INFORMATION TO USERS

The most advanced technology has been used to photograph and
reproduce this manuscript from the microfilm master. UMI films the
text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any

type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adversely affect reproduction,

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (¢.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

UMI

Unwersity Microhilms international
A Beil & Howell Information Company
300 North Zeeb Road Arn Arbor M| 481061346 USA
313 761.4700 800 521-0600



Order Number 9110680

Brillouin scattering study of incommensurate potassium selenate
(acoustic anomalies and the Landau free energy)

Li, Gen, Ph.D.
City University of New York, 1001



NOTE TO USERS

THE ORIGINAL DOCUMENT RECEIVED BY U.M.1. CONTAINED PAGES
WITH SLANTED AND POOR PRINT. PAGES WERE FILMED AS RECEIVED.

THIS REPRODUCTION 1S THE BEST AVAILABLE COPY.



//,

BRILLOUIN SCATTERING STUDY OF INCOMMENSURATE
POTASSIUM SELENATE

(Acoustic Anomalies And The Landau Free Energy)
by

GEN LI

A disscriation submitted to the Graduate Facully in Physics in partial
fulfillment of the requirements for the degree of Doctor of Philosophy,
The City University of New York.

1991



This manuscript has been rcad and accepted for the Graduate Faculty in Phy-
sics in satisfaction of the disseration requirement for the degree of Doctor of
Philosophy.

e 11, 1990 Z; {. 4‘,

Date Chair of Examining Committee

Qz/ /5 (990

Date

J. Birman

S. Greenbaum
F.W. Smith

D. Weitz

Supervisory Commitiee

The City University of New York



Abstract

BRILLOUIN SCATTERING STUDY OF INCOMMENSURATE
POTASSIUM SELENATE

(Acoustic Anomalies And The Landau Free Energy)

by
Gen Li

Adviser: Professor Herman Z. Cummins

Brillouin scattering studies of K,SeQ,4 in the vicinity of the incommen-
surate and commensurate phase transitions werc performed and analyzed in

the following aspects:

(1) The longitudinal acoustic mode propagating along the ¢’ axis was
investigated both in 90° and 180° scattering geometries. A theoretical deriva-
tion of the complex elastic constant Cy3(w) was carried out in the framework
of Landau theory including both bilinear (Landau-Khalatnikov) coupling to
the amplitude mode, and fluctuation contributions from the I, soft mode
above T; and {rom pairs of amplitude modes and phase modes below T,. The
contribution of phase modes was considered for the first time in this analysis.
Comparison between theory and the Brillouin data led 1o an excellent fit using
free energy parameters close 10 values deduced from previous static and
dynamic experimental results. This analysis also indicated that the phason gap
(4(0) is at least 100 GHz. Analysis beyond the mean-field approximation was

also discussed.
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(2) Transverse acoustic modes propagating and polarized along the crystal
axes were investigated in 90° scattering geometries. The C,4 anomalies above
and below T; were tentatively explained by bilinear coupling with the lowest
B;, optical mode. Raman scattering studies of this B;, mode indicated a varia-
tion of frequency with temperature which is similar to the variation of Cg,,.
The C45 anomaly near T, was explained by coupling to the phase mode with
wavevector of K; = a'8(T). The Cg anomaly near T, was also analyzed with
Landau theory. Theoretically predicted transverse acoustic asymmetries due

1o the coupling with phase modes were also explored.
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CHAPTER 1

INTRODUCTION

1. INCOMMENSURATE CRYSTAL STRUCTURE

One of the most basic characterizing features of a crysial is its lattice
translational pcriodicity. Traditionally each crystal has been assigned to one of
the 230 three-dimensional crystallographic space groups according to the
arrangement of the atoms in the unit cell and the crystal lattice symmetry.
However in some crystals, there exists a kind of structure in some tempera-
ture range called incommensurate which can not be classified into one of the

above space groups.

“Incommensurate structures are peculiar quasi-crystalline substances that
lack periodic translational symmetry not in a haphazard amorphous way but
because two (or perhaps more) elements of translational symmetry are present
which are mutually incompatible. Suppose A(r) and B(r) reprcsent the spatial

distribution of two characteristic properties of a material and that

Alr) =3 Age®",  B(r) =Y B,c®T. (1.1.1)

G} {6}
The structure is incommensurate if the sets of reciprocal lattice vectors {G}
and {G'} have only the trivial elements G = G = 0 in common” Al Gen-
erally incommensurate structures can be classified into four types: Magnetic,
compositional, intergrow th/overgrow th, and displacive. In the displacive type,
the two incommensurate characteristic properties are the displacement field
u(r) and the periodic density of the unmodulated crystal, p,. In general, an

incommensurate structure is developed from a high temperature prototype
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structure through a second order phase transition at T, and is stable in a cer-
tain wemperature range (or ranges) in which’ the modulation wave vector usu-
ally becomes larger when wmperature is lower. At some wemperature T, a
commensurate structure becomes more stable and the system will lock into

the commensurate phase with a first order lock-in phase transition.

Even though incommensurate structures cannot be classified into any of
the normal three-dimensional space groups, deWolfi®! has discussed the
classification for structures with one-dimensional modulation by exploiting the

symmetry of the four-dimensional structure of
K = ha'+ kb'+ Ic'+ mq, (1.1.2)

where (a°,b’c’) are the three reciprocal basis vectors of the undistoried lattice,

q is the wave vector of the modulation wave and (h, k, 1, m) are intcgers.

There are scveral special characteristic features that make the incommen-
surate struciure interesting: (a) The most characteristic features of incommen-
surate structures are their difl'raction patterns in which besides the primary
Bragg reflections, there exists a secondary set of satellite reflections with their
own characteristic spacing A2, In spite of this discrete crystal-like diffraction
pattern, incommensurate structures are not crystalline in the generally
accepted sense because they lack translational periodicity. (b) The condensa-
tion below T; of the two degenerate soft optical modes which exist above T,
generates two non-degenerate soft modes in the incommensurate phase: the
amplitudon which is the usual totally symmetric soft mode, and the phason
which (a1 q =0) is a zcrocnergy Goldstone mode. (¢) Therc are two order
parameters in the incommensurate system: Near T; in the incommensurate
phase, the modulation wave is essentially sinusoidal, so the order parameter is

the amplitude of the incommensurate distortion. While near T. the



modulation cvolves into an array ol phase solitons which is described by a
time-independent sine-Gordon equation, and the order parameter is the soliton
density.

Because incommensurate moditlations break the three-dimensional transla-
tion periodicity in a special way, incommensurate struciures show new
phenomena that do not exist in ordinary periodic crysials. By studying incom-
mensurate  structures and  their phase transitions, we may exwend our
knowledge of physics from three-dimensional periodic w0 more complicated

systems, and improve the understanding of aperiodic materials.

The Structure of the K,SeQ, (Potassium Scicnate) crysial has been inves-
tigated by many groups. It exhibits four phases in different temperature range
as shown in figure 1.2.1.

In the highest temperawure phase, which exists from melting to 745K
(T,), the KiSeQ, crystal has hexagonal symmetry and belongs to the space
group D,,‘},—PW mmee From the results of their experimental and phenomeno-
logical studics, Shiozaki ct al!!! concluded that the phasc transition from hex-
agonal to orthorhombic symmetry at T, was due 1o the instability of an opti-
cal mode beclonging to the M, representation with a wave vector of

q = (0,27/ ~/3a,;,0). Where a, is the lattice constant in the hexagonal phase.

In the normal phase between 745K (T,) and 129.5K (T,), the crysial
structure of K,SO, was first determined by Kalman et al®! (in 1970)
though von GattowlS! (in 1962) had pointed out that the structure is isomor-
phous with 8—K,S80,. In this phase, the ¢crystal has orthorhombic symmetry

and belongs to the space group of DA®—P,. . The cell dimension at room tem-



Te T; Ty
(4) | (3) | (2) | 1)
93K 129.5K 745K

Phase 1 Hexagonal; Dgh-Py,/ mme (- K350,) 7 =2

Phase 2 Orthorhombic; Dy}e-Py,(b>a>x) (8- K550, Z=4
Paraelectric (Normal Phase)
At T=300K : . .
a= 7.001A, b= 10.466A, ¢ = 6.003A
n, = 1.549, n, = 1.539. n, = 1.543;
Pm = 305¢/ cm?

L]

Phase 3 Incommensurate q, = %.[l -5(T)]
Phase 4 Commensurate; Orthorbombic; C;,'me.‘!l 7 =12

q. = a| 3 ferroelectric P,

Figure 1.2.1. Phases of K;5¢0,. Z is the number of formular units per unit cell.

-

S TP

5 A©

390,02

AQ @ © A\

Ve Nf

Figure 1.2.2. Schematic structure of the P phase K,Se(),. Two levels along the ¢
direction at heights 1/4 and 3/4 are shown separately. K, and Kg are symmetrically

nonequivalent potassium ions. Numbering identifies ions or groups (from lizumi et al.
(hly,



p(‘ratur(‘ are,
a= 7661 £0004A b= 10466 £0008A ¢ = 6003 £0001A.(1.2.1)

Figure 1.2.2 shows the schematic structure of K.SeO, The unit cell comains
four formula units (28 atoms). There arc two non-cquivalent sites for the

potassium ions, K, and Kg, which lie in special positions on the mirror planes

arz = -lj- and z = -g. The selenium ions at the center of the tetragonal SeQO,

groups also occupy special positions on the mirror planes and therefore mirror
plancs of the tetragonal groups coincide with the mirror planes of the lattice.
In fact, the orthorhombic structure is a slightly distorted hexagonal structure
with the a axis being the pseudo-hexagonal axis and the ratio of b/c being
1.7437 =+ 3 in the P,,,, notation in which the a axis is coincidenmt with the
hexagonal axis direction of the high temperature phase (hexagonal symmetry
phase). In this phasc, the crystal is paraclectric.

A major neutron scattering experiment was reported by lizumi et all in
1977. In their experiment, they found that in this normal phase, there exists a
lowest-lying transverse sof't optical phonon branch which propagates along (1,

0, 0) and has the symmetry of the I, irreducible representation with a
minimum at q = %(1—80). Figure 1.2.3 shows the temperature dependence of

the dispersion curve of this £, branch. Characterizing the dispersion curve by

the Fourier series

MU EOP = T F, (1—cosnwé), (1.2.2)

they found that when the temperature decreasing towards T, the force con-
stants between nearcst-neighbor layers and second-neighbor layers, F, and F,,
are¢ decreasing. In contrast, the force constant between third-neighbor layers is

increasing and becomes the predominant component, resulting with the
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sof tening of phonon cnergy at about (1/3, 0, 0) At T, the incommensurate
L
- . a
transition wemperature, and the sof't mode at q = -j—(I—SO) on the I, branch

condensed, the soft mode instability transforms the crystal into a displacive

IMCOMMEeNsSUrate siruciure.

The incommensurate phase exists {rom 129.5K (T;) w0 93K (T,.). After the
normal-incommensurate phase transitions, the "frozen-in” soft optical mode
hecomes a one-dimensiona! static modulation wave. The neutron diffraction
study in this phase by lizumi et al. 'Y indicated that the satellites generated

by the modulation wave are not eaactly at superlattice positions. Instead, the
3
: a , ,
wavevertlor is g = ?(1—8). where 8 is a temperature-dependent mismatch
parameter. They found that when temperature is decreased from T, towards

T

“O

the value of & decrcases continuously from &, =0.07 10 about 0.02, as
shown in ligure 1.2.4. They also found that the intensity of the first-order
satellites, which is proportional to the amplitude squared of the modulation
wave, starts from zero and increases continuously with decreasing tempera-
wure. The fact that there is no abrupt change of either 8 or the intensity of the
satcllites at T; suggesis that the incommensurate phase transition is second-

order.

Bascd on their neutron scattering results and symmetry analysis, lizumi
ev all" concluded that the major compoenents of the structural modulation
consist of rotation of the ScQ4 groups around the b-direction and associated
translation of K ions along the c-direction. The observations of the incommen-
surate structure were extended by Yamada ct all» 1213} yy x_ray diffraction.
Their results supported the predictions from the neutron scattering experi-
ment. Several important points were obtained from their measurements: (a)

The SeQ, weirahedra are almost regular and displace rigidly. (b) No higher
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order saweilites were observed which indicates that the modulation is nearly
sinusoidal. (¢) The bond length between oxygen atoms belonging to adjacent
Sc¢O; tetrahedra changes remarkably from the normal phase and fluctuates
widely in the incommensurate phase. These results provide a betier under-

standing of the incommensurate instability.

At T, the incommensurate-commensurate phase transition point, the

mismatch parameter & abruptly drops from 0.02 to zero as shown in figure

. . a . .
1.24. The wavevector of the modulation becomes g = 5 X-ray diffraction

results Y2 indicated that the "lock-in" phase transition is characterized by the
structural moedulation becoming commensurate with the lattice as well as an
additional homogeneous structural change both in rowation of ScO, groups
around the b-axis and in translation of K, (sec figure 1.2.2) ions along the c-

axis.

In the commensurate phase, the crystal structure has orthorhombic sym-

metry and belongs o the space group of Cy.—P,,2,. The modulation wave
+

withq = % results the unit cell being tripled along the a axis relative to the

normal phase. Associated with the "lock-in" transition, a macroscopic dielec-
tric polarization is gencrated by secondary atomic displacements induced by
fourth-order anharmonic coupling of P, to the primary lattice modulation.
Thus K,S8cO, in this phase is an improper ferroelectric with the spontaneous

polarization along the c-direction.
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Figurce 1.2.3. Dispersion curve of the I, soft mode along with the I; acoustic mode
plotted in an extended zone which is doubled along the a’ axis. Z.B. indicates the ori-
ginal ﬁﬂr’lc boundary. Solid lines show the results of fitting of Eq. (1.2.2) {(from lizumi
et al. "),

—
-
-4
-

=
[ —
. |

PERLATTICE
| y
R

L ' —

L] "o 1320 3 1ad
TEMPERATURE D)

o
2
3
H
e

{mm

) D

L]
b - —— e e -
L

]

Figure 1.2.4. Temperature dependence of 8. Solid tine is calculated resuit. (from
lizumi et al. "M



Q.
CHAPTER I

REVIEW OF PREVIOUS STUDIES OF K,S¢0,

1. EXPERIMENTAL STUDIES

Among the A,BX, family of incommensurate insulators, K,S¢O, is
perhaps the best studied by various experimental techniques; it has also played
a mapr role in understanding modulated incommensurate structures and the

phasc transitions.

a. X-ray diffraction and neutron scattering studies

The two successive phase transformations of K,50, at T, = 129.5K and
T, = 93K were lirst found in 1970 by Aiki et all?¥A4 ;5 gpecific heat and
diclectric constant measurements. They also found that the transition at T, is
to a ferroelectric phase with the spontaneous pelarization along the c-axis.
Following Aiki ct al’s discovery, Terauchi et all"™ carried out a x-ray
diflraction measurement of the temperature dependence of the satellites in the
temperature range between the two transition points. They failed to detect the
incommensurate spacing of the satellites and concluded that the satellites arc

.

always at the commensurate positions of q = %.
A very important neutron scattering study of K,S¢O, was reported by
lizumi et al in 1977, Above T, by inclastic neutron scattering, they
explored the temperature dependence of the lowest lying soft optical L,

branch (shown in figure 1.2.3). The dispersion curve for this branch shows a

wcll defined soft mode at q = % which condenses at T,. This soft mode insta-
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bility provides a dynamic cxplanation for the normal-incommensurate
transformation. Lacking a microscopic cxp]analibn lor the incommensurate lat-
tuce instability, they used a phenomenelogical force constant analysis ol the
sof t-maode dispersion curves. With the picture of competition of the interaction
forces among three layers, they could explain the sofiening of the I, branch.
Below T, by preciscly measuring the peak positions of the satellite reflections,

they found 1hat the reflections are characiwerized by a wave vector
a' . : .
q= -3-(1—-8). The deviation & changes with wmperature and disappears

discontinuously at T, (as shown in figure 1.2.4). From these results, they con-
cluded that the phase transition at T, is the transformation to an incommen-
surate strucwure and the transition at T, is an incommensurate to commen-
suratc phase transition. They also presented a  discussion of the
incommensuratc-commensurate transition and the simultancous occurrence of’
the commensurate phase and the spontaneous polarization by using a Landau
free cnergy expansion in which the coupling term Q%qg)P,(q;5) plays an
essential role both in driving the incommensurate-commensurate phase

transformation and inducing the spontaneous polarization.

After the elucidation of the incommensurate properties of K,SeQ, by
lizumi et al, many further cxperimental investigations were carried out. In
their x-ray diffraction study, Chen et all" (1981) obser ved thermal hysteresis
at the incommensurate- commensurate transition. Kudo® ! (1982) reported x-
ray diflraction results for the satellite positions and intensities in the incom-
mensurate phase. Their results are in good agreement with the neutron
scattering resuits. More detailed x-ray diffraction studies were carried ot by
Yamada ¢t aliY'WV2IV3) Based on the concept of de Wolffs four-dimensional
Jatuce space, they analyzed the structures of K,SeOQ, in the incommensurate

phase and cvaluated the cigenvectors of the modulation mode from the
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obscrved atomic displacement pattern. They also analyzed the structure in the
commensurate phase and revealed the details of the structural change at the
meommensuratc-commensurate phase transition. Several important results of

their work have been mentioned in the last section of chapter 1.

After Jizumi et al, further ncutron scattering studies were reported by
scveral groups. Majkrzak et al!M! (1980) studied the temperature dependence
of the primary and sccondly satellites by neutron diffraction. Press et allPtl
(1980) swdied 1the cffects of hydrostatic pressure on the normal-
incommensurate phase transition. Axe et all*®! (1980) studied the dispersion
and temperature dependence of the "amplitudon™ and "phason” (they were
not able to measure the behavior of the phason branch when T—T, from
below or in the incommensurawe phasc, what they studied was only the
* pscudo-phason”.) which represent the fluctuations in amplitude and phasc of
the modulation wave below T, Figure 2.1.1 shows their resuits for the tem-
perature dependence of the soft mode frequences. Their results are in agree-

ment with the Raman data reported by Wada et all»1I%2l 5 1977,

In 1983, Quilichini et allo! reported their ncutron scattering study on the
phason branch in the incommensurate phase of K,S¢O,. They obscrved a
heavily damped inelastic feature near the strong satellite reflection and they
identilied it as the phase-mode response. By fitting their data 10 a damped har-
monic oscillator response function with the assumption of a wavevector
independent phason damping with lincar temperature dependence (w hich was
estimated by using the Raman and neutron results in the normal and commen-
surate phases), they obtained a non-zero gap for the phason branch dispersion
curve as shown in figure 2.1.2. By cxtrapolating to g = 0, They found a pha-
son gap of {ly = 60GH2.
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b. Raman scattering studies

Wada et all™1I%2 (1977) reported Raman scatiering studies of the soft
modes in the incommensurate and commensurate phases. They obtained the
temperature dependence of the frequencies and damping constants of the
amplitudon and pseudo-phason. Unruh et allUV repeated the Raman scattering
measurement on the two soft modes in 1979. With the help of the higher
resolution of their triple monochromator, they extended the measurement
closer to T; and found that the frequency of the amplitudon can be described
by £, = 112(cm~ ') 127.4—T(k)I"*?¢. Also they observed a remarkable increase
of the amplitudon damping when the temperature approached T, from below.
Their results are shown in figure 2.1.3. Further Raman investigations on the
amplitudon were carried out by the groups of Fleury et allF1], Wada et al/V3l

Kolpakov et al!%2], Echegut ¢t allE! and Lec at alll1),

A Raman scattering study of thc phase mode in the incommensurate
phase of K,SeO, was performed by Inoue et all2! in 1983. They found that
the pseudo-phason in the commensurate phase developed into an over-damped
mode in the incommensuralc phase. Based on a damped harmonic oscillator
madel, their analysis gave a phason frequency with a q=0 gap which was
later found by Quilichini et all® 10 be consistent with their neutron scatter-

ing results.

¢ Specific heat and thermal expansion studies

After Aiki et al. more specific hcat measurement of K,SeQy4 in the vicin-
ity of T, and T, were carried out I-21C2FAATL - A gma) specific heat anomaly
was found at T, and a second-order transition bchavior was found at T,, as
shown in figure 2.1.4. The specific heat jump at T, found by Chaudhuri ct

all?l and by Flerov et allf3l were 8.5JK~'mol™' and 10.1JK~'mol~!
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Figure 2.1.5. Linear thermal ex{nnsion coefficients of K,Se(), measured along the a,
b and c axes {(from Flerov et allF2])
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respectively., Flerov et all also studied the behaviors of the lincar thermad
expansion cocllicicnts along the three crystal axes, Big discontinuous changes
were found at T; for all three directions with
(Do, daxy, Ao ) = (3.4, 8.1, —19.1)x1075K ™!, and small anomalics were found

a1 T.. Their experimental results are shown in figure 2.1.5.

A thermal expansion measurement on K,5¢Q, was performed by Shiozaki
et all in 1977, The measurement was reexamined by MidorikawaM2l in
1981. His result is in better agreement with the results of neutron scattering
under high pressure by Press ot all™ and the resulis of the x-ray measure-
ment on the lattice constant by Kudo et al’®3 In both thermal cxpansion
mecasurements, remarkable changes  were observed at the  normal-
incommensurate phase transition in the slopes ol the thermal expansion (as a
function of T) along the three crystal axes. In the incommesurate phase, the
spontancous strains along the a and b axes show lincar temperature depen-
dence while along the ¢ axis shows non-lincar temperature dependence, A
small discontinuity in the thermal expansion in the ¢ direction was observed

by Midorikawa at T, indicating that this transition is of first order.

d. Ultrasonic and Brillouin scattering studies

Ultrasonics and Brillouin scattering studies of K,5¢04 were reported by
several groups. Yagi et ally4¥o3) were the first 1o investigate the temperatuse
dependence of the elastic constants of the pure longitudinal acoustic modes of
K,S5¢0,. A large anomaly was observed with decreasing temperature for the
C;; longitudinal acoustic mode Brillouin frequency, with about a 25% down-

ward rounded step around T, and a gradual increase after T,.

