
ure 4 shows the result obtained for y~2. As the
temperature decreases towards the transition,
wr, decreases. At 300 K, wr,(300)=~27 cm™,
whereas, at 169 K, wr,(169)~16 cm™. That is,
a 40% softening of the average rotary-mode fre-
quency is indicated.

A comparison of w, of Fig. 2 and wr, of Fig. 4
for 169 < T <300 K reveals that w, exhibits sub-

stantially less softening than does wr;. The sig-
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FIG. 4. Temperature dependence of the average ro-
tary-mode frequency BTﬁ as deduced from the spin-lattice
relaxation-rate data. In the high-temperature cubic
phase, a 40% softening between 300 and 169 K is indicated.
The rotary mode hardens again as the temperature de-
creases below 169K in the lower symmetry phase. For
143<T <169 K, the Wy, values deduced are, within ex-
perimental uncertainty, indistinguishable for z and for x,
y nuclei.
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nificance of this behavior will be discussed in Sec.
VI.

Now we turn to a consideration of the relaxation-
time data for 143< T<169 K. Just below 169 K,
the T, data change discontinuously and split into
two components, labeled Ty, , and Ty, in Fig. 3 to
identify them with the transition frequencies v, ,
and v,, respectively, shown in Fig. 1. At each
temperature in this range, 7y , = 2T;,. The ex-
planation of this observation is as follows. As the
temperature of the sample passes through 169 K
from above, the crystal structure changes from
cubic to tetragonal. In the tetragonal phase a
unique z direction can be defined in the lattice with
the result that nuclei on axes parallel to the z di-
rection are not equivalent to nuclei in the xy plane.
This inequivalence is reflected in both the frequen-
cy and spin-lattice relaxation-time data. As the
lattice changes from symmetry class O, to Cy, the
rotary-lattice mode which was formerly triply
degenerate at the Brillouin-zone center splits into
components with frequencies w, ,(K) and w,(K), re-
spectively. The theoretical expression developed
above for the relaxation rate in the cubic phase can
be easily adapted to describe the relaxation rates
in the tetragonal phase. The reason for this is
that according to the model proposed in Sec. IV to
describe the phase transition, the PtBrg octahedra
are not affected by the transition and the nearest-
neighbor PtBr distance remains constant. That is,
the observed change in T; with temperature is not
influenced by the change in the order parameter.
In the tetragonal phase, however, because of the
splitting between the w, ,(K) branch and the w, (k)
branch, scattering processes involving an incoming
phonon corresponding to one of these branches and
an outgoing phonon corresponding to the other give
a substantially smaller contribution than do similar
scattering processes in the cubic phase. Neglect-
ing these processes, the relaxation rate for a z
bromine nucleus can be written as

y 87 /TyQseky? T2
1) =28
T (1) (ﬁmB,R5> (@ey)ry°

4
and for an xy nucleus as

. 87 (myQsekp? 1 1
o (5
1x,y (T) 16 \ 7ma R (Gz)T15+(ax.y)TlT

in the tetragonal phase. Taking
@,)r, = 1+ (@, )y

it follows that

1

Tii=2(1+3%€) Ty, .

Therefore, for € <1 (as indicated in Fig. 4 for
143< T< 169 K) we find

T~ 2T,
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in agreement with the experimental data.

Using the above expressions for Ty,(T) and
Ty,,,(T), the temperature dependences of the re-
spective average rotary-mode frequencies are as
shown in Fig. 4. It is seen that the rotary mode
again hardens as the temperature decreases from
169 K.

The insensitivity of T; to the presence of the
other phase transitions is interpreted as evidence
that they are not also driven by the softening of the
rotary mode.