Rehwald et al!R! combined ultrasonic and Brillouin scattering results

together in their report in 1880 in which they measured the temperature
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dependence of the clastic constants €, —Cp (see ligure 2.1.6 and 2.1.7). The
results 'tom both measurements are similar (They did not succeed in detecting
the Brillouin scatiering from the pure transverse modes because of the small
scattering cross section). They determined the Cyy, Css and Cgg from the
guasi-longitudinal and quasi-transverse phonons for the hypersonic frequency.
In their measurements, characteristic variations in the vicinity of T, were
observed for the clastic functions of Gy, Cy3, Cy3 Cy3 and Cyy. For the Cyg
longitudinal acoustic mode, besides the remarkabic anomaly of the frequency
decreasing around T, as reported by Yagi ¢t al., they found that the damping
also experienced a pronounced increase around T, The €y, elastic constant
also shows considerable changes around T, decreasing when temperature
approaches T; from both sides. Around T, only Cqq exhibits large variations,
with about a 25% decrease in the incommmensurate phase. Based on a Landau-
type power-series expansion of the free-energy, they interpreted the anomalies
ol the ¢lastic functions as a consequence of the coupling of strains to the order
paramceter in the incommensurate and commensuraie phases. In a more
detailed analysis of the Cqq anomaly tfrom their ultrasonic measurement '“2],
they investigated the role of phason coupling and the existence of soliton-like
discommensurations close to T, in the incommensurate phase.

Morc Ultrasonic studies of the anomalies of the elastic constants were
reported by Hoshizaki ¢t all!!l, Esayan ¢t atff2], and Lemanov et allt3l In
Further Brillouin scattering studies, Hauret ¢t al!"2 carried out an analysis of
the damping of the Cy; longitudinal acoustic mode in the incommensurate
phasc around T; based on the lincar coupling between the incommensurate

deformations and an overdamped mode which is equivalent to a Debye relaxa-

Tﬂ
tion process. They found a relaxation time of 7 = 7= where
Ti—T
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7, = 2.6X1071%K. Luspin ¢t all#) reported their Brillouin scattering studics
of the waveveetor dependence of the C3; mode anomaly in the incommen-
surate phase around T; by changing the scattering angles (sce figure 2.1.8).
Hydrostaue pressure effect and uniaxial stress ceffect on the Cy; anomalies
were reported by Benoit et al!B! and Billesboch et al/B2! respecuively.  Addi-
tional review and discussion of the analysis of Brillouin scattering results will
be given in subsequent chapters in which we will make comparison with our

results.

e. Other experimental studies

Incommensurate K,SeQ, has been intensively swudied by many other
experiments: Diclectric constant measurement FASEG2IN HINIIS2HK 3NH3INA) - gy
limeter wave measurement PN V2 giea00icctric resonance %3] and magnetic
resonance WHICHSAFINTA . The recent NMR mieasurement results reported by

Topic ct all"® indicated that the phason has a non-zero gap of about 160GHz.

2. THEORETICAL STUDIES

Many theoretical studies on the incommensurate structure and the phase
transitions of K,SeO, have been carried out by many groups and with various

madels. The principal theories may roughly be sorted as follows:

a. Lattice dynamics

An interlayer force competition  phenomenological lattice  dynamics
analysis was first appliecd by lizumi ¢t all' in 1977 10 explain the dispersion
rclations of the temperature-dependent solt optical £, branch of K.SeQ,
observed from their neutron scattering studics. Assuming that the interactions

between lattice layers perpendicular to the direction of the modulation
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wavevector are represented by interlaver harmonic force constants, they
found that the dispersion relation could be well described by the Fourier
decompesition of cquation (1.2.2), in which only terms with n €3 give the
main contributions. From the temperature dependence of the force constants,

they concluded that the softening of the £, branch and the condensation of
[ ]

a . . .
the soft mode at @ = — is the result of the competition of the first, second
173

and third layer interaction forces in which F, and F. decrease with tempera-
ture whercas F; increases and becomes the predominant component In their
study of the hyvdrostatic pressure effect on the incommensurate iransition of
K .SeQ,, Press c1 allP!! extended the lattice dynamics analysis and concluded
that the three-torce-constant approximation does make specific predications

about the pressure dependence of the soft phonon branch.

b. Ab initio lattice dynamics

In 1980, Haquc and Hardyl“sl reported their ab initio lattice-dynamics
studics of the incommensurate phase transition in K,ScO,. Using the known
K.ScO, structure, they combined general Coulomb interactions and shorti-
range interactions between restricted numbers of close neighbors into a Born-
von Karman rigid-ion model. The associated short-range force constants were
fixed by using the static equilibrium conditions and the observed Raman fre-
quencics. By varying the temperature which is simulated by varying the
short-range lorce constants, they found that the crystal has a low-frequency
optical branch of L, symmetry which displays soltening and instability for
wavevector g =~0.3a’. Haque and Hardy noted that the instability is very
sensitive 10 changes in a small number of potassium-oxygen and inter-anion
oxygen-oxygen potentials. By decomposing the squares of the normal mode fre-

quencies into a sum of Coulomb and shert-range components, they found that
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the instability was resulied from a near cancellation of stabilizing Coulomb

forces and destabilizing short-range contributions.

Recently, Lu and Hardyl!SIM6] reporied their new approach to the first-
principle simulations of the phase transitions in K,S¢0, In this simulation,
they performed ab initio quantum chemistry calculation for an isolated SeOQf™
ion and calculated the ciectron charge density for the whole SeQ2™ ion and
individual S¢ and O atoms. After a symmetry-restricted static relaxation, in
which both the intramolecular and intermolecular interaction potentials are
determined, they obtained a room-temperature structure which is very close 1o
the experimental structure. A further lower temperature symmetry restricted
static rclaxation also gives a close fit to the low temperature experimental
structure. They concluded the a double-well type of structure in the potential

energy surface is the driving mechanism of the phase transitions.

c. Phenomenological Landau theory

Phenomenological models based on a Landau theory have been widcly
utilized to investigate the incommensurate phase and the phase transitions of
K»ScO,. lizumi et all were the first 10 explain the phase transitions of

K»S5¢0,4 by using an extended Landau theory. By taking the lattice distortion
Qq with wavevector q = ( %,0.0) as thc primary order parameter and the

spontancous polarization P, as a secondary order parameter, they found thai
the interaction term Qq3P.£ can provide explanations for the incommensurate-
commensurate phasc transition and the induction of the spontaneous polariza-
tion below T,. They also noted that the strain component € which is related
1o the transverse xz acoustic mode has the same symmetry as P, and that a

similar coupling effect is possible.
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A further theoretical study on K.ScO, was reported by Sannikov and
L(‘\'an}'uk["’"“ in 1978 based a free energy in which the primary order parame-
ter describes the change of the symmetry of the ferroclectric phase relative to
the normal phase. They found that the Lifshits gradient invariant term in the
free energy is required to describe a phase transition from a normal phase to
an incommensurate phase. They also noted that a higher-order (sixth rather
than fourth order used in the previous studies) anisotropy invariant is essen-
tial in the doescription of the phase transition {rom an incommensurate 1o a
commensurate polarized phase. In this analysis, the contribution of the cou-
pling terms of Q“‘*P.,_ and Qq3£5 will renormalize the coceflicient of the sixth
order term for the Lock-in transition ar T,

In contrast to the previous studies in which the coefficients of the {ree
cnergy were wreated as fitting parameters and adjusted 1o fit individual experi-
mental resuls, Sannikov and GolovkdSd reported a systematic study of
K.ScO,4 based on the Landau-type free cnergy. They quantitatively cvaluated
most of the cocflicients of the free energy by using various results from
different experiments. In this way, the validity of the Landau free energy
was verilied.

Many calculations and analyses based on the Landau thcory have been
carried out over the years. Ishibashil'¥ calculated the temperature dependences
of the specific heat in the incommensurate phasc by solving the Landau-type
thermodynamic potential within the phase modulation-only approximation.
Under the same approximation, MashiyamaM3IM4 cajcujated the dielectric sus-
ceptibility. Comprehensive overviews on the theoretical and experimental
studies on K,ScO, can be found in the reviews of AxelA8), Jshibashil'd and

Cumminsi¢3!,
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b. Three-dimensional XY model

Since their intraduction by Wilson!™4, n-component Landau-Ginzburg-
Wilson (LGW) Hamiltonian models have been successfully applied in describ-
ing critical phenomena of  many phase  transitions. By using the
renormalization-group techniques and field theoretic methads [WallwsItiiLiz)
this theory an be used to calculate quantities such as the critical exponents

for various systems.

K.S¢O, has a second-order displacive normal-incommensurate phase tran-
sition with a two component order parameter of continuous symetry. Thus
the wwo component {n=2) Landau-Ginzburg- Wilson Hamilwonian is appropriatc
near the transiton point. The critical behavior should then belong to that of
the universality class of the 3-dimensional (d=3) XY model. The critical

exponents of this (d=3, n=2) model have been calculated by Le Guillou ¢t
alBML12) by found y = 1.316, » = 0.669 and B = -;-(vd-'y) = 0.3455. The

wemperature dependences of the sof't mede frequency (O (q,) and the modulus
of the primary order parameter p(T) of K,S50, should bchave as
O2(q,) & (T=T,) and p* a (T,=TP A, respectively.

lizumi ct al™ werc the first 1o explore the possibility of describing the
normal-incornmensurate phase transition of K804 with a 3-dimensional XY
madel. In their neutron scattering studies of K,S¢0,, they analyzed the inten-
sity of the primary satellite reflection which is proportional 1o p? and obtained
the critical exponent of 28 =0.820.1. This valuc obviously deviates from the

mean-ficld resultsof y = 1, v = %, 28 = 1 '13], Based on the free energy they

used which, by suppressing the secondary order parameter, is an example of a
Landau-Ginzburg-Wilson Harmiltonian with an (n=2)-component vector, they

suggested that the truc critical behavior of' K,SeO, might be that of the XY
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model. A further neutron diffraction siudy and analysis of the normal-
incommensurate phase transition of K,S¢0O,; was reported by Majkrazak ct
alM1 i, 1980. They measured the critical exponents associated with the pri-
mary and sccondary diffracuion satellites and found them to be
28 = 0.7540.05 and 2'1‘3 = 1.57#0.07, respectively. These values are in reason-
able agreement with  the theoretical estimates 28 = 0.7040.04 and
2B = 1.6940.09 of the 3-dimensional XY model.

Recently, Chen!™ reported a new analysis of the specific heat anomalies
of K,S5¢O, and Rb.ZnCl; ncar the normal-incommensurate phase transition.
Bascd on the 3-dimensional XY model, he compared the experimenial dawa
with the theoretical calculations in which the critical exponents {£12 apd
other universal features were fixed to the XY universality class. Very close
agreement beiwcen the theory and the experimental results (CHATILY yepe
found in this analysis. He concluded that normal-incommensurate phase tran-
sitions in the A,BX, family do belong to the universality class of the 3-

dimensional XY model.

3. OUR BRILLOUIN SCATTERING STUDIES OF K,ScO,

As mentioned in the previous sections, acoustic anomalies of K.SeQ, in
the vicinity of the incommensurate (T;) and lock-in (T.) phase transitions
have been studied by many groups with ultrasonic MIRIR2IL3] 4o0u61ic reso-
nance 5! and Brillouin scattering methods 10y aHCSIRITH21L4KBI However, 1o
date there has been no attempt to establish whether or not the details of the
acoustic anomalics observed in these experiments can be successfully explained
by the Landau free energy with coeflicients determined by independent ex peri-
ments rather than being considered as free fitting parameters. Also, analysis of

the anomaly of the longitudinal elastic constants based on an equal treatment
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of the Landau-Khalalnikov bilincar coupling effect and fluctuation effects
which arise from the same anharmonic coupling terms in the free energy, has
not been done in the previous studies. Furthermore, previous attempts at direct
obscrvation and study of Brillouin scattering from the pure-transverse acoustic
modes by other groups has not been successful. From the consideration of the
symmetry of phasons with small wavevector and the symmetry of the
transverse acoustic modes, theoretical analysis F2RELG3NGAIP3] geegicied certain
asvmmetries for transverse sound waves under interchange of their propaga-
tion and polarization directions. Transverse sound waves with a vector q per-
pendicular 1o the modulation axis and with displacements along the modula-
tion axis could couple w0 phasons, whereas sound waves with q along the
modulation axis and displacements along the perpendicular direction can not
couple. Therefore, asymmetric behavior is expected for the related elastic con-
stants or attenuations or both. However, there is no light-scattering swudy
reported on the investigation of this Kind of asymmetry cffect. Therefore, we

have performed the following rescarch:

(1). Brillouin scatwering (90° and 180°) studies of the C33 LA mode in which
we have analyzed the clastic constants and the damping by using a Landau-
free energy cxpansion with most of the free energy coefficients determined by
other cxisting experimental results, in the spirit of the Sannikov-Golovko
approach. In the analysis, all anharmonic terms resuiting from third order
coupling between the LA phonon and pairs of excitations lying on the solt
mode branch are taken into account simultaneously. The main analysis is
based on a self-consistent mean licld framework. Approaches beyond the mean

field approximation arc aiso bricfly discussed.

(2). Brillouin scattering studies of the anomalies of yz, zx and Xy pure

transversc acoustic modes which are directly related to the elastic constants of
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Caa Css and Cpe. The anomalies arc analyzed also based on the Landau-1ype

Iree encrgy.

(3). Brillouin scattering investigations of the asymmetric behavior of the

transverse acoustic modes.
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CHAPTER 111

EXPERIMENTAL APPARATUS AND DATA ANALYSIS

1. BRILLOUIN SCATTERING APPARATUS

a. Fabry-Perot interferometers

Brillouin scattering spectroscopy using Fabry-Perot inter{crometers is a
well established method for investigating thermally excited sound waves in
solids and liquids. A single planc Fabry-Perot ctalon consists of two high qual-
ity plane mirrors mounted accuratcly parallel to one another and scparated by
an optical path length L. For a single-pass Fabry-Perot, the transmission func-

tion is given by

T
= — , (3.1.1)
1+ :sinz[zﬂl‘]
- x

where T, i8 the maximum possible transmission of the system, A is the
wavelength of the transmitted light and F, is the finesse which is defined as
the ratio of the FSR (free spectral range) to the FWHM (full width at half
maximum) of the instrument response. A schematic plot of equation (3.1.1) is
shown in figure 3.1.1. For a Fabry-Perot, the tinesse depends on the mirror
reflectivity and the departure of the mirror surfaces from ideal planes. With
the consideration of these two effects, we have a reflectivity finesse, F., and a
surface finesse, F:

7V R

F =1

(3.1.2)



F =1 (3.1.3)

. - . . m . . .
where R is the reflectivity of cach mirror and ~ is the r.m.s. variation of the

mirror surfaces Hawness. In a recal system, light is collected from a finite size
source and over a finite solid angle so that the collimated light is not perfectly
parallel, as shown in figure 3.1.2. This cffect will causes an additional
broadening of the transmission peak. For a pinhole of diameter d at the focus

of a collimating lens of focal length f, the pinhole finesse is given as

F,= 20 (3.1.4)
d-L
The combined finesse F, is given by
L=l (3.1.5)

FZ F2 F: F

2
P
The contrast of the system is defined as the ratio of the maximum transmis-
sion to the minimum transmission and is related to the finesse of the system

by

T . 4F 2
C, = T“’f‘ = 1+_;_2‘_. (3.1.6)

For a typical single pass Fabry-Perot interferometer sysiem with R = 98%,
A =488nm, m/A =200, L = Icm, d = 150um and { = 10cm, the calculated
finesse is 60 and the contrast is about 1500. When other imperfections of the
systemn are included, the actual hnm is usually about 50 with a contrast of
about 1000.

Although the finesse of a single pass Fabry-Perot system can be further
increased up to a limit of about 80, the low contrast limits its application in

observing weak Brillouin signals in the presence of the usually extremely
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Figure 3.1.1. Schematic plotting of equation (3.1.1} as a funclion of L. The transmis-

sion of monochromatic light through a single cavity Fabry-Perot interferometer is a
periodic function of the mirror spacing.
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Figure 3.1.2. The non-parallel components of the collected light would cause an
additional broadening of the transmission function.
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intense elasucally scatied light. This problem can be solved by using a multi-
pass Fabry-Perot interferometer®7 For a n-pass single Fabry-Perot sysiem
in which light traverses the Fabry-Perot n times at diflcremt positions, the

transmission function is just the n-th power of cquation (3.1.1);
T, = (Tl)"‘, (3.1.7)

The finesse and the contrast of the system are

F,= — 1 (3.1.8)

C, = (C)". (3.1.9)

3-pass and 5-pass are the multi-pass systems commonly used. For a 5-pass
Fabry-Perot interferometer system with R = 95%. a finessc of Fg2 70 and a

contrast C2 10'° can easily be achicved.

Although a multi-pass interfcrometer can provide high finesse and high
contrast, it suffers, like a single-pass Fabry-Perot interferometer, from the
overlapping of ncighboring interference orders which introduces ambiguity 1o
the analysis of the measured spectra and can even make the measurement
impossible if the spectrum contains many (or broad), features. Efforts have
been made to solve this problem by constructing interferometers consisting of
two Fabry-Perot etalons of unequal spacing in tandem operation. Light will be
transmitted through the system only when both Fabry-Perots satisfy the reso-

nance conditions of

mX =L, mzlz‘_ = L,. (3.1.10)

where m; and m, are integers, and L, and L, are the mirrors separations of
the first and second Fabry-Perot. To scan the transmitted wavelength, a syn-

chronization condition must be satisfied:
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3_31_, =k (3.1.11)
Lz_ Lz' v 1 a

—

where 8L and 8L, are the variations of L, and L, during the scan.

A tandem Fabry-Perot interferometer (TFP1) introduced by Sandercock in
1978 1581 provides a practicable solution to the problem. This Sandercock TFP]
consists of two Fabry-Perot etalons interferometers in which the scanning
mirrors of both interferometers are mounted on a common transiation stage.
The axis of the first Fabry-Perot is along the scan axis while the second is
rowated, as shown in figure 3.1.3, by an angle 8. The spacings of the 1wo

Fabry-Pcrots are related by
L: - Ll('ose. (3-1-‘2)

This relation automatically satisfics the synchronization condition of equation

(3.1.11). The transmission functions for a single-pass of each Fabry-Perot are

TO
Tepy = . . (3.1.13a)
1+ 4F l- .2 ZFLI
n
1,-2 s1 x
T
Tepy = hd : (3.1.13b)
1+ 4F|2 . 2 21rL1(‘089
"2 sSin x

The total transmission function for light passing the 1two Fabry-Perots in tan-

dem is
Tixi = Tepi Tepa: {3.1.13¢)

Schematic plots of equations (3.1.13) are shown in figurc 3.1.4. It shows
clearly how the ncighboring interference orders are suppressed because of
equation (3.1.12). By setting up a multi-pass for the Sandercock TFPl, we

obtain a high suppression of the neighboring interference orders, high
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ing interference orders are suppressed in the Sandercock TFPI by the condition of
equation (31.12).
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resolution, high contrast and thus a high performance Brillouin scattering sys-

tem.

b. Brillouin scattering instrumentation

The interferometer used in our Brillouin scattering spectrometer is a San-
dercock TFPI set up for 6-pass (3X2) operation. The mirrors mounted on the
interferometer are 60mm diameter fused silica flats obtained from "1COS”
with a reflectivity of R=92-94% at A = 4880~5145A and a flatness of about
A/150 over the cenwral 46mm region. The back surface of cach mirror is
antireflection coated 10 minimize transmission losses and unwanted reflection,
According 10 cquations (3.1.2) and (3.1.3), the corresponding finesses for the
mirrors are F, =37 and F, =75, while for the 6-pass (3x2), we have
Fue) =106 and Fy¢) =200. The angle between the second Fabry-Perot axis
and the scan axis is @ = 18° and the mirror separation range is Ly = 0—27mm.
The mirror used for coupling the first and second Fabry-Perots has reflectivity

R=99% and a flatness of A/40.

A schematic diagram of the 90° Brillouin scattering apparatus is shown in
figure 3.1.5. A Spectra-Physics 165 Argon ion laser with a built-in air spaced
ctalon is used as a light source which can be operated in a single-mode at
4880A or 5145A. The stability and quality of the single-mode output of the
laser is checked regularly by using a Coherent Optics model 670 spherical
Fabry-Perot (SFP) with a free spectral range of 8 GHz. The scan of the SFP is
driven by a 25V ramp and the output of the SFP is monitored by an oscillo-
scope. With careful adjustment of the lascr cavity and the etalon, one can

obtain true single mode output from the laser.

The single-mode laser light is focused onto the sample and the scattered

light is collected at 90° by the focusing lens of the first spatial filter. To
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minimize the aperture broadening, we collect light in a small solid-angle with
a collecting aperture of 1:0.088 (about 5%1074 sr). The incident light is polar-
ized perpendicular 1o the scattering plane and the polarization of the scatiered
light may be analyzed by placing a pelarizer in the path of the collecied light.
To protect the potomultiplier tube (PMT) from overload when the elastic
scatering from a sample is too strong, a computer controlled fast shutter is
placed before the {focusing lens {|. The shutier is controlled so that it will
close in some intervais of cach scan where the signal is 100 strong. A suitable
intense referenee beam of the laser frequency is required for automatic stabili-
zation when the shutter is in operation. This is achieved by the beam splitter
S, and a continuousiy adjustable neutral density (ND) filter that provides the
reference beam that by-passes the shutter. The second beam splitter S, has two
uses: first, it sends the reference beam into the systemn, second, it acts as a mir-
ror for viewing the sample through the telescope so that a high optical quality
path of the sample can be selected. The scattered light (and reference light) is
collected and passed through the first spatial filter which serves 1o define the
scauwring volume. The size of the pinhole in the spatial filter is chosen (100-
250pm) according 1o equation (3.1.4) such that F, = 150. The collimated light
is then analyzed with the TFPL The combination of the coupling mirror M,,
corner-cube C, and cat’s—eye elemem (f3 and M;) reflects the beam and adjusts

the beam positions to complete the 6-pass (3x2) through the TFPIL.

Because the frequency response of the PMT is much wider than the
effective free spectral range of the TFPI, significant background noise would be
caused by the light outside the free spectral range such as Raman scattering
and fluorescence from the sample and optics, ambient room light, cic. In order
to eliminate these background effects, we use an Amici dispersing prism and a

spatial filter as a final bandpass lilter. By using a f = 250mm focusing lens and
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a 300um diameter pinhole in the spatial filter, from the angular dispersion of
the Amici prism of do/dA = 0.028°nm™!, we have a bandwidth of 2.4nm for
the bandpass filier, which is the same as the common interference narrow
band filter. The transmission ol this bandpass filier is about 90%, much higher

then a narrow band interference filter (R = 50%) or a diffraction grating.

The analyzed light is detected by a Hamamatsu model R464 PMT which
has a speciral response range of 300-650nm with pecak wavelength at 420nm.
This PMT can be operated in the temperature range of —80°C to +50°C. The
normal operating voltage is 1kv and the gain is about 6x10% At room tem-
perature, the dark count is about 2.5 counts/second (a little 100 high in some
cases of wceak Brillouin scattering signal). By using a Canberra Industries
model 813 discriminator/pre-ampiifier, the output of the PMT is converted
into TTL signals which are recorded by a data acquisition system during the
interfcrometer scan (the daia acquisition system is described in the following
section). The PMT output also serves, by feeding back to the TFPI controller,

as a reference for stabilizing the TFPL

The scan, alignment and siabilization of the TFPI is controlled by a San-
dercock TFPI controller which came with the TFPL. The scan of the inter-
ferometer is performed by a piezoelectric transducer (PZT). To compensate for
the non-linearity of the scanning PZT, a planc capacitor is comained in the
TFP! with its capacitance inversely proportional 10 the extension of the PZT.
By driving the PZT with a veltage which is controlled by the scparation of
the capacitor, a linearized scanning is achieved. With a caretul ad justment of
the linearizing circuit 59, our TFPI system can have a linearity of 2 98%.
The fine adjustments of the Fabry-Perot mirrors are made with six additional
PZTs which support the non-scanning mirrors of the two Fabry-Perots. In the

initial alignment, the adjustment may be handled by switching off the
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stabilization and changing the voltages across the PZTs manually . When
acquiring data, automatic alignment can be applied by switching on the stabil-
ization which will maximize the central transmission peak during scanning.
To achicve long-term stability, special attention has to be paid to the
influences of vibration coupling. To decouple the vibration from the surround-
ing environment, the whole Brillouin scattering apparatus is mounted on a
compressed air floating optical table (Modern Optics). The decoupling of vibra-
tions arising from the equipment is accomplished by supporting the laser and
the TFPI unit with anti-vibration rubber pads.The other optics are supported
solidly by metal holders and guiding rails. To minimizc the influence of the
air motion between the Fabry-Perot mirrors and obtain better thermal unifor-
mity, a plexiglas box is used 10 enclose the entire interferometer. With these

precautions, the system can scan continuously for days without destabiliza-

tion.

To maintain the high contrast of the multi-pass Fabry-Perot system,
masks are placed at the front and back of the Fabry-Perots, in front of the
coupling mirror and corner cube, and in some necessary places to eliminate

siray rcflections {rom imperfect optical surfaces.

With the apparatus described above, we obtain a finesse of 265 at a mir-
ror scparation of 10cm, a contrast of =10' and a suppression of =300 of

neighboring interference orders for a sandblasted copper block sample.

For temperature control, samples are mounted on the coldfinger of an Air
Products Cryotip continuous flow nitrogen {or helium) cryostat with optical
widows. Temperature is controlled by an Oxford ITC-4 platinum resistance
temperature controller with an accuracy of #0.1K. Details of the cryostat and

temperature controller are given in appendix B.
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2. DATA ACQUISITION AND ANALYSIS

An IBM-AT compatible computer cquipped with an EG&G Oriec ACE-
MCS multi-scalar board was used for the data acquisition. This EG&G
hardware and software package is capable of storing data to memory in only 2
microscconds, allowing very short collection times ( 2us - 35.7min per channel
per scan ) The built-in counter can accept TTL signals or signals directly from
the PMT. The scan length can be up 0 4096 channels with a minimum length
of 4 channels. The count rate van be up 1o 100 MHz for TTL signals and 100
KHz for analog signals. The "live" display feature allows us to monitor the
spectrum during acquisition, whercas the background-job feature allows us 1o
use the computer for other purpose while the EG&G board is colleciing data

by itself.

In cveryday operation, a total of 1024 channels is generatly used with a
collection time of O.5Sms/channcl-scan which matches the time scale of
1024channet x0.5ms/channcel-scan of the TFPI sct by the TFP1 controller.
Sequential scans are accurnulated 10 build up the Brillouin components until a
satisfactory  Brillouin signal is obtained (the accumulation time ¢an be from
10 minutes to 10 hours, depending on the Brillouin scattering intensity). Col-
lected spectra arc stored in the |BM compatible computer and subsequently
transierred 10 the science division VAX/780 for analysis with a nonlinear
least squares fitting program. A hard-copy of a rccorded spectrum can be

obtained with a HP 7040A x-y plotter interfaced to the [BM-type computer.

The program (tandemfit.f) used for analyzing the Brillouin specira was
developed from a standard (taurosv.f) nonlinear least-squares fitting program
based on the Rosenbrock stepping method. A list of the tandemfitd program is
given in appendix C.
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To show how 1the fitting procedure is organized, Jet's lirst have a look at
the structure of a Brillouin scautering spectrum. Figure 3.2.1 shows a typical
room temperature 90° Brillouin scatiering spectrum of K,ScQ, crystal with
the wavevector, g, of the acoustic phonons along the (001) direction (mirror
scparation of the FP1: 0.700cm, laser light wavclength: 488nm). The strong
narrow peak (R) at the center of the spectrum is the Rayleigh scattering com-
poncent which essentially represents the instrument transmission response. The
two small peaks (G; and Gg) at both sides of the spectrum are the suppressed
neighboring interference orders (ghosws) of the central line. As indicated in
figure 3.1.4, because the FP1 and FP2 have deferent separations, their
vorresponding ghosts are in different positions. In frequency space, the inner
pair on both sides is due o FP1 and the outer pair, to FP2. In the specirum of
figure 3.2.1, G, and Gy consist of these two pairs of ghosts merged with each
other. The two other enlarged peaks (LA and LAg) are the Stokes and anti-
Stokes Brillouin components of the longitudinal acoustic modes with g//c.
They are the the convoluted results of the instrumental response, l(w), with
the spectrum of the sound wave, Slw). In general the spectral function Slw)
can be well represented by the imaginary part of a damped harmonic oscilla-
tor response multiplied by a Bosc-Einstein factor"®), In the classical limit, we

have

kgT
Sw)=_>_____ @Y (3.2.1)
w (w'—wlP+to’y

where y is the damping constant of the acoustic mode. The experimental

intensity spectrum of the Brillouin scatiering is given as

- : dw
Kw) = A [(o—w)——2Y . (3.22)
(.I)) f (m W (wz—m02)2+w2 5

where A is a frequency independent constant.
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In most cases, all the components in a spectrum, such as the specirum of
figure 3.2.1, are well separated because of the high resolution, high suppression
of neighboring orders and high contrast of the TFP] system. To analyze the
spectrum, we therefore can apply the above fitting 1o cach of the components

scparaicly.

a). In the fitting program, we first locate the central position of the Ray-
leigh peak (R) by lhitting it with a Gaussian distribution function. This peak
position is used as the zero frequence shift point, or the origin of the spectrum.

b). Sccond, we determine the FSR of the spectrum by using the G, and Gy
components. Because G, and Gy cach consist of two ghosts as discussed above,
we fit each of them with a two Gaussian distribution function. The inner pair

of ghosts are sclected 10 define the FSR which corresponds to the separation of

the FP1 in the TFPI with FSR = Il' in units of cm=".
]

¢). Finally, we carry out the convolution fittings to each of the Brillouin
components. Because the instrumental response (R) is very narrow, the convo-
lution of equation (3.2.2) only nceds 10 integrate over a narrow range around
the peak position of the instrumental response. As a good approximation, we
use a range of *3XHWHMg (half width at the hall’ maximum of the Rayleigh
peak ) around the T,,m position in which the transmission of the instrumental
responsc decrcases from the I, t0a value of less than 1, /1000. In the cal-
culations of the convolution, we replace the imegral with a summation so that
we can directly use the stored digital values of the Rayleigh peak as Kw) in
the integral. This substitution has iwo advantage: first it takes much less CPU
time, second it climinates the error in the l(w) function found from the Gaus-

sian fitting to the Rayleigh peak.
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The solid lines in figure 3.2.1 are the fitted results w0 the experimental
spectrum, The CPU time used for the fitting in a VAX/780 is about 10
minutes,  The results given by the litting for this specirum  are:
HWHMy = 261MHz, the full width at the half maximum of the deconvoluted
Brillouin components FWHMg = y = 86MHz, and the frequency shift of the
Brillouin components Avg = 16.40GHz.

3. EXPERIMENTAL RESULTS

In Brillouin scattering, the frequencey shift Ap; ol the scatied light is con-

nected to the sound velacity v, by the relation of 106

v 2Anf+ad)e
v, = v, l)\ > sin(%—). (3.3.1)
L]

where A, is the wavelength of the laser light, n; and ng the refractive indices
ol the medium for the incident and scatted light respectively and € the
scatiering angle. For an orthorhombic system. the velocity v; of a longitudinal
or transverse sound wave along the crystal axes is related to the component of

the elastic constants C;; by
Vi =Gy P (= 1,6) (3.3.2)

where gy, is the density of the medium. By substituting equation (3.3.2) into

cquation (3.3.1), we ohain

Api'\'n ?
Cp= ~—o™ _ I iy (3.3.3)
2(n|'+n5“) gln(_z_)

The room-icmperature values of p, and n; (i=1,2,3) are given in chapter I

k3]

Experimenial results indicate that in the iemperature range of interest, the

density varies by €1.5% and this variation may be partially compensated by
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the variation ol the refractive indices. Therefore in the following calcula-
tions, p, and n; arc asumed to be constanis and to have their room-

temperature values,

The K,S¢0,4 crystals used in our experiments were grown by G. Haurct at
the University d'Orleans from 99% stock matcerial (Alfa products, Danvers,
Mass.) which was recrysaallized twice for purification. They were oriented,

cut, and polished at the university P, and M Curice in Paris by N, Lenain

a. C3; longitudinal acoustic mode

In the studies ol the anomalics of the C;; longitudinal acoustic phonon,
90° and 180° (back) scattering experiments were performed. Two crysials
approximately 6mm on cach side were used. For 90° scattering, the crystal
was cut with {aces perpendicular to b, a+c, and a—c, and the scattering
geometry was (a+c)b,TKa—c). For back-scattering, the crystal was cut with
faces perpendicular 1w the crysial axes, and the scattering geometry was

cda.Tl(—c).

Figurc 3.3.1 shows three 90° Brillouin scattering spectra at T=300, 127.5
and 81K. The broadening of the Brillouin components is visible at T=127.5

w hich is around the transition wemperature.

The eiastic constant C3; and the damping constant y;3 found from 90°
and 180" scattering data are shown in figures 3.3.2 and 3.3.3 respectively. As
part of a pint program, back-scattering was also performed at the university
of P. and M. Curie in Paris. Their results are correspondingly plotied in figure
3.3.3. In agreement with the reported Brillouin results H2M4] the Cy5's of
both 90° and 180° scattering show rounded-step decreases (=25%) around T,
and gradual increases below T,. The damping consiants y33’s also show

remarkable increases around T, with their maxima occurring slightly above
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the minima ol the corresponding Cy3. The maximum of the y3y curve
increases with scattering angle, showing a strong q dependent behavior. The
average accuracies for Ci3 and 33 are estimated w be 0.3GPa and 100 MHz

respectively.,

b. C44y Cos and Cy transverse modes

Brillouin scattering investigations of the Cuy, Csg and Cg transverse
modes has not been successfully carried out before by other groups because of
their very small scattering cross sections. By using our high resolution and
high contrast Sandercock TFPI system, we are able 1o detect the weak Bril-
louin signals Irom these transverse modes and follow their temperature
dependences. Figure 3.3.4 shows two room-temperature Briliouin spectra of
K;SeO4 collected in 90°, VV+VH (a) and VH (b) scatiering scattering
geometries. The strong LA components in the spectrum (a) correspond o the
C;; longitudinal mode and the weak TA components correspond 10 the Cqs
transvesse mode. In the depolarized scauering spectrum (b), the LA com-
ponents are eliminated (except the =2% leaking Itom the imperfect polarizer)
while the TA components are shown clearly.

To investigate all six transverse modes with q along the crysial axes,
three K,SeQ, samples with dilferent crystal cuts are used. The sizes of the
samples are about 6mm on each side, They are cut so that cach of them has
two surfaces perpendicular 10 a different crystal axis (a or b or c) and four
other faces perpendicular to the diagonal directions of the other wtwo crystal
axes. All the Brillouin scattering measurements were performed in a 90° depo-
larized (VH) geometry. The laser was operated at the wavelength of 4880A
with output power of 250mW. The collection time for cach spectrum varied

{rom 1/2 hour 0 10 hours.
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Figures 3.3.5 and 3.3.6 show the wmperature dependences of the clastic
constants and the deconvoluted FWHMs (damping constants) deduced from
the Britlouin scatiering components of these six transverse modes. For the pair
of the Cyy and 7y, we use squares 1o represent the results of the transverse
maode propagating along b dircction and polarized along ¢ direction (g//b, u//c)
and triangles o represem the results of the other Cy4y transverse mode (g//c,
u//b) with imerchanged q and u directions from the first one. In the same
way, we denote the resulis of the pair Csg modes with: squares - (q//a, u//c),
triangles - (q//c, u//a); and C,, modes with: squares - (q//a, u/sb), triangles -
(q//b, u//a). When the wmperature approached T, from above, the Brillouin
scattering intensity of the Cqg transverse modes decreased dramatically, mak-
ing further low itecmperature measurcments impossible. The weakness of the
transverse mode Brillouin signals causes uncertaintics in determining the fre-
quency shifts and the damping constants. The accuracies for the elastic con-
stants and the attenuations are cstimated as 0.3GPa and 100MHz respectively

around room-temperature and 0.6GPa and 200MHz at low temperatures.

As can be seen from figures 3.3.5 and 3.3.6, within the experimental accu-
racies, there is no distinguishable asymmetry in the C; and 7y;; for the pairs of
transverse modes under interchange of their propagation and polarization

directions.

A comparison of our hypersonic shear stiffnesses C,,, Csg and Cg With
the results of Rehwald ¢ allR!l shows that our results are similar w0 their
ultrasonic results, but somewhat different from their hypersonic results
indirectly obtained by using the stiffness functions of pure longitudinal,

quasi-longitudinal and quasi-transverse phonons.

Of the measured shear elastic constanis, only C,, shows pronounced vari-

ations around the T; temperature with a gradual decrcase of about 40% when
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the 1emperature approaches T, from both sides. Only Cgg shows an anomaly
around T, with a significant decrease when the temperature approaches T,
ahove, Of all the measured damping constants, no countable anomaly was
observed within the experimental accuracy.

Figure 3.3.7 shows the tcmperature dependences of the integrated Bril-
lonin scatiering intensities (1,4, 155 and lgg) of the Cuy, Coq and C, transverse
modes. They are obtained by integration over the arca of the corresponding
Briliouin components and normalization with the laser power and collection
time. The accuracy of these values is estimated 10 be about 20%. As shown in
figure 3.3.7, the Brillouin scatiering intensity of the C44 mode exhibits unusual
changes on both sides of T;, and the Css mode when approaching T, To
explore the intrinsic properties, we plot in figure 3.3.8 the temperature depen-

dences of P; with
Pi = (1;Cy/ T, (3.34)

in which the P, are proportional to the clasto-optic (Pockels'’s) coeflicients, The
tigure shows clearly that while Py, is temperature independent, Py is tem-
perature dependent with a variation opposite to that of Cg,, and Py is also
temperature dependent in the incommensurate phase with a variation similar

to that of Cgg, though it is temperature independent in the normal phase.

The analysis and discussions of these experimental results will be given
in the later chapters in which we will discuss the longitudinal C,; mode and

the transverse modes separately.
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CHAPTER 1V

ELASTIC ANOMALY OF
C;; LONGITUDINAL ACOUSTIC MODE AROUND T;

In this chapter we present a self-consistent theoretical analysis of the Cs;
longitudinal acoustic anomaly ol K,S5c0O, in the vicinity of the incommen-
surate phasc¢ transition based on the framework of' Landau theory. Much of
the material presented in this chapter has been recently published in Physical

Review B,

1. THE LANDAU FREE ENERGY

The phenomenological Landau theory has been cextended and widely
applied in describing structurally incommensurate phases and the phase tran-
sitions with great success. For K,5¢0,, two kinds of Landau free cnergy
expressions are gencrally used. Although they are essentially equivalent, cach
ol them has advantages in describing some of the incommensurate characteris-
tics. The complete form of the free energy most widely used is an expansion
in the complex commensurate normal-mode coordinate, Q,, whose phase and
amplitude are assumed 10 be continuous slowly varying functions of position,
This Kind of free cnergy has been c¢xtensively discussed by many authors
.9Rs6MBANI4NSS), 1 includes the gradient term which guarantees that the equili-
brium state is homogeneous, and the Lifshiz invariant term which provides a
natural cxplanation lor the occurrence of the incommensurate phase. Another
expression for the free energy is a normal-mode expansion in which the order
parameters are the complex normal-mode amplitudes, Q,, of the Z, soft optical

branch. This form of the free energy has the advantage for analyzing the
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lattice dynamics in the incommcnsurate phasc. The existence of two new exci-
tations, the amplitudon and phason, in the incommensurate phase is a natural
result of this free energy. Detailed reviews of this normal-mode cxpansion
free energy have been given by Axe (A2, Dovrak et 2112l and Bruce et al!B3,
We will show that under certain approximations, both free energies can be
reduced to a simple form which is valid in the vicinity of T; and has been

widely used.

a. Complete form of the Landau free energy

The Landau free energy density function for incommensurate K,S0, can
be constructed according to the crystal symmetry in the normal and commen-

surate phase. It can be expressed as a sum of three parts:
f(x) = U1 (x)+Fp(x), (4.1.1)

where fo(x) includes terms only containing the order parameter Q(x) which is

the complex position-dependent amplitude of the I, mode at the commen-

surate wavevector q, = 4'3—. fe(x) includes terms in the strains €; (i=1-6) both

alone and in combination with Q, and fp(x) includes terms in the polarization

P, both alone and in combination with Q. Each of them can be expressed as:

fo = 3aQQ"+ 1 HQQ P+ LyiQQ P-i 1L ¢ 49,

; ‘:ﬁ: ‘;‘3 y(QO+Q'), (4.1.2a)
fp = &-P2+-;-nPZQQ‘+£P(Q3+Q'3)—PE. (4.1.2b)

fe = 2 zC eie Zhelm+ Zg,je em

Lhji=1
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+ i ga‘EﬁOQ"F —;‘ase 5(03"‘0‘3)_ i €;0; (4.1.2¢)
i=4 i=1

where, according 1o the usual Landau assumiption, only the coefficient o is

temperature dependent with
a = a(T-T,), (4.1.3)

and all the other cocflicicnts are assumed to be temperature independent.

This form of free cnergy has the great advantage of describing both the
incommensuratic and lock-in transitions as well as the evolution of the modu-
lation wave from the sinusoidal regime near T, to the multi-soliton regime
near T, in the incommensuraic phasc. But it does not naturally include
dynamics. o apply the {ree cnergy for the clastic anomalies around T,, we
will show that it can be simplified to a simple form under ceriain approxima-

tions. First, we make the usual transformation to polar coordinates Q = pei*®)

and invoke the continuum constant-amplitude approximation ::x_p = 0. Equa-

tions (4.1.2a), (4.1.2b) and (4.2.2c) can then be rewriticn as:

fo= %ap"‘+-}ﬁp"+ %y,p 0p23¢ pz( dé )2+yp6cosb¢ (4.1.4a)
fp = .j.].x:P2+-%-nP2p2+2{Pp3c033¢-PE, (4.1.4b)

1 &
f,=5”2 €€ zhe,p+}_'_g,,e,e,p
l._|= i=

= 1_]_

6 6
+ Y gi€.2p2+as€pPc083¢— T €,0. (4.1.4¢)
i=4 i=4

Since we will not consider the polarization P, we minimize the average free
L
encrgy density F = (]t)ff(x)dx with respect to P and find the equilibrium

value:
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P = x (E—2£p3cos3d), (4.1.5)
where
Xo = ———.
—x-;+np~

Assuming that the clectric field E and the stresses o; are zero, we eliminate P

from f(x) and find:
fp = X.£295(1 +cos6d), (4.1.6)

where we have made use of the identity

ne . _ 1+cos(ng)
cos¥( 3 )= > .

It can be seen that the terms in My(x) can be absorbed into the sixth order
terms of f(x), resulting a modification of the coefficients of y; and y. In this

way the free energy can be considerably simplified.