VL. INTERPRETATION OF THE DEDUCED &,
AND @r, VALUES

In Sec. IV we defined an average rotary-mode
frequency

Bo={anV [ [k d/wl, (k)] )2

and deduced that this quantity decreased by ~12%
as T decreased from 300 to 169 K. In Sec. V we
defined a second average frequency

- _ ((411)21/2 I V2 (k) Kt dk )-1/5
T \THE ), ok (B) 10w, (k)oK |

and showed that this quantity decreased by ~40%
as T decreased from 300 to 169 K. This difference
may easily be understood in terms of the model
proposed for the phase transition in which the fre-
quency of the I'-point rotary-mode phonons softens
to zero at the transition. In order to calculate the
two averages it is necessary to adopt a specific
form for the dispersion curve. The dispersion
curves shown in Fig. 5 and based on the earlier
work in K,ReClg” are assumed. An approximate
evaluation of ), shows that a softening of ~ 12% over
the temperature range considered is about what
should be expected experimentally.

To calculate wr, we take

2

|4 dWrot 14 9Wrot
= = v
Trot Wrot oV zwrot oV ’

where the variable Vis a volume. The frequency

ROTARY

FIG. 5. Theoretical model
for the dispersion curve of
the rotary lattice mode at
ACOUSTIC 300 and 170 K, The disper-

MODE sion curve for the acoustic
mode is also shown.

K —>
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wrot Teflects the delicate balance between long-
range and short-range forces experienced by the
PtBrg octahedra. We may write

wiy=A/V -B/V,

where each term on the right-hand side is much
larger than their difference. At the transition tem-
perature and at the I' point the two terms exactly

balance. By differentiation we find
2
_v 9Wrot 2A

= 2
9V - VS + Wrot »

which is a slowly varying function of 7 and % as
compared to w.,;. Therefore, we take

2
Vrot < 1/(")1.'ot

for the approximate evaluation of wy,. A softening
of ~40% is easily realized.

Finally, it is interesting to note that had we as-
sumed that the ordinary Raman process, and not
the anharmonic Raman process, provided the dom-
inant relaxation mechanism, then the expression
for the corresponding average rotary-mode fre-
quency would have been

) -1/5

— _ 202 ktde

W= ((411) 14 J; o5 () Vo, () / %]
Using this expression and the dispersion curve
shown in Fig. 5, the predicted softening of '.}1 is
less than that of w,. Only by invoking a rather un-
likely behavior of the dispersion curve near the
Brillouin-zone boundary, can this expression ac-
count for the experimental observations. It is
therefore felt that the present experiment offers
substantial evidence in support of the generally ac-
cepted belief that it is the anharmonic Raman pro-
cess and not the ordinary Raman process which
dominates quadrupolar controlled spin-lattice re-
laxation.
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VII. CONCLUSION

Data for the temperature variation of the Br
NQR frequency and spin-lattice relaxation time in
K,PtBrg in the vicinity of the structural phase
transition occurring at 169 K have been analyzed
in terms of a model introduced to describe the
phase transition. The analysis shows that the
model is self-consistent and adequate to account
for the observations. We feel that the fact that
both NQR-frequency data and relaxation-time mea-
surements have had to be explained provides a
significant test of the validity of the model. Many
approximations have been introduced in order to
carry out the analysis. Nonetheless, it is reason-
able to expect that the treatment presented repre-
sents a satisfactory first-order approximation to
a proper theoretical analysis.

Note added in proof. We have now carried out
measurements of ¥(T) and T,(T) for the ®Br nu-
cleus in K, PtBrg for 143< 77<300 K. The results
show that v("Br)/v(*'Br)=1.1971 + 0. 0001 and
that 7,1 ("™Br)/T; (*'Br) = 1.4+ 0. 1 at all tempera-
tures. The ratio of resonance frequencies pro-
vides an accurate measure of the ratio of nuclear
quadrupole moments for the two isotopes. The
ratio of relaxation rates (1.4) is equal to the
square of the ratio of nuclear quadrupole moments
[(1.197)2]. This constitutes experimental proof
that the observed relaxation is dominated by the
resonant Raman process and not the nonresonant
hindered rotation process in the region of the phase
transition at 169 K.
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