The xz clastic strain €5 has the same symmetry as the phason and, there-

fore, will have interaction through the term -;-ases(QJ-l-Q"). However, the

interaction has a strong effect only near T,; for the temperature around T, the
effect is small, so we drop this term. For the purpose of describing the longiwu-
dinal elastic anomalies around T,;, we ignore all terms in strains €4, €4, €, and

the off-diagonal components of g;. Then the approximate form of f(x) is:

f(x) = lap2+%ﬁp"+-16-ylp°—op2 a1 sz( dé )’+w cos(6¢)

2 dx
; 2 Cijee —2hqp2+ }:g,e P, 4.1.7)
L=t i=1

where

Y1 = V160X (4.1.8a)
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y= y—x€ (4.1.8b)

A further simplification can be achicved by minimizing the average free
L

cnergy density F = % f f(x)dx with respect to ¢ in the constant-amplitude
o

approximation. The Euler-Largrange equation

d _af _8f _,

a , 4.1.9
dx a( [l ) od ( )
ox
yiclds
2
xi-?- = —6yplsin(oe), (4.1.10)

which is the sine-Gorden equation. The solution of this equation indicates that
when T is close to T, in the incommensurate phase, the spatial variation of the

phase ¢ of the modulation wave is soliton like, whereas when the tempera-

ture is close to T;, %f-:i tends 10 be constant as shown in figure 4.1.1 B2, | the

vicinity of T,, we 1ake the incommensurate planc wave limit and let

d¢
— = q—q.. 111
dx % “ )

In this limit. equation (4.1.7) reduces 1o

f(x) = -%-[a-ZO(q—qf)ﬂ(q-qc)’]Pz‘f;I,-BP""‘%W’"

1 3 ° 3 2 3
+—2— ZlCijeiej_.zlhie i +
i=

i,j=

g.€,.%p2. (4.1.12)
1

=
In the above free energy, p is the amplitude of a £; mode at the wavevector q,

and thus equation (4.1.12) is the free energy of a single mode. Minimizing f(x)

with respect 10 q gives

q. = qr+_f(l. (4.1.13)
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Substituting q, into (4.1.12), one obtains

f(x) = —-(a—-—-)p-+ [i‘p“+_1~.y,,0"+7 ZC,?E,GJ
i.j=1

3 3
— Y hije;p2+ ¥ g€’ (4.1.13)

dQ -Q dQ)m

Note that the Lifshitz invariant term —-l—(Q equation (4.1.2)

shifts the minimum in the part of f(x) quadratic in p from q. = 13- 1o

o o o :
qn=q,+?. Also it increase the wransition temperawure from T, where

a = a(T-T,}) =0 (the virtual paraclectriccommensurate  transition) 1o

9

T, = Tt —

K

w here (a—-%:-)-—-O. Finally, replacing (a—g:-) by

A = A(T-T;), 8 by B and y, by D, and noting that {(x) is no longer depen-
dent on x and is thercfore identical to the average free energy, we have the

final simple form of the free energy:

F= _A (T—T,; )p-+2-Bp"+ Dp°+-§- Z Cile€,
ij=1

"]

3 3
i=t i=1

This form of the free energy is advantageous for calculating the thermo-
dynamic properties in the vicinity of T,. It includes the main contributions
from the amplitude of the order parameter which is the amplitude of the ¢con-
densed soft optical mode on the I, branch with wavevector q, We will
evaluate the cocfficients appearing in this approximate free energy expression

in the static equilibrium limit.
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Although this lform of the free cnergy can be extended to analyze the
interaction of acoustic phonons with the order paramcter dynamics (Y3)) it
lacks some important dynamic information. Note that originally the complex
order parameter Q is two dimensional (amplitude and phase), w hereas the one
in the free energy (4.1.15) is only the amplitude p of the order parameter (the
incommensurate condition provides that the {ree cnergy of the equilibrium
state is independent of the phase angle ¢ and the equilibrium state is thus con-
tinuously degenerate !B3), Also it does not include the dynamic information
required 10 describe the degeneracy of the soft modes at (g +q) and (—q,+q)
in the paraclectric phase and the Jifting of the degeneracy in the incommen-
surate phase because of the change of the symunetry, To obtain this informa-
tion for the dynamic calculation of ithe acoustic phonon - soft mode interac-
tions, we need 1o consider the free energy demsity written directly as an

expansion in normal mode coordinates.

b. Free energy in normal mode expansion

We know that the incommensurate phase transition of K,;5¢Q, is driven
by the condensation of the soft optical mode of ¢ = q, on the I, branch. To
investigate the dynamic properties of the soft modes, we should use a free
energy density expressed directly in normal mode coordinates. For easy discus-

sion, we write it in the form of

where Fq is the part of the free energy which depends only on the normal
mode coordinates, Q(q), on the I, branch where the modes at q, and —q,
become critical at T;, F, is the purely clastic contribution, and F_ is the part
which includes coupling between the normal modes and the elastic strains in

which we will only consider the lowest order contributions. All contributions
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of the polarization P are neglected. The three parts of the frce energy can be

written as

Fo= % Z (F(QI“qlquz)s(q|+q2)+% 2 BQ(q,)-Qq,)8(q,+-1+q,)

1142 Grma
o L DOy Qa6)8(ay+--+as) (4.1.17a)
iR
Fo= 1 I £ Coeae(a:)5qr+ay) (4.1.17)
hgahj=1

3
F.=— ¥ X hi€lq,)Qq;)XAq;)8(q,+.+q;)

9 -gy=1
+ T Eeae(@:)a a8 +a) d8.1.170)

Q-ga=1
In this expression, it is understood that Q(q), the normal coordinate of a mode
on the I, branch, is considered only for q in the vicinity of q, or —q, Furth-
ermore, we have neglected the wavevector variation of the coefficients of B, D,
G, h; and g;. Only Q2 is temperature and wavevector dependent and is defined

as

(@) = ALT-TH 3 L Augla30,)(a 2005, (4.1.18)
ap

where the * sign depends on the proximity of q to q; or —q, and A,g is a
symmetric tenser with the full orthorhombic symmetry. In the lowest order

approximation, we write it as

a=[o A 0
0 o A

This free energy is written in the variables relevant to T>T;; it contains

both equilibrium and dynamic components. The equilibrium components can
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be oblained by dropping all terms in the sums on g cxcept those for which all
q; are equal to 3, for the normal mode coordinates Q{q,) and all g, are cqual

zero for the strains e(q;). By setting

Qq,) = vl-z-pc“. (4.1.19)

one can obtain

1 3

! Dp"+-2- 2 Coee,

5 ;

=1 1, 1p o4
—Z-QZ(%)P +IBP +

j=1
3 d 3 %
— X hiep~+ F gi€;°p", (4.1.20)
i=1 i=1
where, as indicated by (4.1.18)
Pq,) = ALT-Ti).

Comparisons ol equation (4.1.20) with equation (4.1.15) shows that the equili-
brium components of the free energy (4.1.20) is identical with the simple

form free energy (4.1.15).

Now we will consider the dynamic componenis of the free energy
(4.1.17) and find the dynamic effects of the coupling between the acoustic pho-
nons and the soft optical modes. Using equations (4.1.17), we will calculate
the energy associated with the time dependent fluctuations of the normal coor-
dinates in the presence of the static distortion <) 1g,)> Following Bruce
and Cow ley!BY we redefine the variables 1q,) in the free energy (4.1.17) by

Q4g,) = <A 49,)>+Q( 1), (4.1.21)

so that the Q(4g,) in the right hand side always describes the fluctuating coor-
dinators of wavevector %, in the normal and incommensurate phases. The

static distortion is defined as

— Po ie,
QY g )> = T3¢
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where p, is the equilibrium value of equation (4.1.20). The lowest order devi-

ation of the free cnergy from its equilibrium value is given by

8Fy = X[ 4q,+qH+2Bp+3Dp, KX 19,+9)Q'( 2q,+q)
q

+ ¥ (B+2Dp Dp He % Qq,+q)Q"(—q,+q)+c.c.) (4.1.22a)
q

SF. = X igipoze (—q)ei(q)

q =1

-2, i[hi_gie 0o € i(-q')vl—[e-m'Q(qo‘i'q')+ei¢°Q('—q,,+q')]
q =1 2

-2 53 [hi—gi€;%0))e(—q XX 1,+9 +q)Q (g, +q), (4.1.22b)
.qi=]

where c.c. is the complex conjugate. Since the structure is changed by the
static distortion in the incommensurate phase, the above energy flucluation
will play a different role above and below T,. We will discuss the two situa-

tions in turn.

Since the equilibrium conditions of equation (4.1.20) requires p, = 0 and

€,40) = 0, equations (4.1.22) can be reduced into

8Fp = T (¥ (1,+q)XA 1q,+q)Q'( 3, +q), (4.1.23a)
q
8F. = = ¥ he(—q ) 19,+9+q)Q"(2q,+q). (4.1.23b)
aq ’

The above equations indicate that above T,, the dynamical variables are the
normal modes of the I, branch. Also, in this phase, the energy of the system
can be lowered by the coupling of the acoustic phonon to pairs of soft modes

around the two minima at i, on the I, branch. Such a coupling may be
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represented by the usual bubble diagrams

Qg,+q+q) QA-q,+q+q)

Q(q,tq) Q(—q,+q)

The total effect should sum the q over the I, branch.
2)- When -r<l-.1 H

In the incommensurate phase, p, and €,%0) are different from zero. In this
case, as can be seen from equation (4.1.22a), soft-branch modes with wavevec-
tors (q,+q) and (—q,+q) become coupled. Since they are degenerate (in the
parabolic approximation with the minima at q, and —q,), they can be decou-

pled by introducing a canonical transformation

PA@) = 7131e"‘Q(qo+qu“Q(—q,+q)l (4.1.242)
Pie) = zle Qe ) Q-a,+q)l (4.1.24b)
As a result of the transformation, the eigenvalues are given by
QXq) = ZBp°2+4Dpo4+-%-ZA¢qaqﬂ, (4.1.25)
af
Qi) = -12— E\.pqaqp (4.1.25b)

It is well know that P,(q) is the amplitudon and P(q) the phason. They are
associated with the local fluctuations in the amplitude and the phase of the
static distortion field. A schematic illustration of these fluctuations is shown in

figure 4.1.2. Note that in the incommensurate phase, the dynamic variables are
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dlx)

2 s o w

-
-
o

Figure 4.1.1. Spatial variation of the phase @ of the modulation wave for different
soliton densities n, = dy/ X, here d, is the soliton width and X, the intersoliton spac-
ing. The spatial variable is measured in units of x, = 1. When T—T, n,—I; when
T—T,, n,~0 {from Blinc et alL!®2]),

Phase
fluctuations

7 X\ ,
Wt

Amplitude
k x

fluctuations

U+ du

4

{

Figure 4.1.2. Schematic illustration of the amplitude and phase fluctuations of the
modulation field.
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no longer Q(q), but P,(q) and P4(q). With the transformation of equations
(3.1.24), equations (4.1.22a,b) have the form

8Fg = T 0P A(q)PA(q)+ T OFP(q)P (q), (4.).26a)
q q

SF. = Z, igipoze {(—q)e i(q)—Z i(hi—gie PP (—q)P,(q)

q i=l q =]

- z i(h.""gle io)e ,(—q‘IP A(q+q)P ;(q)+P *(q'i'q')P ;(Q)l (4-1-26b)
qai=]

The second term in equation (4.1.26b) represents a bilinear coupling of the
acoustic phonon to the amplitudon. From equations (4.1.24a,b), we can see that
the amplitudon is essentially even and the phason is odd in the vicinity of
q = 0. Since the elastic strains €; (i=1-3) are even, the invariance of the free
energy restricts the bilinear coupling of acoustic phonons to the amplitudon
(in the lowest order approximation - q independent coupling constants h; and
gi)- This coupling will lead 10 the well know Landau-Khalatnikov result of
the elastic anomaly discussed by Landau and Khalatnikov in 1954{L6),

As indicated by the third term of equation (4.1.16b), in the incommen-
surate phase, the acoustic phonon can couple to pairs of amplitudons and pha-
sons. Therefore we have another two bubble diagrams, one for amplitudons

and one for phasons

P,(q+q) P4(q+q)

Pi(q) Pi(a)

They just replace, with the same weight, the two soft mode bubble diagrams
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corresponding to the minima at 1q, Again, the total contribution from the
coupling can be obtained by summing over q in the vicinity of the origin.
We will show in the next section that the contributions of the third

order coupling, the bubble diagrams, will lead to the well know result of the

fluctuation integrals discussed by Levanyuk!L19 in 1966.

2. DERIVATION OF THE LONGITUDINAL ELASTIC ANOMALY

The longitudinal elastic constants of K,;SeO, exhibit anomalies in the
vicinity of the incommensurate phasc transition due to the coupling of strains,
€; (i=1,2,3), to the order parameter through the term of (h;;,~g€,2)QQ" in the
free encrgy of (4.1.2). Of the thre: LA modes, only the C;; mode shows a
major anomaly near T;,, a rounded-step decreasing by about 25% in the
immediate vicinity of the transition. Such anomalies are often found in
incommensurate and other structural phase transitions L7 in which bilinear
coupling of strains to the order parameter is forbidden by symmetry. How-
ever, even within the simplified framework of a mean-field theory, a complete
treatment of that kind of coupling effect has not been given in the case of a
normal-incommensurate phase transition. Therefore, in this chapter, we will
derive the expansion of the longitudinal elastic anomalies in which the
fluctuation effects, including the acoustic phonon-phason coupling, have been

taken into account

To study the elastic anomaly, we need to compute the complex
temperature~dependent elastic constants O(w) = C(w)+C'(w). A phenomenolog-
ical approach to the calculation of the elastic constants based on the Landau
free energy has been reported by Yao et al. [¥3] in their studies of the acoustic
anomalies of terbium molybdate. Essentially following the same procedure, we

will first find the static results from the free energy (4.1.15), then make a
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dynamical approach with the consideration of one dimensional order
parameterand finally, extend the result to a two dimensional order parameter

system of incommensurate K,SeQ,.

a. Static results

Minimizing the simplified free energy of equation (4.1.15) with respect to

p and €; by setting F, = (-g—l;—) =0 and o, = (gg-) = 0, we havc the equili-

brium conditions of

3
[AO(T—T5)+Bp2+Dp"~Z(Zhiei-Zgieiz)]P = 0, (4.2.1a)
i=1
3
2 Cije;~(h—2ge;)p? = 0. (4.2.1b)
=1

The equilibrium values of p and €; are give by
Pe=0, (T>Ti) (4.2.22)

€° =0, (T>Ti) (4.2.2b)

AO(T_TiHBp°2+ Dpo‘_ i (2h'€ iz ""Zgif 102 ) = 0, (T <r1) (4.2'2C)

i=1
3
2 Coe—(h—2gi€ )pl =0 (T<T,) (4.2.2d)
1
For small deviation of p and €; from equilibrium
P = pytdp,
€; = €,°+d¢;,

the stresses g; and force conjugate to the order parameter F, become

8F, = A(T-T5p, (T>T) (4.23a)
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3
1

3
SFP - (299024'40904 )BP“ 2(2h1—4g|€ i°)P°565. (T <T.) (4.2.3C)
i=1
3
SOi = zc:;&e j+2g -pozaﬁi"'( 2hi—4gie io)POSP. (T <r|) (4.2.3d)
F1

where we have only kept the terms linear in 8¢; and 8p. The static equili-

brium conditions (4.2.2) are used.

In the static limit, we assume that p remains in equilibrium, the linear-
So;
ized longitudinal elastic consiants under zero 8F, are given by (-8-6—'),.-’=o. That
i
gives

C,(w=0) = C2, (T>T,) (4.2.42)

(Zhi—4gie iﬂ)z

Cy(w=0) = (C¢+2g;p2
lw i+ 2805~ 2B+4Dp

(T<T) (4.2.4b)

This is the typical result from the coupling of (h;e;—g,€,2)p2. Note that in the
static limit, the coupling has no effect on the elastic constanis before the phase

transition and causes a discontinuous changes at the phase transition point.

b. Dynamic results

In order 1o obtain the dynamical properties and include the fluctuation
effects, a dynamic treatment for the coupled mode system must be considered.
Dynamics can be introduced by constructing a Lagrangian density in which
the free energy F of equation (4.1.15) is taken 1o be the potential energy den-
sity for the coupled modulation wave and acoustic modes. Usually, in the Lan-
dau theory, the soft mode dispersion is produced by the gradient term of (p)

in the free energy IL8), but for the sake of greater generality, we will not fix
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the soft-mode dispersion in the caiculation and will use the dispersion relation
obtained from neutron scattering experiments, as discussed by Yao et al. [Y5),

The Kinetic energy density is taken as

- 3 -
T=1p41p 302 (4.2.5)
2" 2775

where p,, is the mass density and ufr) are displacements in the x; direction,

oy

which is related 10 the Jongitudinal elastic strain by €, = T In the follow-
i

ing calculation, we will limit ourselves to the longitudinal acoustic phonons
traveling along the crystal axes. External driving forces are included by

adding to the potential energy density with
3
Fﬂ“ = '—Zoiei—pf " (4-2-6)
i=1

where 0; and f, are the driving stress associated with strain €; and the driving
force for the soft mode. Damping can be introduced phenomenologically by a

Rayleigh dissipation function of
Fa= A+ Lo, $ 002 (4.2.7)
R= 5 P _fpm.zlyiiui ' 2
i=
in which I and y,? represent the damping of the soft mode and the acoustic
modes. The equation of motion for p and €; are obtained from the Lagrange’s

equation for continuous system:

d aL ) 8L 9L OF _
3 aE LI o0t o5 o e (4.28)

where £ = p, u, and the Lagrangian
L = T-F-F,,,.

The equations of motion are given as
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3
p+Tp+Ap+Bpi+Dps—F (2hie,~2g;€,))p = 1, (4.2.9a)

i=l

o' . ap? 8 . ., do,
3 +h| -Zgl 3 (Gip") = _'—a-x-:g (4.2-9b)

PmEitP Y€ i—Cif
mETEmNETIST axE Si g,

in which a diffcrentiation with respect to x; has been taken for the second
equation. Fourier transformation of the above equations gives

~ Pplq, i (Wplq, D+ Ap(q,+Bip*{p*p} ), o+ Dip* (%%} )y o

4 — . -
i=1 1=

—iZhi{fi'P'q.0+ 2 2g;ilele*plly o= T,(q.0), (4.2.10a)
1

—p %€ (Xw)—ip o yiP€ (k) +C k2 € (k,w)-hkp*o )}y
+2g;k e p*plhy,, = k2o(kw), (4.2.10b)
where {f*g} denote the convolution of
{Pglg.a= [ 1(q,0)q—q,0—0dqdd

The conventional Fourier transformation is taken as

= 1 —ilqr—0)
f(q,8) GaP f f(rpde drdt,

1 P
t — | ' b X ’d
f(r,t) G ):f (q,Meilar Myqqn

Now considering the small deviations of p and €; from their equilibrium

positions, we denote
p(q, Q) = p 8(q,—~q)8(M)+5p(q.0, (4.2.112)
€,(k,w) = €°5(k)6(wH 8¢, (kw), (4.2.11b)

where q, is the wavevector of the soft-mode on the E, branch which is con-
densed below T,. p, and €;° are the equilibrium values of p and €, obtained
from (4.2.2). The 8p and 8¢; are the dynamical variables in the following
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calculations. Substitute the above equations into equation (4.2.10), keep terms
linear in the dynamical variables of 8p and ¢, as well as the coupling terms
of 8€¢*8p from (4.2.10a) and the second order term of §p*8p from (4.2.10b),
The equations of motion for the coupled acoustic mode and the soft optical

mode are

3
é—Sp(q,Q)— 2. (2h;—4g;€,°)p b€ ,(q—q, D
i=1
- i(-?hi""‘giei")lSei*Sp b= (a0, (4.2.12a)

i=1

_x“_oaei(m)—(zhrélgies°)9059(k—qmw)

—(h;2g,e°N8p*dply ,, = ai(ksw), (4.2.12b)

where the x; and X are the zeroth-order susceptibilities of the soft mode and
the acoustic mode. They are

—1;(q.0) = A+3Bpl+5Dp '~ i(Zhiei"—Zgiei"z)—f?—i(ll’. (4.2.13a)
Xp

-x%(km) = (CP+2gp2) %«.’-—i{_';y;. (42.13b)
! i i

From these susceptibilities, we can identify the soft-mode frequency as
0Qg,) = A(T-T), (T>T) (4.2.142)
QAq,) = (2B+4Dp2)p2,  (T<T) (4.2.14b)

where we have used the equilibrium conditions of (4.22). To extend the
analysis with the soft-mode dispersion, we demand that the pole of XxXgq,{D)
must correspond 1o {},(q) so that

é;(q.m = G3,(q)- O-iQr.
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From (4.2.12a) one obtains

8p(q.0) = 8pq,0)
+xq.0 i(Zhi-—4giei°ISei(q—qw D)+{8¢;*6p) g oh (4.2.15a)
i=1

where 6p%q,8) = xXq.0f,(q,{D is the zeroth-order value of the 8p. Substi-
tute (4.2.15) into (4.2.12b) and only kcep terms linear in 8¢, yielding

]

55 l(k’m)—(zhl—4gie i“)zpozxp"(k—qo.(n)SE i( k@)
—(2h;—4g;€,° P p X (k—qwN S€*80%y _q 0
—(2h;—4g;¢€ io)z Pol SpuXpo(q" 0)5¢ i(q.—qo’ o kw

—(2h,—4g;€,°P*{8p™x Aq, ) 5€*8p°) )k . (4.2.16)

To evaluate the nonlinear coupling terms in the above equation, we note that
the average of the thermal fluctuation of
<8p°> = 0, and introduce the fluctuation- dissipation theorem [Hé] which pro-

vides

<BpqM8pAq, > = %mmq.mls(qm)s(mm. (4.217)

where Im[xXq,{)) is the imaginary part of Xp- Then the average of the o
over the thermal fluctuation of §p° gives

1

S (kw)(2h~4ag;€ ° P p IxXk—qw)5€ (K aw)

2kpT

T 2o (2h~dgie,Poe (kw) f dq [ %?‘"‘[Xﬂq.mlx:(k—qm—m (4.2.18)
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. crewen e 1 9 <o, 50 . , .
The elastic susceptibility is given by — = . With the approximation
& Xe 8¢,

of XJAk—quw) = x5(q,w), we substitute (4.2.13a) into the second and third
terms of (4.2.18), then carry out the integration over the ) by using contour
integration, which gives us

1 - 1 (2h;—4g;e°Yp]’
Xelkw)  xAkw) 0OXq)-w?—iwl

(4.2.19)

_ %kpT(2h,—4gi€°) [dq (1+iw/ 2I)
2n) 0X1~iw/ D40} —i20l(1—iw/ T)]

For w<< I which is true in the case of K,S¢Q, we drop terms of w/T. Since

w <0,(q,) we omit the w? in the second term. That results in

1 _ 1 (h—agelPpl
Xelkw)  xAkw) QXHg)-iwl

_ 2kBT(2h1—4gie io)z f dq

n)y QX q4 QX gH+i20I(q)) 4220

By using the above susceptibility and equation (4.2.13b), we can find the elas-
tic constant and the damping as

(2h;~4g;e,°Yp 2 QXq,)

Ci(w) = (CP+2gp )

Q¥ el
- ﬁn“i‘;::&e:’)’ J 4()p‘(q;l:02rz(Q) ’ (42.212)
+:::: ksﬂzg;;g;eio)’ I %z(qu%{(:qmzr;(q)]- (42215)
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The second term in equation (4.2.20) is the well known Landau-Khalatnikov
term resulted from the bilinear coupling of 8€,6p. In the w—0 limit, it
reduces to the static result of equation (4.2.4). The third term of equation
(4.2.20) is the fluctuation integral developed from the third order coupling of
5€,;5p8p. This integral is important in both the normal and incommensurate

phase near T; where the {},—0.

In order to obtain the elastic anomalies for the 1two dimcensional dynamic
variable system of K,SeO,, we have 10 extend the above results from the
simplified free cnergy employed so far by considering the free energy in nor-
mal mode expansions and the dynamic results discussed in section 4.1b. When
T>T,, the elastic anomalies are caused only by the third order coupling. It is
clear that from equation (4.1.23), two fluctuation integrals will be obtained
corresponding to the two minima on the I, branch. In the case of T<T;, the
elastic anomalies are caused by two effects: bilinear coupling and third order
couplings. It is also clear that from equation (4.1.26), a Landau-Khalatnikov
term will result from the bilinear coupling of the acoustic phonon and the
amplitudon, and two fluctuation integrals will be resulted from the third
order coupling of the acoustic phonon to pairs of amplitudons and phasons.
Therefore, the theoretical predictions for the temperature dependence of the

elastic constants and the attenuation are given as

T>T;:
, 16kyT d
. =(C.0— hz _q.' .
Cilw) = Gt~ 402+ TE(Q)’ 4222
k;2 8kgT Ir(q)dq

(4.2.22b)

X =y ____ h2 »
vi) = vt o ot 0 QIO (Q+w TZ(Q)]
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T <ri:

(Zhi—4gie io)zpoz Q‘Az(O)
QA0M+w?T 2(0)

Cilw) = (CP+2gp) -

2kgT
2r)

~4
(2h,—agie’F lf 40‘(q)+w2r§(q)

40/(q)H+w*THq)

k2 (2h,—4ge °Pp 2T ,(0)
Pm  QXOHWTX0)

+ f dq l, (4.2.22¢)

yalw) = y+

k2 kgT F'x(qXq
hill 2h,—4g€.°
Pm (21r)3( TR )zlf 0XqX40¥(q)+w’T Hq)]
4.2.22d)
f 0HqX40Mq)+w?TH) | (

In the expressions of equation (4.2.22a) and (4.2.22b), we have multiplied the
fuctuation integrals by 2 to take into account the existence of the two minima
in the I, branch. Also, in the Landau-Khalatnikov terms of equation (4.2.22¢)
and (4.2.22d), we have used the approximations of ,(q;) = Q,(0) and
T alq;) =T 4(0) which is valid for phonons of small q; detected by uitrasonics
or Brillouin scattering. In the above expressions, { , I't, Oy, 'y, Oy and [y
are the frequencies and attenuations of the I, soft mode, the amplitude mode,
and the phasé mode branches respectively. Expressions of {), {},, and () are
given by equations (4.1.18), (4.1.25a) and (4.1.25b).

After evaluating the coefficients of the free energy (4.1.15), we will use
equations (4.2.22) 10 calculate the temperature dependance of the elastic and
damping constants. By comparing the theoretical results with the experimen-

tal results, we may check the validity of the theory and the consistence of the
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analysis.

3. EVALUATION OF THE FREE ENERGY COEFFICIENTS

Most of the coefficients in the full form free energy expansion of equation
(4.1.2) can be evaluated from the existing experimental literature on K,SeO,
as has been discussed by Sannikov and Golovko I35}, However, for the purpose
of analyzing the Cj; longitudinal acoustic anomalies around the normal-
incommensurate phase transition, we will only consider the coefficients A, B,
D, C(i,j=1-3), h(i=1-3) and g3 appearing in the simplified free energy of equa-
tion (4.1.15) (ignoring all g; except g3) as well as the three diagonal com-
ponents of the tenser A,g in equation (4.1.18). These coeflicients are necessary

for carrying out the theoretical calculations with equations (4.2.22),

a Ay

Equation (4.1.18) shows that in the normal phase, the coefficient A, is

related 10 the soft mode frequency by
Ot (q) = A(T-T,). (4.3.1)

The temperature dependence of the O (q,) has been determined by lizumi et
alM in their inelastic neutron scautering studies of K,SeO, Their results are

shown in figure 4.3.1. A linear fit 10 the data points of q, = (0.31,0,0) gives
(h Oy (q,)F = 00NT—T,) meVZK™!, (4.3.2)
from which we obtain

A, = 1.6x10%3872K ! (4.3.3)
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b.CJ:

We have estimated the "bare” values of the clastic constants CXi=1-3)
by cxtrapolating the Brillouin Scattering results of Hauret et allf2l 10 T; in
the normal phase, and the CXi¥j, i,j=~1-3) by the Brillouin scattering results
of Rehwald et al!®!! (as shown in figure 2.1.7). We find

58 1.7 1.5
[C°] = 54 20 {x10"dyncm™?, (4.34a)
4.0
and
020 —0.045 —0.045
[sel=I[Cr! = 023 —0.10 |x10""dyn"'cm2(4.34b)
0.32
c. Band h; :

The B and h; coefficients are related to the abrupt changes of the specific

heat (AC,) and thermal expansion coefficients (Aay) at T,

The specific heat anomalies of K,S5¢0, have been measured by several
groups AMLACHFAAN Erom the most resent result of Flerov et allF2, the
specific heat jump at T; is AC, = 10.1) K"'mol~!. With the molar volume of
72cm’mol~! (g=3.05g cm™!, 1 mole=221g), we find

AC, = 1.4X10%rg cm™3K ™. (43.5)

L4

The thermal expansion of K,SeQ, has aiso been studies by several groups
IM2AF2IX3DS1] Erom the results of Flerov et allF¥, the discontinuities of the

thermal expansion coefficients at T}, as shown in figure 2.1.5, were found 10 be

[ Aoy, Aoy, Dy )= 3.4,8.1,—19.1 I x 107 3K~ 1. (4.3.6)
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When temperature is very close 1o T, the simplified free energy of equa-
tion (4.1.15) can be further reduced by ignoring the sixth power and the
biquadratic coupling terms. We write

F(T=T,, 0=0) = F,+ 5

Ao+ LBott L Coeem Thept, (37
p*+5Bp Z_Zl ij€i€ ).‘.l €05 »3
,j:-‘ 1=

where F, is the "background” free energy which does not depend on €, and p.
By minimizing the above free energy with respect 1o €;, we have the spon-
Laneous strains at zero stress
3
€° = Z:S-,‘j’hjpoz. (4.3.8)
=1
Using this result 1o eliminate the €, the free encrgy of equation (4.3.7) can be

rewritten into

1 ]

RT=T;, 0=0) = F°+-2-Ap2+-IB'p‘ (4.3.9)
where
. 3
B =B—2 ¥ hSth; (4.3.10)

ij=1

From the equilibrium condition of -g—E- = 0, the equilibrium value of the order

parameter near T, is given as

pe =0, (T>T) (4.3.11a)
p2= —-g.-. (T<T) (4.3.11b)

so that
F=F, (T>T) (4.3.12a)

p
F(ei=§ lﬂ' p=p°) = Fo-- %. (T<T i) (4.3.12b)



_82-

: _ < d°F .
the specific heat, C, = T(BTFT)‘“.' p.y i8 then
C,=C2 (T>T) (4.3.132)
TA2
C, = Co+ — (T<T) (4.3.13b)
2B
wh C°——T(62F°)( is the "background® specific heat d he
CI‘C P — 3:1-:2—- Q.'. po) 15 e gl'oun Sp“l C Cat ue tO Ot T
degrees of freedom. The jump of the specific heat at T; is, thus,
- T (4.3.14)
p T 3.
. . . g¢/° .
Similarly, the thermal expansion coeflicients a; = ( 3T ) can be obtained
. . 3 drg
from equation (4.3.7) with a; = 3 S7h( ). We have
Ao aT
ai - al", (T>Ti) (4-3.1&)
3 A,
ai = ai"-zsi?hj-?. (T<ri) (4.3.]5b)
=y B
The jump in o; at T; is then
3
Doy = =22 fsem. (a.3.16)
B =1
From equations (4.3.14) and (4.3.16), we obtain
AT, 3
h, = ——r=e— Y C%ux (4.3.17)
=~ gt £Cpoa,
while from equations (4.3.10) and (4.3.14), we have
TA2 3
B= ox=+2 & hiSjh, (4.3.18)

P i.j=1
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Using the values of A, C;7, AC, and Aa; obtained above, we find
B=21 x 10 'em §?, (4.319)

and
[ hy, hy, hy 1= —0.42, —0.80, 3.8 ]x10%6s™2, (4.3.20)

An auxiliary check of these values can be made from the downward step
in Cqy at T; which experimentally is approximately 11x10'%yn cm™? as
shown in figure 3.3.2. From the static result of equations (4.2.4), the calcu-
lated abrupt change in Cyy at T, is

2

2h
OC43(w=0) = — 33 = —~14x10'°dyn cm~?, (4.3.21)

in reasonable agreement with observation.

The coefficients of the sixth order term and the biquadratic coupling term
(D and g,) in the simplificd free energy of equation (4.1.15) cannot be properly
cvaluated from existing experimental dauwa, but they can be estimated from the
temperature dependence of the sponiancous strain €4 in the incommensurate
phase, as determined from X-ray diffraction data by Kudo and Ikeda X3, The
equilibrium conditions obtained from equation (4.1.15) for T <T, are:

3
ALT-TH+Bpd+Dp'—2 L hie+2g5(e5) = 0, (4.3.22a)
i=1
3
L CieP—hipl+28,g€%2 =0 (i =123), (4.3.22b)
=1

wherc the 8y eliminates the g; except g; terms. From these equations, p(T)
and €;%T) can, in principle, be deduced if D and g; are known. Treating D or

g4 as a fitting parameter and fitting the € to the experimental data X3, one
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Figure 4.3.1. Squares of the phonon energies of Ki5¢0; at the zone center,

q =(0,0, 0) at q, = (031, 0, 0) and at the zone boundary, q = (0S5, 0, 0) as a func-
tion of tcmperature {from lizumi et allinh),
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Figure 4.3.2. Best fit to the spontaneous strain €3 by using equations (4.3.22a) and
(4.3.22b). Squares are the cxperimental results from Kudo and Ikeda IK3) solid line is
the hest fitting result with D=0, gy = 1.8x10?*~2 and the dotted linc is the best
fitting result withg; =0,D = 0.42x10%g"cm 2 "2,
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can deduce the best value of either D or gj, setting the other one cqual 10 zero.
By setting D=0, we obiwained a best fit of €7, as shown in figure 4.3.2 (solid

line), with
g3 = 1.8 x 10728572, (4.3.23a)

Conversely, by setting g; = 0 we obtain another best fit, also shown in figure
4.3.2 (dotied line), with

D = 042 x 109~ 2cm%~2, (4.3.23b)

e A
As has been indicated in equation (4.1.18), the dispersion of the E, optic
branch near K = q,+q = 0 can be represented by

02(q) = f¥,(q,,)+%/\xl(x2+-;-Ayl{s?-t-%/\l(zz. (4.3.24)
From the ncutren scattering results of lizumi et al' a1 T=130K, we find
A, = 3.2 THz?A?, (4.3.25a)
A, = 17 THz2A2 (4.3.25b)
Ay was not determined, so we assume that

A =Ny (4.3.25¢)

We also assume that the A are temperature independent and have the same
values above and below T, ’

f.T:

In agreement with Quilichini and Currat 19U, for the whole temperature

range under study, we assume a g-independent damping constant for the soft
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and half fifled circles — data from Raman scattering; filled circles and triangles — data
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modes (£,, amplitudon and phason ) and represent its temperature variation
by:
I = [0.0027%(T-T,;)+0.34] THz, (4.3.26)

as shown in figure 4.3.3 obtained from Quilichini et allQ!],

Having cvaluated all the coefficients in the free energy of equation
(4.1.15) and rewriting equations (4.1.25a) and (4.1.25b) as

QXK) = 23p02+4[)p,,4+.;_ANK,’+%A1(K;+K3). (4.3.27a)

QXK) = _;_/\Kx2+.;_A‘(Ky2+K,2). (4.3.27b)

we are able to calculate the temperature dependence of the C;3(w) and y;3(w)
with the equations (4.2.22). The calculations will be shown in the next sec-
tion.

Quilichini and Currat (9! have verified, in their inelastic neutron scatter-
ing experiments on the phason dispersion, that the I, A, and A, deduced from
equation (4.3.27b) are consistent with the values obtained above T, as we
have assumcd. However, their data (as shown in figure 2.1.2) indicate that the

phason frequency at K = 0 is not zero; instead it indicates a value of
Q,(0) =60125 GHz, (4.3.28)

which does not agree with equation (4.3.27b). We therefore add a phason gap

term to the equation and rewrite it as
(K) = QHOM LAK 2+ 2 MK 24K D), (4.3.29)

We summarize all the coeficients evaluated in this section in the second
column of table I. For comparison, we also list the values of the coefficients

found by Sannikov and Golovko I3 in the last column of the table.



TABLE 1. FREE ENERGY COEFFICIENTS.

——:—_? _
Coeficient || Value found from|Best fit of Csylw) and |Value found by
previous experiments|y;(w) to present [Sannikov and
* experiments  (mean |Golovko **
| Field) »
A, (57K 1.6x10%* 1.5x10%
B(g % Zcm) | 2.1x1042 1x10*(with D=0) 2.1x10%
| | ROx10%w ith g,=0)
| ! |
D (g %cm%™?) 1 4.2x10% with g,=0) | 36x10°(with g,=0)
| I
c°Xd -2 58 1.7 1.5 581715
IC%Ydyn em™) 5.4 2.0 jxi10"! 5.3 20 {x10"!
40 38
h, (s~%) ~0.42x10% —0.31 x10%
hy s~ ~Q.80x10% ~0.90x10%
h; s~ 38x10%¢ 3.5x10% 3.6x10%
g3 572 1.8x10?%with D=0) | 1.2x10*with D=D)
A (THZA?) 32
A=A(THZ’A?) 17
I (TH2) 0.002T-T;+0.34
Q,(0) (GH2) i 60 425

first column.

As described in the text of Sec. 4.3
Values for the unfilled coefiicients in this column are the same as thoes in the

D.G. Sannikov and V.A. Golovoko, Sov. Phys. Solid State 20 580 (1978).

Values for the coefficients not given in this column were not determined in their

analysis.
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4, COMPARISON OF THEORY WITH EXPERIMENTAL RESULTS

a. Estimation of "adiabatic correction”

It is known that the measured elastic constant will be adiabatic if the
period of the elastic wave is short compared to the time required for relaxa-
tion by heat conduction 47l The necessary inequality for an adiabatic
processiZ KBl is o <y where y, is the "crossover” frequency given by

= v2 PmCyp

Ye 2K, (44.1)

and v, py, C, and K, are the sound velocity, density, specific heat and thermal
conductivity of the sample, respectively. For K,Se0O, around T, these quanti-
ties are estimated as v =~18x10°cms”!, C, =14x10%rg k~'em™3,
Pm = 305 gcem™3 and K, =100 erg em™'s™'K™). With these values, we have
¥, = 7x102GHz, whercas the Brillouin frequency of the C;; longitudinal mode
around T; is yg = 16GHz, showing that y.>>yg Therefore the C,; elastic con-

stants obtained from our Brillouin scattering measurcments are adiabatic.

To derive the siatic adiabatic clastic constants for C;; (i=1—3) longitudinal
modes, we use the simplified free energy (equations (4.3.35)) and include a
“background” term F(T) as we did in equation (4.3.7). The forces conjugate to

the order parameter F,= (-g%). the stresses o, = ( -a—F-) and the entropy

d€;

— _(OF
S= —(3-1.—) are then

3 3
Fp = Ap+Bp’+Dp*-2) hieip+2 3 g;¢.%p, (4.4.2a)

.
i=1 i=1

3
o, = Y. Cfe,—h;p?+2g;€,0?, (4.4.2b)
=1



(4.4.2c)

The equilibrium values of p and €, are given in equations (4.2.2). For small

departures from equilibrium, we find

3
OF, = (2B+4Dp )p 28p— T (2h,—4g,e 2)p €+ A p ST,  (4.43a)

i=1

3
Soi = ZCi}’Sej-i-ZgipozSei—(2h;—4gi€°)p08P. ' (4'4-3b)
=1
55 = ~Ap 5p— L 05T (4.4.30)
PSP roadd )

where we have used the equilibrium conditions (cquations (4.2.2)) and kept
the terms linear in the fluctuations. With the adiabatic condition 8S = 0 and
the assumption of 8F, = O which has becn discussed previously, we have

8°F,
TZ

8T = —Ap.5p, (4.44a)

2
o

3
—Ipg8p = ¥ (2h;—dge)p B¢, (4.4.4b)
P i=])

(2B+4Dp 2+

To derive equation (4.4.4b), we have used equation (4.4.4a) and the relation

8%F,

€ = ~Tos

). The longitudinal adiabatic elastic constants C;(w) under

| 80, |
zero &F, are given by (-SG—:)SF _As=0- From equation (4.4.3b) and the above con-
ditions, we obtain

Clo=Ce (T>T), (4.4.52)

Ci0) = (Cp+2g;p*)-
WO = T 2 e iDp T ATT) Cs

(T<T,). (4.4.5b)

Comparison of the these results with equations (4.2.4) shows that the term
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AOQT/CP" appearing in equation (4.4.5b) is the “adiabatic correction”. This
correction can be estimated by using the values of the free energy coefficients
evaluated in the last section. With B=21x10" g~ !s~2cm, T=130K,

Ao = 1.6x102 s72K~! and C? = 1.4x107 erg K~'em™3, we find the ratio

AZT/ Cp
—_— = 5% 4.4.
5B (4.4.6)
The correction only changes the value of the denominator in the second term

of cquation (4.4.5b) by about 5%.

Because the "adiabatic correction” cffect is small, we will ignore it the

following calculations in order to simplify the analysis.

b. Theoretical predictions and comparison with experimental results

Now we can compare the mcan-ficld theory predictions of Ci3(w) and
y33(w) given in equations (4.222) with the Brillouin scattering data of the Cj;
longitudinal mode described in the section 3 of chapter 3. We begin by
evaluating the equations (4.2.22) using the evaluated free energy coefficients
described in the last section. For the acoustic frequency w in these eguations
we used the approximate value
ICfg, ®

L. 0
My— sin( -2—). (4.4.7)

w here is the laser frequency, L is the speed of light in the crysual, and 6
Wy Te g

is the scattering angle. This value of @ corresponds to the "bare” frequency of
the acoustic phonon without including coupling. From our experimental

results as shown in figure 3.3.2(a), we have w = 27x16.257 .

We evaluated the equations both with D = 0, g3; 0 and vice-versa. For

these two cases, the results were somewhat different in Cii{w) when
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temperature was lower in the incommensurate phase, but were essentially
identical in y;j(w). Evaluation of the intcgrals appearing in the equations
(4.2.22) was carried out in several diffcrent approximations. For T>T;, we first
used the dispersion curve of (q) determined by lizumi et all'l and
intcgrated over the full Brillouin zone. We then used the parabolic approxima-
tion (equation (4.3.24)) and integrated over a cylindrical volume (with its axis
along a) which was equal 1o one-halfl the volume of the Brillouin zone, then
multiplied the result by 2. These two procedures gave indistinguishable
results. Also, the inmegrals werc insensitive 1o change in the integration
volume, demonstrating that the integral is dominated by a small volume cle-
ment centered at the minimum. Consequently we used the second procedure

for T>T;, and also for T<T; but without multiplication by 2 in this case.

The calculated results (with D=0, g3 = 0) are shown in figure 4.4.1 with
Cj3(w) on the left and y;3{w) on the right. The top pair of figures (figure
4.4.1(a)) are the first terms of equations (4.2.22) (C§+2g;p2 and yD), the
second pair (figure 4.4.1(b)) are the Landau-Khalatnikov terms, and the third
pair (figure 4.4.1(c)) are the anharmonic contributions found from the
integrals. For reasons to be discussed below, we performed this calculation
with three different values of the phason gap {},(0)=0, 60 and 160 GHz. The
bottom pair (figure 4.4.1(d)) are the total Cy3(w) and y33(w) obtained by adding
these three contributions. Clearly the size of the phason gap has only a minor
effect on Cj3(w) but causes major changes in the values of y,(w) withra
saturation effect for large values of (}4(0) which oally suppress the phason

contribution.

Comparison of figures 4.4.1 and 3.3.2 makes clear the importance of using
a consistent theory. Indeed, the rounding of C;4(w) and y;3(w) above T;, which

is very distinct in the experimental data as shown in figure .3.3.2, cannot be
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Figure 4.4.1. Theoretical predictions for the anomaly in Cyslw) [left] and yyilw)
[right] calculated by equations (4.2.22). Top pair (ak the first terms of equation
{4.2.22). Second pair (bk the Landau-K halatnikov contribution. Third pair (¢} anhar-
monic contributions from third-order coupling to pairs of soft modes (T>T;) or pairs
of amplitudons or phasons (T<T,. Three values for the phason gap were used:
(0} = 0, 60 and 160 GHz Bottom pair (dk total values of C;)lw) and y33(co)
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obtained without including the fluctuation terms (figure 4.4.1(c)). Converscly,
once the contribution of both the phason and the amplitudon are taken into
account, yjw) is too large below T, (figure 4.4.1(c)) if a phason gap is not

introduced in the phason dispersion curve.

Figure 4.4.2 shows the comparison of our 90° Brillouin scattering results
with the calculated theoretical predictions (both with D=0, g, 0 and vice-
versa) using 160GHz for the phason gap which was obtained indirectly by
Topic et al'™ in a recent NMR study of K 295¢0,. The agreement is fair, which
is already important for the primary test of the theoretical treatment in view
of the large uncertainties in some of the numerical values we have used

(second column of table I).

To further test the Landau free energy approach, we subsequently carried
out a non-linear least squares fit in which the coefficients B, h; and D (with
g3 = 0) or g3 (with D=0) were varied in order 1o optimize the fit to the 90°
Brillouin scattering data. Figure 4.4.3 shows the optimized fits obtained either
with D=0 (g3 #0) or with g3 =0 (D #0). A better fit is obtained for the
g3 = 0 (D #0) case. The resulting values of the parameters from the best fits
are given in the third column of table I. Comparison of the values in the third
column with those in the second column shows that excelient agreement
between the theoretical calculation and experimental data can be achieved
with only slight adjustmentis of the values of B, hy, and D or g, and these
small changes are within the experimental acturacy.

The calculations and the fits shown in figures 44.2 and 44.3 were
obtained with a phason gap {}4(0) = 160GHz Other values larger than approx-
imately 100GHz would also be acceptable, producing only minor changes in
the four adjusted parameters. Lower values would lead to the values of y33(w)

too large at low temperature to agree with our experimental data. Note that
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Figure 4.4.2. Comparison of the 90° Brillouin data of figure 3.3.2 with the theoreti-
cal predications of figure 4.4.1 for (a) C;3lw) and (b) y;3(w) Solid lines: D=0, g3 (.
Dotted lines: g3 =0, D=l The theoretical calculations include a phason gap of
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the lower limit on {}4(0) deduced form this analysis is slightly above the
upper limit, 85GHz, deduced from the ncutron scattering data (as shown in
figure 2.1.2) of Quilichini and Currat/@!],

Using the same values in the third column of table I, we further checked
our theoretical results against the 180° Brillouin scattering Ci;(w) and y;3(w)
data which have been shown in figure 3.3.3. Figure 4.44 shows the com-
parison of the theoretical results and the experimental data. Again the agree-

ment is quite convincing in the g3 = 0, D # 0 case.

From the above results, we conclude that a consistent mean field theory
can explain our Brillouin scattering results for the Cj3 acoustic anomaly of

K,S¢Q, near the normal-incommensurate phase transition.

c. Comparison with previous studies

As has been mentioned in chapter 2, the Cay(w) acoustic anomaly in
K,5¢0, near the normal-incommensurate phase transition has been studied
previously by several investigators. However, the analysis of the effect in all

of these investigations was incomplete.

Yagi et allV4IC3) were the first group to study the Csy(w) anomaly near
T;- In their theoretical analysis, they used the same {ree energy expansion as
our equation (4.1.15), but adding a term 8,€4p* for completeness. Their result
included both the bilinear coupling and anharmonic contributions, but with
all coeficients treated as adjustable parameters. Also they did not consider the
q,» —q, degeneracy of the soft mode above T; and the role of phasons below T;.
They assumed that the soft mode dispersion curve is isotopic, and that p(T) is
always small enough so that all equations can be linearized in (T—T)).
Although they obtained reasonable fits of their theoretical expressions 1o their

experimental results, in view of the assumptions they made and the fact that
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cal results of equations (4.2.22) computed with the same parameters used in figure
4.4.3. (aX Cy(w), (b) yy{w) Data points are: triangles - Paris, squares - New York.
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the linewidth was not analyzed, the values of the fitting parameters they

found cannot be expected to be physically significant.

Rehwald et al!*!) compared uitrasonic and Brillouin data for C;3{w) and
were the first 10 measure 7y;3{w). They also presented a careful theoretical
analysis of the harmonic contributions to C3;(w). They pointed out a a further
coupling of C,3 to the amplitudon and phason at K = & a" arising from a
p3€3p° term, linearized 10 pyep’p below T, They concluded that this effect

was presumably too small to be measured and did not attempt any fit.

Hauret and Benoit2 determined both C;5(w) and y,3(w) in 90° Brillouin
scattering experiment. They analyzed their data starting {rom a free energy
similar to our equation (4.1.15) with D=0, but considered only the Landau-
Khalatnikov term, ignored anharmonic effects. This procedure did not enable
them to analyze the rounding off of Cj;(w) and y33(w) above T; and the
corresponding effects below T, The relaxation time they found
1 = 7{T,—T)"! with 7, = 2.6Xx107'%s is in fair agreement with our value of
7o = 21x107!%s obtained from table 1. Having set D=0, they could not
explain the downward curvawre of C3y(w) below T; and had 10 use a non-
mean field critical exponent for p (T) (28 =0.75) in order to achieve a reason-
able fit through the g,p2 term of equation (4.2.22¢). This group™¥ subse-
quently exiended their Brillouin scattering studies with 45° 90° and 135°
which illustrated the w dependence of .('233(@). They confirmed their previous
value of 7, = (2.8510.20)x10™ %,

Esayan and LemanoviE? performed ultrasonic measurements, and were
the first 10 take into account the role of the K =0 phason. Again within the
Landau-Khalatnikov approximation, they simply mentioned the absence of the

coupling of the strain €4 to this excitation.
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The analysis employed in a recent Brillouin scattering of Rb,ZnBr, and
Rb,ZnCl, by Horikx et al/M8 js similar to ours. They included both the
Landau-Khalatnikov and anharmonic fluctuation terms, but did not include
phason contributions. Since inelastic neutron scattering studies of these
materials did not show any propagating soft modesl?IHPMO2] 1heir fits could
not be carried out using independent dynamical data as inputs. Furthermore,
the anomalies in these materials are very small compared to that of the C;; in

K ,5¢0,, making the analysis much less significant.

5. HIGHER ORDER CORRECTION AND BEYOND MEAN FIELD
APPROXIMATION

a. 3-dimensional XY model

The theoretical analysis we have cmployed to derive predictions for
Cj3(@) and y33(w) was based on the framework of a mean field approximation
with the usual Landau asumption of A(T) = A(T—T;) in equation (4.1.15). It
was, however, necessary to include a phason gap (assumed temperature
independent) in the calculation in order to obtain good agreement between the
theory and the experimental results. Although a K = 0 gap in the excitation
spectrum of the phason was observed experimentallyl@I2hT2l ¢ is pot
predicted by the mean field theory. Thus the phason gap used in our analysis
is an additional assumption. We note that Gooding and Walker!®4 have sug-
gested that the phason branch may actually be gapless and that the observed

apparent gap could result from phason-acoustic phonon interactions.
There is extensive evidence which indicates deviations of the critical
behave of K,S¢0, at the normal-incommensurate phase transition from the

mean field approximation. As has been mentioned in chapter 2, the critical
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exponent found by Majkrzak et al'M! was 28 = 0.75. The temperature depen-
dence of the soft mode frequency ﬂf,(qo) obtained by lizumi et all (as
shown in figure 4.3.1) clearly shows upward curvature. A non-linear least
squares fit of their data 10 the relation of Q2(q, « (T—T,) gives y=1.3.
Andrews and Mashiyama™6IA9! carried out x-ray scattering and dielectric con-
stant measurements in Rb,ZnCl, which is isomorphous to K,ScO,, and found
the critical exponents 28 = 0.69, y = 1.26 and v = 0.693. All these values of
the critical exponents show clear deviations from the mean field values of
28 =1, y=1 and ¥=1/2. In the incommensurate phase of K,Se¢Q,, Unruh et
allV! have found that the dielectric anomaly behaves as Ay « (T,—T)»7,
while the frequency of the amplitudon Q0) « (T;—T)°52. They also found
that the damping constant I', of the amplitudon deduced from their Raman
data increascd strongly near T,. We found that their results can be well
described, as shown in figure 4.5.1, by

I, = [—0.08H(T,—T)+9.64 00 -1, 4.5.1
a = [-0085( (T~Tr+21 Jem (43.1)

We note that similar strong increases in the soft mode linewidth have been
observed in many materials undergoing structural phase transitions!S!3, but no
theoretical explanation for this effect yet exists. These non-mean field effects

have not been taken into account in our analysis.

To proceed with our analysis beyond the mean field approximation would
require a complete theory. Although some ingredients are already available,
such a complete theory has not yet been established. As has been discussed in
chapter 2, K,5¢0, is a 3-dimensional system with a 2 component order param-
eter. Critical exponents for the 3-dimensional XY model have been estimated
by LeGuillon and Zinn-Jastin*1'M12) (28 = 0.691, y = 1.316 and v = 0.669).

By using a crossover theory which accounts for the crossover from singular
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(4.5.1)
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critical behavior to regular classical behavior, Chen'C?l has successfully
analyzed the specific heat data of K,S¢0,“MA7 and Rb,ZnC1,?) based on the
3-dimensional XY model. However, the crossover and scaling effects on the

lattice dynamics in the A,BX, class of materials has not been investigated.

Some of the basic theory for a scaling analysis of the acoustic anomalies in
incommensurate crystals has been developed by Schwabl and his co-
workersiS10I511ISID3] They also noted that the usual separation of the acoustic
anomaly into independent Landau-Khalatnikov and anharmonic contributions
may not be correct in the context of a scaling theory®¥. Hu et all¥ have car-

ried out a scaling analysis in their ultrasonic studies of NaNO,.

In the absence of a complete theory, there is no straightforward way to
carry out an analysis of the Cy; acoustic anomalies beyond the mean field
approximation. Generally, one cannot modify the temperature dependence of
any property without simultaneously changing others. To illustrate, we car-
ried out an analysis with equations (4.2.22) and used the damping constant of
the ampliwudon I', found by Unruh et al!V!! (equation (4.5.1)) rather than the
linear temperawure dependence form of equation (4.3.26). We found that even
with the adjustment of the coefficients B, h;, D or g3 no satisfactory agree-
ment can be achieved between the theoretical values and the experimental
results. Figure 4.5.2 shows the best fit (solid lines) for the g; = 0, D30 case.
The disagreement is evident. We then used a non-mean field amplitudon fre-
quency X0) « (T,~T)” to replace the mean field result of equation (4.1.25a)
with 'y as a free parameter. The best fit is also shown in figure 4.52 by the
dotted lines (for the D=0 g; = 0 case). Good agreement can be achieved again,
but the fit gave a value of y ==0.66 rather than y = 0.52 found by Unruh et
alfUt or y = 1.3 predicted by the XY model.
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y = 06b, B=25x10" g 's"%cm, h; = 38x10% 57, and g, = 0.72x10% s~2 (with
D=0



- 105 -

b. Higher order coupling corrections

In deriving the theoretical expressions of Cj(w) and yyw) (equations
(4.2.22)), the anharmonic contributions were treated only in the lowest order
approximation. We have only included the coupling of an acoustic mode to a
pair of E, soft modes above T;, and to a pair of amplitudons and a pair of pha-
sons below T,. Recently, Levanyuk et al!'14l noted that in the incommensurate
phase the higher-order couplings may have an important effect in the anhar-

monic contributions . Their preliminary results are expressed as
T>T| H

SKBT d
h? a4 4.5.2
@ny f 04 (qX20¢(qg)—iwl¢ (q)) (452a)

Cylw) = CH—

T <Ti:

- 2h,~4g.€ P)Pp
c,_,,(m)=(c;5+zg,p.,=)—( 378337 Po

QX0)—iwI 4(0)
kgT 30X0)+8Dp? dq
——— —(2h;—4ge P 1—
(2#)3( s4gse 5 0X0)—iwl ,(0) 0Hql2Q4q)—iwl ,(q))
QX0) dq
1— —— . 4.5.2b
H QX0)-iwl ,(0) / QX qX20f(q)-iwl (q)] (4.5.26)

It is important to note that in their results (equations (4.5.2)) the fluctuation

integrals for the amplitudons and phasons now have different weights. The-

QX0)
anharmonic contribution from phasons is weighted by [1— A.
QX0)—iwI 4(0)
d thus will be largel sed at Jow temperature when A &
an w [¢) w .
s wi rgely suppre a perature .07

This is the main difference from our analysis in which we need to introduce a

phason gap to suppress the phason contribution. Also it is interesting to note
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that the introduction of the D and g, terms does not affect the weight of the
phason contribution, whereas the weight of the anharmonic contribution from

amplitudons is affected by the D term.

Equations (4.5.2) are a preliminary result. In a trial analysis using the
values of the free energy coeficients given in the second column of table I, we
found that the Cy3(@) and y;3(w) of equations (4.5.2) showed some unexpected
behavior (fuctuating rapidly) near T; in the incommensurate phase. A more
careful reexamination of their results (which is currently in progress) will be

required in order to carry out {urther analyses.
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CHAPTER V

ELASTIC ANOMALIES OF
TRANSVERSE ACOUSTIC MODES AROUND T; AND T,

1. C44 TRANSVERSE ACOUSTIC ANOMALIES

a. Theory

As shown in figures 2.1.6, 2.1.7, and 3.3.5, the C,4 elastic constant of
K;,S5e0Q, cxhibits anomalies in the normal phase and the incommensurate as
well as the commensurate phases. In the normal phase, C,, continuously
decreases with decreasing temperature, while in the incommensurate and com-
mensurate phases, Cy4 gradually increases with further decreasing tempera-
ture. A similar Cg, anomaly was also observed in incommensurate Rb,ZnCl,,
an isomorph of K,SeO,, by Ultrasonicl#!%! and Brillouin scattering!™!S! meas-

urements.

Besides the anomalies of the elastic constani, the Brillouin scattering
intensity of this C,4 acoustic mode also exhibits abnormal changes in the nor-
mal, incommensurate and commensurate phases. This Brillouin intensity ano-
maly strongly suggested that the C,, acoustic anomalies are caused by a cou-

pling mechanism.

The variation of C,4 in the normal phase is an indication of a bilinear
interaction between the strain €4 and an ordering quantity which should have
the same symmetry type as €, and should have its wavevector at the zone
center. Because the C,, transverse acoustic modes measured by Ultrasonic or

Brillouin scattering methods belong to the B, representation, Hirotsu et al!H1o
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suggested, in analyzing their Rb,ZnCl, ultrasonic data, that the ordering quan-
ity might be the zone center mode of the I, branch (on which the soft mode
occurs at q = q,) which belongs to the representation of cither By, or A,
Because of the sofiening of the I, branch, this zone center mode exhibits
decreasing frequency in the normal phase as shown in the neutron scattering
results!!!] of figures 1.2.3 and 4.3.1. Rehwald et al!*! also used this assumption
in explaining their Cy, Ultrasonic and Brillouin K,SeO, data. However, previ-
ous Raman scattering studies!™ M and our new Raman scatiering experi-
ments have not been able to obser ve the zone center mode ( ~25 cm™! at room
temperature) of the soft I, branch. Furthermore, theoretical simulation
results'™3) indicated that the symmetry of the zone center mode on the soft E,
branch belongs to the A, representation rather than By, which is Raman
active. Therefore, the assumption of bilinear coupling of the C, acoustic
mode with the zone center mode of the L, soft branch is unlikely, although it
is possible that the mode actually is of By, symmetry but has an extremely

smalil Raman cross-section.

Nevertheless, Raman scattering studies!™ 1 of K ,SeO, have shown that the
Jowest frequency Bj, optical model ( ~ 50 cm™' ) did show softening in the
normal phasc. We also performed Raman scatiering measurements to study
this By, mode. Figure 5.1.1 shows threc Raman spectra of this By mode at
different temperatures, and figure 5.1.2 shows the temperature dependence of
the squared By, mode frequency ({}f) deduced from the Raman spectra. It
shows clearly that the temperature dependence of the f is very similar 1o
that of the C,, clastic constant. The data of {}} above and below T; can be
well represented (solid lines in figure 5.1.2) by

QXT) = (88AT—T,"23+2084Kcm™'», (T>T,) (5.1.1a)
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Figurc 5.1.1. Raman scattering spectra of K,Se(), at 295, 130, and 78K in the
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OXT) = [52T,~TP64+2084Kem ™!, (T<T)) (5.1.1b)

where we take T, = 129.5K. Taking This By, optical mode as the ordering
quantity, we then can explain the C,, anomaly in the normal phase. We lcave
aside the origin of the temperature dependence of this mode, and proceed 10

consider its interaction with the C 4 acoustic mode phenomenologically.

The equation of motion for the coupled By, optical mode and the Cgy
acoustic mode can be derived from the Largrangian density as we have done in
section 2 of chapier 4. If we denote the normal-mode coordinate of the B;, opt-
ical mode by Qg with QyQp = p4#, then the potential and kinetic energy den-

sity for the B;, optical mode and the C,4 acoustic mode can be written

U= %()Bp53+%c‘&e‘2+a4pae . (5.1.2)
_1.2,1Pm.,

where Cg is the “bare” elastic constant, a, the coupling constant, p,, the den-
sity of the crystal and q the wavevector of the C,, acoustic mode. Including

the external driving force and a Rayleigh dissipation function

Fﬂ‘ = —04€4"Pnf3. (5.].4)
1-.2,1Pmnm . 2
FR = —l-npn "‘-—-—')’4464 , (5.1.5)
2 2 q2

following the same procedures used in section 2 of chapter 4, we find the
theoretical expressions for the temperature dependence of the elastic constant

Cas(w) and the damping constant y,(w)

e AHOF—wD
Culw) = Com sy (T (5.1.68)
2
Yeu(@) = y&+ o’ 215 (T>T) (5.1.6b)

Pm (Of—?P+Hwlp)?
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where a4, [ Iy and y,, are the driving stress associated with €, driving
force for the By, mode, damping constant of the B;, mode and the C,q acoustic
mode, respectively. For (Jy >> w, 'y, which is true in our case, the above
results can be simplified by dropping terms in w? and wI'p Whence

2

Cal0) = Com n:;('r)’ (T>T) (5.1.72)
2 all
v24(0) = y&+z—m 0: 1‘3). (T>T,) (5.1.7b)

Equation (5.1.7a) is the well know bilinear coupling result which has been
discussed by many authors™7IBTIRY, }4 predicts that the decrcase of Qy(T) will
cause a decrease of the C,, clastic constant, providing a possible explanation to

the C4y4 elastic anomaly in the normal phasc.

In the incommensurate and commensurate phases, the Cg acoustic mode
still can bilinearly couple with the same zone center optical mode as in the
normal phase because both of them still have the same symmetry and belong
to the B, representation in the commensurate phase. Therefore, equations
(5.1.7) are also valid below T;, providing that the (XT) takes the values of
equation (5.1.1b).

In the incommensurate and commensurate phases, the Cg, acoustic mode
also can couple with the modulation wave through the quadratic coupling
term geple term appearing in the free energy of equation (4.1.2c). It is also
well know that this coupling will lead to a modification of the C,, elastic

constant proportional to the square of the order paramecter

MCus = 2002, (5.1.8)

where p, is the equilibrium value of the order parameter given by equations

(4.2.2¢c) and (4.2.2d). The C,4, eclastic constant in the incommensurate and
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commensurate phases is then given by

2

Cia(0) = C&— IJ;:T) +2gp2  (T<T) (5.1.9)

Equations (5.1.7a) and (5.1.9) together describe the temperature variations of
the Cy, clastic constant in the high temperature normal phase and the low

temperature incommensurate and commensurate phases.

b. Comparison of theory with experiment

To compare the theory with experimental results, we first fitted cquation
(5.1.7a) 10 the Cy, data in the normal phase (T>T,) in which C, and a, were
treated as adjustable parameters and ((T) was determined by equation
(51.1a). The best fit was obtained with C&=171GPa and
a, = 3.0x10'® g¥cm™"5~2, Keeping these values of C& and a, we then fit
equation (5.1.9) to the low temperature (T <T,) C,, data with g, as the only
adjustable parameter. Qf(T) was detcrmined by cquation (5.1.1b), while p2
was calculated by the mean-field results of equations (4.3.22) and the
evaluated free energy coefficients listed in the third column of 1able I (with
g3 =0). We obtained the best fit with g, = 1.8x10%7s~2 Figure 5.1.3 shows
the comparison of the calculated results of equations (5.1.7a) and (5.1.9) with
the C,4 experimental results. The agreement between the theory and the Cgy,

data is excellent.

In our analysis the theory coupled-mode theory was used consistently. To
explain the C,, anomaly in the normal phase, a bilinear coupling of the C,,
acoustic mode with a "soft" B, optical mode is required. Whereas once the bil-
inear coupling is invoked in the normal phase, its contribution in the incom-

mensurate and commensurate phases was also considered on the same basis.
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Figure 5.1.3. Comparison of the cxperimental data (squares) with the best fit results
of equations (5.1.7a) and (5.1.9) (solid lines). OQHT) was determined hy equations
(5.1.1) and p? was caiculated by using oquations (4.3.22) with the cvaluated free
energy coefficicnts listed in the third column of table I. The best At was ohtained with
C& = 17.1GPa, a, = 3.0x10"g"cm %572 and g, = 1.8x10%7s~2, The dotted line in the
low temperature phases (T <) is the result of the first two terms in equation (5.1.9),
show ing 1he contributjons of the bilinear coupling in the low temperature phases.
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The anomaly of the damping consiant y,, due to the bilinear coupling can
be estimated by using equation (5.1.7b). With q = 2.8%10%m™! (90° scatter-
ing and A,,,., = 488nm), p, = 3.05gem™3, I'y ==300GHz and the above fitted

a, value, we found that the maximum variation of 7,.,(0) is

o 2
(A =9 %
Yet)mas Pm QXT))

experimental accuracy of ~ 100MHz and cxplains why the damping anomaly

=13 MHz. Such a small variation is beyond our

is not observed in our measured attenuation results as shown in figure 3.3.6(a).

An analysis of the low temperawre (T<T,) .C“ data using equation
(5.1.9) with a non-mean field plec(T,—T)*# was also attempted, with 8 as a
free paramcter. Good agrcement was achieved with 28 = 0.70, in agreement
with the result of the 3-dimensional XY model (28 = 0.691)L111L12]

c. Previous studies

The C44 elastic anomaly of K,SeO, and the isomorph Rb,ZnCl, were
investigated by several groups. Hirotsu et allM19 were the first 1o observe the
C44 anomaly of Rb,ZnCl, around the normal-incommensurate phase transition
by ultrasonic measurement. Noting the considerable decrease of C, with
decreasing temperature in the normal phase, they suggested a possible explana-
tion of bilinear coupling of the C,, acoustic mode with the zone center mode
of the soft I, branch, providing that there was also a soft I, branch in
Rb,ZnCl, like that in K,SeQ, and that the zone center mode on the branch
belonged to By, rather than A, representation. Because ncutron scattering stu-
dies on Rb,ZnCl, did not show such a soft L, branch, their suggestion for

Rb,ZnCl, is questionable.

Rehwald et all®!) analyzed their high temperature (T>T;) ultrasonic and

Brillouin C,, data in the framework of Landau theory including bilinear
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coupling of €4 10 an ordering quantity. This theory lcads to an clastic Curie-

Weiss law, Cg(T) = C&-—%:-. Based on Hirotsu’s assumption, they then
compared their fitted results (T/® = SK for ultrasonic and T{?’ = 70K for
Brillouin) with the extrapolated transition temperature (they found T ~72K,
but from Fig. 7 of lizumi et al!" we found T_~5K) for the zone center mode
on the I, soft branch measured by lizumi et all') and they concluded that
Hirotsu’s assumption fitted well with their Brillouin resulis. Because of the
B3, symmetry they assumed for the zone center mode on the soft £, branch,
their comparison may not be meaningful. Also their inmerpretation of the
difference of their C,, ultrasonic and Brillouin data in the normal phase ( the
ultrasonic C4 curve is less bent than that of Brillouin results) by crystal
imperfection is not correct. Note that they did not measure the Brillouin C,y
directly because the Brillouin intensity is oo weak, they obtained it by
analyzing mixed modes. We found that our C,4 Brillouin results are closer to
their ultrasonic results than their Brillouin results. In analyzing the low tem-
perature Cg44 results, they simply fitted the dawa in the incommensurate and

commensurate phasc to a power law and obtained an exponent 0.71.

Hoshizaki et al!H) also studied the C,, anomaly of K,SeO, by Ultrasonic
measurements. Matsuda et al/M® and Luspin et alll!8] investigated the C,,
anomaly of Rb,ZnCl, by ultrasonic measurement and Brillouin scattering,
respectively. All of them analyzed their low temperature data (T<T,) by
linearly extrapolating the Cg4 variation in the normal phase to the low tem-
perature phases and fitted the difference of the data with the extrapolation to
a power law expression. Hoshizaki et al. obtained an exponent 0.68, Matsuda et
al. 061 and Luspin et al. 0.60. Without considering the mechanism of the

softening of the C 4 acoustic mode in the normal phase, their results are not
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physically significant.
2. C;s TRANSVERSE ACOUSTIC ANOMALY AROUND T,

a. Theory

Ultrasonic and Brillouin scattering studies of K,Se0, R'IE2 have shown
that the Cg5 elastic constant exhibited significant variations around the lock-in
phasc transition. It can be clearly seen in figures 2.1.6 and 2.1.7 that Csg
decrecases dramatically when temperature approaches T, from above and then
gradually increases below T. Our Brillouin Cgg results in figure 3.3.5 also
show the same variation in the incommensurate phase. We lack the low tem-
perature data below T, because of the vanishing of Brillouin scattering inten-
sity. The unusual decrease of the scatiering intensity near T, as shown in

figures 3.3.7(b) and 3.3.8(b), is a good indication of coupling effect.

The Css elastic anomalies have been analyzed by Rehwald et at!RMR2] apg
Esayan et allE?l in the framework of Landau theory. It has been shown that
the Cgq anomalies can be well described with the fourth-order coupling term
€,Q° by which the Cyq acoustic mode interacts with the amplitudon and pha-
son in the incommensurate phase and the coupling with the phason causes the

large C¢¢ anomaly near T,.

The theoretical expression for the Cqg clastic constant can be derived by
using the free energy of equations (4.1.2). For simplicity, we just keep terms
containing €5 and Q and write

F = Fo+ %Csose 52+gs€ sm"f‘ %ase 5(03"'0‘3)- (5.2.1)
where Fg is the part of the free energy which depends only on the normal

mode coordinates and is given by equation (4.1.17a). In the plane wave
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approximation, the frce energy associated with the time dependent fluctuations

of the normal coordinate Q in the presence of the static distortion p, is

SF = 8F g+ ;—(Cs"s-i-ngpoz)esz

+—;-as€ f QAGIF QUK g+ QA—9)>PQ—K,;—g, )} (5.2.2)
in which wavevector conscrvation requires
K‘i = a-_3qo = 3(qc_qo) = a*S(T)' (52.3)

where q. is the commensurate wavevector q. = a /3, and 8(T) is the mismatch
parameter. In obtaining equation (5.2.2), we have used the redefinition equa-
tion (4.1.21) and dropped all terms high than quadratic in Q or €5 In the
incommensurate phase, the new normal modes, amplitudon and phason, are
defined in equations (4.1.24). Using these definitions and equation (4.1.26a),

equation (5.2.2) can be rewritten as

SF = n}(xi)PA(Ki)P;(KiH()}(Ki)P.,(Ki)P;(KiH-;-(C53+2g5p3)e51

‘|"27358.56SPOZ{[PA(Ki)_iP‘(Ki)}"'C-C-L (5.2.4)

Taking this free energy as the potential energy, including the damping con-
stants I'5, [y, and yss phenomenologically for the amptitudon, phason, and Cg;
acoustic mode, respectively, the same dynamical calculation we used in section

2 of chapter 4 leads to the well-known result

-Css((l.I) = (C_{’5+2gsp°2)

__9_ 2 1 1
784Ps1 Kt Hiol (k) | (h’(l(i)—mzﬁwl"(l(,)l (5.2.5)

Since £,(K;)>>Q(K;)>>w, the above equation can be simplified by dropping

the amplitudon and w? term. Then we have
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. 9 0OHK,)
Csslw) = (CH+2gsp 2 ——adpy : (5.2.0a)
” ST T g P K T (K,
Q 2 N I'd,(K,)
(w) = y&+o I _a2pd , (5.2.6b)
Yss YssT g P $P KT K P
where y& is the background damping of the C5 acoustic mode.
According 10 equation (4.3.27b), we have
QAK,) = _;_/\Kﬁ. (5.2.7)

For Ka.ScO,, the value of A, is given in table . According to lizumi et a1l
the temperature dependence of the mismatch parameter 8(T) can be described
by

T (5.2.8)
1 +O»m2(T‘_T)-

with T, = 127.5K. Due 1o the continuous decrease of K; from 0.07a’ at T, to

0.02a’ at T.. £34(K,) decreases similarly which causes the decrease of Cyq.

The above theoretical treatment has been utilized by Rehwald et allRVIR2]
and Esayan et al!®¥ in analyzing their Cgs ultrasonic data. Note that in the
above treatment we have used the plane wave approximation for the modula-
tion wave in the incommensurate phase. However we know that near T, in
the incommensurate phase the modulation wave evolves into phase solitonsi?2,
Therefore the plane wave approximation is not valid near T. Dvorak and
Hudak!P3! carried out theoretical studies for the Css elastic constant of
A,BX,-type crystals in the domain-like regime in the incommensurate phasc
near T.. They found that the anomalous part of Css i8 proportional to the
domain wall density nj a result anticipated by Rehwald and Vonlanthen!®2,

In the constant amplitude approximation, their theory leads to the result
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: C¥ 4
Cs(0) = CE+C8(1— XIn ) i (5.2.9)
% R T Y 6 = W

where C& and C{¥ are the "bare’ elastic constants in the normal and commen-
surate phases, respectively. ¢ is a positive constant. This result predicts a

decrease of Cs5 near T, in the incommensurate phase.

b. Comparison with experiments

To analyze our Brillouin Cyg results, we first fitted the data in the normal
phase t0 a linear temperature dependence and obtained the background elastic

constant
C& = 16.0-0.0051T (GPa). (5.2.10)

We then fitted equation (5.2.6a) to the data in the incommensurate phase with
OHK,) calculated by using equations (5.2.3), (5.2.7) and (5.2.8), p determined
by equations (4.3.22) and the values in the third column of table I (mean-field
result), and T (K,) obtained from equation (4.3.26) (a linear temperature
dependence of the damping constants of phason used by Quilichini et alio in
their neutron scattering studies of phason in K,S¢0,). Taking w = 9.9GHz
(Brillouin frequency of the Css acoustic mode at room temperature), treating
as and g as adjustable paramecters, we obtained the best fit with
ag = 1.9x10* g~"*cm"s~2 and g = 8.8X10% 572, Figure 5.2.1 shows the com-
parison of the calculated results of equations (52.6a) and (5.2.10) (solid lines)
with the Cs5 experimental results. The agreement is good in view of the large

uncertainties in the low temperature Cq5 data.

Rehwald et al!l®2 have found that the theoretical result of equation

(5.2.6a) deviated from their Ultrasonic Css data near the lock-in transition.
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They interpreted it as the eflects of solitonlike discommmensurations described
by the sinc-Gorden equation (4.1.10). OQur Cs data also indicates the same
departure {rom the theory as shown in figure 5.2.1. However, the poor preci-
sion of our Cg¢ data near T, prevent us from carrying out a quantitative
analysis. Rehwald et al/*? and Dvorak et al!P$! have tried to fit the Cy ultra-
sonic datal®! of K,SeO, by a logarithmic law as given in equation (5.1.9) and
they found that it was 0o steep 10 agree with the data. Dvorak and Hudak
concluded that within the constant amplitude approximation a quantitative

cxplanation to the iemperature dependence of Ceq of K ,S¢0, is questionable.

In correspondence with the analysis of the Cy3 anomalies in chapter 4, we
also carried out an analysis of cquation (5.2.6a) using non-zero phason gaps

with
QAK)) = &’(OH-;-A.-KE- (5.2.11)

For the reasons mentioned in chapter 4, (40) = 60GHz and ,(0) = 160GHz
were considered. For the case ol { = 60GHz the best fit of equation (5.2.6a)
to the Cg data was obtained with ag= 2.3x10%g " cm"s"? and
gs = 11x10%s72, while for O40)= 160GHz best fit was obtained with
as = 4.8x10Mg™""cm"s~? and g = 21x10%s2, The calculated results of
cquation (5.2.6a) for these two cases arc essentially identical with the result

shown in figure 5.2.1 calculated by using gapless phason.

The theoretical predictions of the damping constant ys(w) anomalies
(equation (5.2.6b)) for O(0) = 0, 60, 160GHz are plotted in figure 5.2.2 (solid
lines). In contrast to the equivalence of the Cs(w) in the above three cases,
vss(w) is very sensitive to phason-gap values. It shows clearly in figure 5.2.2
that the y¢(w) anomaly near T_ can be largely suppressed by a phason gap of
0,(0) 2 100GHzZ Although we were not able (o trace the behavior of the Cq
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Figure 8.2.1. Comparison of Css experimental data (squares) with the best fit results
of equations (5.2.6a) and (5.2.10). QXK,) was calculated by equations (5.2.7), (5.2.3)
and (5.2.8) with A given in table 1. Ty was determined by equation (4.3.26) and pl
was calculated by equations (4.3.22) with the coefficients in 1he third column of table
I. The best fit was obtained with ag = 1.9x10%g""cm"s~? and g5 = R8x1027°,
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Figure 5.2.2. Temperature dependence of the damping constant yss(w) solid lines

are the calculaled result of
(1) Qf0) =0, a; = 1.9x1

(2)

uation (5.2.6b) Three phason gaps are used:
g ems7?, g = BBX10%s" 2,
Q,(0) = 60GHz, a5 = 2.3x10Mg cm"s™2, g5 = 11x10%5~2;

(3} Q0) = 160GHzZ, a5 = 4.8x10Mg~cm"s~2, g, = 21x10%s~2,
Other parameters are the same a3 that used in figure 5.2.1. Squares are the experimen-

12l results.
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mode close cnough 1o T, because of the vanishing of the Brillouin scattering
signal near T, a comparison of our data with the theoretical results (figure
5.2.2) indicates a preference for the result with a phason gap 2 100GHz, in
agreement with the result of chapter 4 in which the analysis of the Cy;

anomalies required a phason gap Q0) 2 100GHz.

3. Cs¢ TRANSVERSE ACOUSTIC ANOMALY AROUND T,

Of the three transverse elastic constants, Cgg shows the simplest wempera-
ture dependent variation. It only exhibits a slight change of slope at T, as

shown in figure 3.3.5.

The theorctical cxplanation for the Cg clastic anomaly is straightfor-
ward. After T, the Cy acoustic mode can interacts with the order parameter
through the quadratic coupling g,62QQ’ term appearing in the frce energy of
equation {(4.12c). In the lowest order approximation, this coupling leads to the

variation of the elastic constant

Mo = 2g6p01. (5.3.1)
Then

Cee(0) = CG+2g,02. (5.3.2)
In the normal phase, the Cy data is well described by
Cg = 17.6~0.0079T (GPa). (5.3.3)

A fit of equation (53.2) to the Cg data points below T, gives
gs = —5.6x10%s72, in which, again, we used the mean-field p.? calculated
from equations (4.3.22).

Figure 5.3.1 shows good agreement between the calculated results of

eguation (5.3.2) (solid lines) and the experimental results.
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Figure 5.3.1. Comparison of Cg, experimental data (squares) with the cakulated
results of equations (5.3.2) and (5.3.3) p? was calculated as in the fipure S21 The
best fit was obtained with g, = —5.6x10%~2,
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4. TRANSVERSE ACOUSTIC ASYMMETRIES

a. Experimental evidence

. Asymmetric behavior of transverse waves in the incommensurate phase js
one of the interesting phenomena which has been observed in several incom-

mensurate crystals.

FritzZlF4 studicd the incommensurate phase transition of BaMnF, by ultra-
sonic measurements. He found that ultrasonic waves propagating along the a-
axis {polar-axis) and polarized along b-axis underwent a larger change in velo-

city than the one with interchanged propagation and polarization directions.

Esayan ct alL!F4! tigated the acoustic propertics of RbH;(SeQ5), in the
incommensurate and commensurate phases. They observed that the velocity
and damping of the ultrasonic transverse waves propagating along the b-axis
(modulation axis) and polarized along the a-axis exhibited much stronger
anomalies in the incommensurate phase than the transverse waves with inter-

changed propagation and polarization directions.

Berge et al!P8) also obeerved asymmetric behavior of transverse acoustic
modes in quariz {(Si0O,) crystals in the incommensurate phase by Brillouin
scattering measurements. They found that the damping constant of the TA
mode propagating along the y direction and polarized along the x direction
showed a stronger anomaly in the incommensurate phase than the TA mode

propagating along x and polarized along y.

b. Theoretical studies

Theoretical investigations of the transverse acoustic asymmetries in the
incommensurate phase have been reported by several authors. Based on the

framework of Landau theory, Poulet and Pick!P¥ studied selection rules for
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light scattering by soi't modes and interacting acoustic modes in displacive
incommensurate structures. By considering the symmetry properties of ampli-
tudon, phason and acoustic modes, they found that in the case of K,SeQ, the
phason can couple with the transverse acoustic modes propagating along the
b-axis (or c-axis) and polarized along the modulation axis (a-axis), but not with
the transverse acoustic modes propagating along the a-axis and polarized along
the b-axis (or c-axis). This resull predicted transverse acoustic asymmetries in
the incommensurate phase, providing that the phason coupling efTect is strong

¢nough 1o be observed.

Dvorak and Esayan!P4 proposed a possible explanation for the transverse
acoustic asymmetry of RbH4(SeQ;), on basis of the Landau-type theory. From
the starting point that acoustic waves propagating along a particular direction
are coupled only to soft modes propagating in the same direction, they sug-
gested that the the coupling of the transverse acoustic modes to soft modes
with anisotropic dispersion curves around q, (wavevector of the frozen-in soft
mode) might causc the transverse acoustic asymmetries in the incommensurate
phasc. Lemanov ct alll3 also discussed the asymmetric behavior of transverse
waves in the incommensurate phase. From symmetry considerations, they
obtained the same phason-acoustic phonon coupling results as Poulet and
PickP3. From their analysis, they pointed out that the observed asymmetry of
RbH(Sc0,), cannot be explained by the phason coupling effects and cannot be
due 10 the mechanisms discussed by Dvorak and Esayanlo“]. They also studied
the acoustic properties of K,SeO,, Rb,ZnCl, and (NH,),BeF, crystals by ultra-
sonic measurements and were not able to observe a similar asymmetry of the
transverse waves within their experimental accuracy. They concluded that
ultrasonic experiments cannot revcal a Goldstone phason because of its very

large relaxation time.
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Scott!$12) presented an explanation for the obscrved transverse asym-
metries based on nonequilibrium defects observed in certain incommensurate
crystals. He also proposed that the asymmetries do not arise from spatial
dispersion as proposed by Dvorak and Esayanl®4, but from anti-symmetric
contributions to the stress tensor due to local rotations caused by chiral defects

which are large in incommensurates with screw axes.

Gooding and Walker!d3 developed a linear theory for long-wavelength,
low-frequency vibrations in incommensurate dielectrics. Through the con-
sideration of the rotational invariance of the Lagrangian density (extended
Nelson-Lax theory!N1IN2] for incommensurate structures), they studied the cou-
pling effects of sound-waves with phason displacement fields in incommen-
surate crystals. In the normal crystal structures their theory reproduces the
results of Nelson and Lax!N'N2l| y hile in the incommensurate structure their
theory indicates that a contribution 1o transverse acoustic attenuation due to
the viscous damping of the motion of the modulation relative to the underly-
ing crystal lattice may be prescnt for one geometry and absent when the pro-
pagation and polarization directions are interchanged. Therefore their theory
predicts a transverse acoustic asymmetry for the damping constants in the
incommensurate phase. They also examined the asymmetric behavior of

incommensurate BaMnF,.

Subsequently, Gooding and Walkeri®¥ carried out analyses on the phasons
and transversc sound-wave asymmetries of K,S¢O, in the incommensurate
phase. They found that the ineclastic neutron scattering data of K,SeO,
oblained by Quilichini and Currat®!, whose damped-harmonic oscillator
analysis suggested a non-zero phason gap in the incommensurate phase, may
also be explained by using a coupled phason sound-wave (longitudinal acoustic

phonons propagating along the a-axis) theory in which the phasons are gapless.
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Therefore whether or not the phasons in K,5¢0, are really gapless is still unc-
ertain. However, from their further analysis of the coupling efliects of
transverse sound-waves with phasons, they found that coupling with gapless
phasons would give very different results in the transverse acoustic asym-
metries from that of phasons with a gap. Considering the high-frequency
(20.02A7") and low-frequency (q 0.0005A~") limits, their theory predicted:

(1). For gapless phasons and in the high-frequency regime

Via > (0r <) v, (5.4.1a)
Dy, <D,y . (5.4.1b)
Vg >lor <) v, (5.4.1¢)
Do <D, (5.4.14)

where vy, is the velodty of sound-waves propagating along the b-axis and
polarized along the a-axis. D, is related to the damping constant y,, of the v,,
sound-wave by vy, = Dyq? Similar dcfinitions are applied in equations
(54.1). The > (or <) inequality of equation (5.4.1a) pertains to the conditions
of Vyy >V, (or vy, >vp), respectively, where v, is the bare phason speed.
Similarly for equation (5.4.1c).

(2). For gapless phasons and in the low-frequency regime

Voa = Vab (5.4.2a)
Dy >D,, (5.4.2b)
Vo =V, (5.4.2¢c)
D, >D, (54.2d)

(3). For phasons with a gap and at sufficiently low frequencies (less then

1GHz), the attenuation asymmetries predicted by equations (5.4.2) are
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removed.

In the high-frequency regime, the theory of Gooding and Walker and that
of Poulet and Pick predict identical sound-speed asymmetries. Following the
predictions of Gooding and Walker, further experimental studies on the
transverse acoustic asymmetries may provide imporiant information for deter-

mining whethcr the phasons in K850, are gapless or not.

c. Our Brillouin scattering results

To investigate the transverse acoustic asymmetrics, we studied the acous-
tic properties of the six transverse acoustic modes of K,S5¢0, propagating and
polarized along the crystal axes by Brillouin scattering method. The deduced
elastic and damping constants corresponding to each of the transverse acoustic
modes are shown in figures 3.3.5 and 3.3.6. Within our cxperimental accuracy
of ~0.6GPa for the elastic constants and ~ 200GHz for the damping constants
in the incommensurate phase, we were not able to observed acoustic asym-
metric behavior for the pairs of transverse modes under interchange of their
propagation and polarization directions. We conclude that Brillouin scattering
cannot reveal the coupling effects of transverse sound-wave with phasons of
K ,SeO,. According 1o Gooding and Walker!G4), the transverse modes we meas-
ured by Brillouin scattering method (q =0.0028A~", @ = 10GHz) are beyond
the low-frequency regime. Besides, the experimental accuracy of the damping
constants in the incommensurate phase are poor. Therefore, it is not possible
to draw definitive conclusions about the phason gap from our results. Further
careful ultrasonic experimental studies on the damping asymmetries of the

transverse modes may provide the answer.
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APPENDIX A

RAMAN SCATTERING APPARATUS

The Raman scattering apparatus is illustrated schematically in figure A.l.
The Coherent model 52 Argon-ion laser (cither at 4880A or 5145A) was
operated single-line multi-mode with a usual output power of ~300mW. The
laser beam was focused into sample contained in a cryostat and the scattered
light was collected and focused on an intermediate slit which was used 10
climinate the strong elastic scanering from the edges of the sample. The col-
lected light was collimated and then refocused on the entranceslit of a Spex
1401 tandem grating spectrometer. The openings of the three slits in the Spex
spectrometer can be adjusted to optimize the throughput and the resolution
(the highest resolution is ~0.5cm™!). The settings usually used for the three
slits is 100um:200um:100um. The scattered light is analyzed by two gratings
in tandem operation. The analyzed light was detected by a photomultiplier
tube (PMT) (LT.T, FW-130) operated at a cathode voltage of -1750 volts dc.
The PMT is cooled by a refrigerated chamber (model Te-104, Products for
Research Inc.) in order 1o reduce the background (dark-current) emission. The
electrical pulses emitted by the PMT were processed by a Canberra Industries
model 813 discriminator/pre-amplifier, and the TTL signals were acquired by
an AT-type computer equipped with an EG&G Ortec ACE-MCS multi-scalar
board which has been described in chapter 3.
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Figure A.l. Schematic illustration of the Raman scattering apparatus.
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APPENDIX B

CRYOSTAT AND OXFORD TEMPERATURE CONTROLLER

The cryostat used in our experiment is an Air Products Cryo-Tip madel
LT-3-110 continuous flow nitrogen {or helium) cryostat. A schematic illustra-
tion of the cooling system is given in figure B.1. The cryostat has four optical
windows in the four sides for light scatiering experiments. The Sample is
mounted in a cylindrical sample holder with four windows and the sample
holder is attached 10 the coldfinger of the cryostat. A platinum resistance ther-
mometer (100 ) a1 room temperature) is installed in the coldfinger near the
sample holder 10 monitor the temperature of the coldfinger and the sample.
Heating wires are wound around the coldfinger for heating and temperature
control. The coldfinger and sample are cooled by Bowing liquid nitrogen (or
helium). The temperature is controlled by an Oxford temperature controller
model ITC4 which detects the temperature of the coldfinger via the platinum

thermometer and applies DC power to the heater on the coldfinger.

The Oxford temperature controller is a programmable proportional con-
troller. It can provide up 10 80W of heating power. With the above platinum
resistance thermometer sensor, it can control the temperature from 19K to
500K with an accuracy of 10.1K. The cooling or heating rate chn be set and
automatically controlled by the built-in programmable feature of the con-
troller. Remote computer control and monitoring is also accessible via a buijlt-

in standard RS-232 interface.



-133 -

3)

— i — e

MERCURY MANOMETEIR, O TO 20" g OR PRESSURE GAUCE ON HELIUM DIWAR
YACUM SHNOUD

VACIM SHRQUD AMP

VACANM FUMF FOR OPERATION BELOW 4.2°K

ACCIBRSORY FLOW CONTROL PANEL

v @Ay rw by

ACCESBORY TEWNPERATURE CONTROLLER,
WANUAL OR AUNOMATIC

Oxtord L—"

Temperature boc

1
{1
i1
Controlar I I
I
Iy
L

-.—-——J

—_—— e e e e -

t
Haatez l
[

Pllitnu-
=" | Thermomater |

o i o

Figure B.1. Schematic illustration of the cryostal cooling system.
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APPENDIX C

LISTING OF THE BRILLOUIN SPECTRUM FITTING PROGRAM

The following tandemfitf program was developed from a standard
(raurosv.f) nonlinear least-squares fitting program based on the Rosenbrock

stepping method.

coeocececaecoCoooeoococoocecCoccecoccococcococcceccercoccecceccceoecencee
oo oot eoccorccLecececoccooccccoccccceeecccccccccccoccocecee

ccc  This program is writlen for fitting the Brillouin Scattering
ccc  spectra obtainded by the TFP system. It fits the Brillouin
ccc  peaks by the convolution of instrument-response with 4 damped
cce  harmoric oecillator response.
cce
CCCCCEECEECECCCCTLCOCCOCEELCCCCCCCCCCErCCCCCCCCCOCiCCCCeeCeCereocceces
€ECECCOCECCLLLCCTCCCCCCCOCCTCCCCCCCCCCCCCCCECCCOCEECCCCeCoCeoceeeee
implicit double precision (a-h.0-z)
character inf®15side*8 sele,outi™18,0utex*18
cummon/input/r{9,3)snois.fix,n point
common/conv/y(4000),z(4000),mm,mm ! fsr
common/conv11/infoutf outex
common/convv/aln
common
c/deriva/ ng,kk

write(6,2)
2 format(1x,’Nonlinear least squares fitting to Brillouin
+ scattering spectrum’)
c read in the file for fitting
print{1x/1x," Give the input file name for fitting:" Y
read,inf
print*,inf
open(8. file=inf status="0ld’)
read(8,* . end=4 X y(ili=1,4000)
4 npoint=i-1
close (8)
print(1x/1x," Give the mirror separation (in cm)" Y
read*,fsr
print*.fsr
aln=alog(2.0)
do § i=1.npoin
8 zi)=0.0
1
do9i=1,15
if (inf(i:i) 2q. "." .or. inf(iti) 2q. " ") goto 10
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=i

continue

outf=inf(1:j)//" £"

outex=inf(1:j)//" ep"

printX/1x," The output file name for the best fitted

+ data is", /1x, a18).outf

print’(/1x," The output file name for the experimental

+ data ig", /1x, a18).outex

cget the parameters for the centralleftright Rayleigh lines

102

11

hal{=1.0

do 102 n=],3,1
side=" Center’

if (n .eq. 2) then
side=" Left '
half=2.0

end if

if (n .q. 3) side=" Rigbt
write6,100) side
write(6,110)
read®,{n,2).1(n,3)
print®, r(n,2),r(n,3)
i=int(r{n,2))
1n,1)=y(i)/half

continue

get the parameters for the Brillouin lines
mm=0

do 20 k=1,2

side=' Left °

if (k .q. 2) side=" Right °

write(6,120) side

read®*, mml

print*mm1

do 11 i=1,mml

print{1x/1x," For mode(®,i2,1x," ), enters" Y,i
write(6,110)

mod=mm-+ 3+i

read®, r{mod,2),r(mod,3)
print*r(mod,2),r{ mod,3)

l=int(r(mod,2))

r{mod,1)J=y(1)

continue

if (k .£q. 1) mm=mmt

continue

print’(1x/1x,"Give tbe region (in chanel numbers) for finding

+ the noise level:"Y

read®, noisl, nois2
print®, noisl, nois2
snois=0.0
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do 22 i=noisl,nois2
22  snois=snois+y(i)
snoiv=snois/{nois2-nois1+1)
print{/1x," The noise level is"Y
print®, snois
print'(/1x," Fix the noise level or notAy/n)"y
read® sele
print*seie
fix=1.0
if (sele .2q. y’) fix=0.0

kk=mm+mm1l+3
ng=1

call minnew
100 format(1x/1x,'For the Rayleigh line at the (",28)), enter?)
110  format(1x,Peak position, Widthlhwhm)')
120 forma(1x/1x, " Number of Brillouin mode at the (*,a8,’)’)
end
subroutine minnew
implicit double precision (a-h,0-z)
common
2/parint/ x(15)  xt(15)  dirin(15) ,maxint ,npar
I/parext/ w(30) ,w(30) ,werr{(30) ,maxext ,nu
6/upit /isysrd syswr

8/title / 1irle(20) Jisw(7)  ,nblock

9/conver/ epsi, apsi ,viest ,Anstepq .nfcn nfcamx
b/minima/ amin up Jewmin Juaaur  ,Imi(30)
c/deriva/ng.kk

if (ng.It.kk+1) go w0 10
call fen(npar,4,amin,u,2)
call exit

10 maxint=15
maxext=30
isysrd=5
isyswr=6
nblock=0

110 continue

nfcn=]
call midata
call intoex(x}
call fen{npar,ngamin,u,l)
call fen{npar,ngamin,u.4)
call mprint(1,amin)
if(f.ne.amin) go 1o 160
nfcn=3
call comand
go to 110
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160 continue
write(isyswr,880) amin,f
return
880 format(’Ofor the above values of the parameters, lcn is time-depen
*dent'/'Of ='¢22.14, for first call'” f="£22.14, for second’)
end
subroutine midata
implicit double precision (a-h.0-z)
common/input/r{9,3),snoisfix.npoint
common
1/names / nam1(30) .nam2{30)
2/parint/ x(15) x1(15)  .dirin(15) ,maxint  ,nper
3/parext/ u(30) ,w{30) ,werr(30) ,maxext ,nu
4/limiws/ alim(30) ,blim30) ,lcode(30) ,lcorsp(30) ,limset
6/unit / isysrd ,isyswr

871itle / title(20) Jisw(7)  ,nblock
9/conver/ epsi, apsi ,viest  .nsiepg nfcn nfcnmx
b/minima/ amin up Jewmin Jtaur ,Imi(30)

c/deriva/ ngkk

double precision dax.dbx
equivalence{ kpmaxext)
nblock =nblock+1
do 50 i=1,7
50 isw(i)=0
npfix=0
nint=0
nu=)
npar=0
k2=0
kcard=1
do 100 i1=1 kp
ui).0
nam 3(i =0
Tcode{i)=0
Tcorspl(i J=l)
100 continue
do 105 =1 maxint
dirin(i =0.0
105 continue

< tansfer the parameters 1o u(i)
do 110 i=1,3
u(id=r(ng,i)

110 continue

< set step sizesbounds for uli)
w(1)=u(1)/100
blim{1)=u(1)*5.0
alim(1)=0.0
w{(2)=u(3)/300
blim(2)mu(2)+ F*u(3)
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alim(2)=u(2)-3*u(3)
if (ng .gt. 3) then
w(3=u(3)r(1,3)
if (u(3) .le. 0.0) u(3)=1.0
end if
wi{3)=u(3)/200
tlim( 3)=5.0u(3)
alim(3)0.0
ip=4

€ two gaussians for the Rayleigh at the Left and Right
if (ng .£q. 2 .or. ng q. 3 ) then
ip=7
do 120 i=1,3
u(i+3)=uli)
wli+3)mw(i)
blim{i+3)=blim(i)
alim(i+3)=alim(i)

120 continue
end if

c noise level is in u(ip).
u(ip)=snois
wlipl=ul(ip)*ix/10.0
blim(ip)=200*u(ip)
alim(ip)=0.0

2030 do 200 i=1,ip
nint=nint+1
lcorsp(i)=nint

nu=max0(nu,i)
werr(i)=w(i)
if(alim(i))140,130,140

130 if(blim(i))140,135,140

135 Icode(i)=1
go to 160

140 Icode(i)=4

160 continue

200 continue

250 continue
npar=nint
call extoin(x)
do 300 i=1,nu
k=icorsp(i)
if(k 300,300,260

260 sav=u(i}+wii)
b=pintf(sav,i)
mv=u(i)}w(i)
a=pintf(sav,i)
dbx=dble{b-x(k))
dax=dble(a-x(k))
dirin(k J={dabe(daz)+dabs(dbx))/2.0
at(k)=x(k)

300 continue
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up=1.0
isw(5)=1
return
end
subroutine extoin(pint)
implicit double precision (a-h,0-2)
common
1/names / nam1(30) ,nam2(30)
3/parext/ u(30) ,w(30) ,werr(30) .maxext .nu
4/limiws/ alim(30) ,blim(30) ,lcode(30) ,lcorsp(30) ,limset

6/unit / isysrd  ,isyswr
dimension piny 30)
limset=0
do 100 i=1,nu
y=lcorspli)
if(j) 100,100,50
50 pint(=pintflu(i,i)
100 continue
rewurn
end
subroutine intoex(pint)
implicit double precision (a-h,0-z)
common
1/names / nam1(30} ,nam2(30)
3/parext/ u(30) ,w(30} ,werr(30) ,maxext ,u
4/limiws/ alim(30) ,blim(30) ,lcode(30) ,icorsp(30) ,limset

&/unit / isysrd L isyswr
dimension pint(30)
de 100 i=1,nu
j=lcorspli)
if(j) 100,100,50
50 continue
u(i)=pextf(pint(j),i)
100 continue
return
end
function pexuf{pintji)
implicit double precision (a-h,0-2)
common
1/names / nam1(30) ,nam2(30)
3/parext/ u(30) ,w(30) ,werr(30) ,maxext ,nu
4/limiw/ alim(30)  ,blim(30} ,lcode(30) ,lcorsp(30) limser
O/unit / isysrd  isyswr
double precision dpintj
igo=Icode(i)
go to (100,200,300,400),igo
100 pextf=pint
go to 800
200 continue
300 continue
400 alimi=alim{j)
blimi=blim(i)
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dpint j=dble(pin )
pextf=alimi+0.5% dsin(dpintj)+1.0Y(blimi-alimj)
800 return
end
function pintf{pexti,i)
implicit double precision (a-h,0-2)
common
1/names / nam1(30) ,nam2(30)
Vparext/ u(30) ,w(30) ,werr{30) ,maxext .u
4/limits/ alim{(30) ,blinK30) ,lcode(30) ,lcorsp(30) limset
6/unit / isysrd  isyswr
double precision dy
data bigsmall /1.570796326795,-1.570796326795/
igo=lcode(i) :
go to (100,200,300,400),ig
100 pimif apexti
go to 800
200 continue
30 continue
400 alimi=alim(i)
blimi=blim{i)
if(pexti-alimi) 440,500,460
440 a=small
450 pintf=a
pexti=pextflai)
limseta]
write(iasyswr241) i
go to 800
460 if(blimi-pexti) 470,520,480
470 a=big
go to 430
480 y=2.0% pexti-slimi)/(blimi-alimi}-1.0
dy=dble(1.0-y**2)
pintf=datan({y/dsqri(dy))
go to 800
300 pintf=small
go to 800
320 pintf=big
800 return
241 format(’ error in pintf. variable’, i3’ not within limits’ )
end
function dexdin{x,int)
implicit double precision (a-h,0-2)
common
Y/parext/ w(30) ,w(30) ,werr(30) ,maxext .nu
4/limits/ alim(30) ,blim(30) ,lcode(30) ,lcorsp(30} limset
double precision dx
do 30 i=1,nu
Je=lcorsp(i)
if(ic-int) 50,100,50
50 continue
dexdin=0.0
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go to 200

100 1d=Icade(i)
go 10 (110,120,130,140),1d

110 dexdin=1.0
g0 to 200

120 continue

130 continue

140 dx=dble(x)

9140 dexdin=( blim(i)-alim(i)}*0.5*datsl dcos(dx))

200 return
end
subroutine mprint(ikode.fval)

implicit double precision (a-h,0-z)

common
1/names / pam1(30) ,nam2(30)
2/parint/ x(15)  xu15)}  dirin(13) ,maxint ,npar
I/parext/ u(30) ,w(30)  .werr(30) ,maxext ,nu
4/limiw/ alim(30)  blim(30) ,lcode(30)) ,lcorsp(30) limset
5/varian/ v(15,15)
6/unit / isysrd L isyswr

B/title / tit)e(20) Jsw(7) nblock
9/conver/ epsi, apsi viest Jnstepy ,nfcn nfcnmx
b/minima/ amin ,up Jewmin Jtaur  ,Imi(30)

double precision dupdv
dimension dv(15,15)
dup=dble{up)
squ p=dagri(dup)
write{isyswr,1000)
kouni=0
dao 200 i=1,nu
20 I=lcorsp(i)
if(1.eq.0) go 10 55
if(isw(2)1) 29,2525
25 if{v(1,11100.) v, 1D=-v(1,1)
dv(1,))=dble( v(1,1)}
werr(i)J=dexdin(x(1),1)dsqri(dv(1,1)*squp
29 if(kount) 30,30,40
30 kount=i
write(isysw r, 1001 fvalnfcn
go to 200
40 continue
go te 200
55 if(ikode.eq.0) go to 200
if(kount) 60,60,70
60 kount=1
write(isysw r,1001) fval,nfcn
go to 200
70 continue
200 continue
return
1000 format(14x,’ fcn value’,5x,’ calls’)
1001 format(10x,e15.7,i7)
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1002 format(' ’ ,55x,i6,i4,1x,2a4,2x,4e1 3.5)
end
subroutine comand
implicit double precision (a-h,0-z)
common
2/parint/ x(15)  xt(15)  dirin(15) ,maxint  ,npar
Yparext/ u(30) ,w(30) ,werr(30) ,maxext ,nu
4/limits/ alim(30) ,blim{30) ,lcode{30) ,lcorsp(30) ,limset
5/varian/ v(15,15)
6/unit 7 isysrd ,isyswr

B/title / nitle(20) isw(7)  ,nblock

9/conver/ epsi, apsi ,vtest  ,nstepq snfcn safenmx
a/card / cword cword2 ,word¥7)

b/minima/ amin Jup ,new min dtaur  ,1mi(30)

c/deriva/ ng.kk
dimension word¥8)
equivalencel word8,cword2)
npunch e}

itaur={)

nfcnmx=1500
epei=L000000000000001
nslepg=2

call tauros

iftag=3

call fen(npar.ngf,u,iflag)

ng=ng+1
g0 back to the main routine, fit the next
call minnew
return
end
subroutine tauros
implicit double precision (a-h,0-z)
common
2/parint/ x(15) xt(15)  .dirin(15) ,maxint  ,npar
3/parext/ u(30) ,w(30) ,werr(30) ,maxext ,nu
6/unit / isvsrd isyswr

8/title / title{20) Jisw(7) nblock

9/conver/ epsi, apsi ,viest  ,nstepq .nfcn Lnfenmx
a/card /cword cword2 ,wordX7)

b/minima/ amin Ap Lnewmin Jtaur  Imi(30)

c/deriva/ ngkk
double precision dxn,ddirin
dimension ddirin(15)
dimension d(15),y(15),x5(15,154et(15,15)
10 sp=npar

isw tr=isw(5)-itaur
npfo=nfcn

al=},

be=-4

gam=2./(al*be)

nk=20
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neg=l)
do 30 i=l,npar
do 20 j=1.npar
20 xo(i,j)=0.0
ddirin(i =dble(dirin(i)}
if{dabs(ddirin(i)).)1.1.0d-20) dirin{i)=1.0e-20
30 xo(i,i)=1.0
iflag=4
avr=amin
nst=0
writelisysw r,470) epsi,nsiepq
call mprint(1.amin)
write{isysw r,480)
40 ast=amin
do 270 =1.np
ylwi,
new{)
ns={)
d{ j)=0.
koni=()
30 do 60 i=1,npar
60 y(idex(idirin(jy*xs( ji}
cal] intoex(y)
iflag=d
call fendnpar,ng,a,uifiag)
nfen=nfcn+l
y2=amin-a
if(y2) 110,70,80
70 if(y1) 90,210,110
80 pe=0
amin=a
90 yl=y2
ns=}
de 100 i=1,npar
100 x{i)=yli)
95 continue
o =d PHdirin( j)
kont=kont+1
if(kont-nk) 105,105,210
1035 continue
dirin(j=al*dirin( ))
go o 30
110 kont=kont+1
if(kont-nk) 115,115,95
115 dirin{ j=be*dirin(j)
if(ns) 120,50,120
120 continue
130 if(y1) 160,140,160
140 if(ne) 150,150,210
150 dirin(P=gam*dirin( j)
ne=l

go 1o 30
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160 x2=dirin(j)/be
xl=x2/al
da=x2*y1
db=x1*y2
dpp=da-db
if(dpp.ge.0.e00and.dpp.le.1.e-38) dpp=1.2-38
if(dpp.10.0.e00.and.dpp.ge.-1.e-38) dpp=-1.£-38
stj=. 5% da*x 2+db*x 1 )/(da-db)
if(stj) 170,210,170
170 do 18O i=1,nper
180 y(idmx(i)+stjxs(ji)
call intoex(y)
iflag=4
call fen(n par.nga,u,ifiag)
nfen=nlcn+1
if(a-amin) 190,210,210
190 amin=a
do 200 i=1,npar
200 x(id=y(i)
d( =K j)+st
210 continue
nst=nst+1
if(isv.;tr.ge.l.or.( isw tr.eq.2.and.mod( nst,10)eq.0)) call mpriny(0,
*amin
260 if(nfen-nfenmx-npfn) 270,430,430
270 continue
ame=amin-ast
iflame) 290,250,280
280 write(isyswr,490)
go 1o 435
290 if{epsi+ame) 300,410,410
300 neg=0
310 do 320 i=1,npar
320 et(np,iJ=d{np)*xsonp,i)
if(npar.eq.1) go 1o 40
do 330 =2,np
inp+1-j
do 330 i=1,nper
330 et jiid=et{ ji+ 1)+ jirxsl jji)
do 400 m=1,np
do 340 k=],npar
340 xo(jk J=et(jk)
if(j-1) 380,380,350
350 do 370 i=2,j
i =0,
do 360 k=1npar
360 d(i J=cki )+t jk Pxali-1,k)
do 370 k=1,npar
370 xal ik J=xa( ik )-d(iPus(i-1.k)
380 xn=0.
do 390 k=1,npar
390 xn=xn+xs ik *2
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dxn=dble(xn)
dir=daqrt(dxn)
dirin{ jJ=dir*al
if{dir.)e.1.e-38) go 10 2222
do 400 k=1,npar
400 xs{ jk J=xs( ik )/dir
2222 continue
go w0 40
410 neq=neq+1
if(neq-nstepq) 310,420,420
420 continue
write(isysw r,.500)
go to 435
430 wrile(isyswr,510)
isw(1)=1
435 continue
do 450 i=1 npar
d(iJm),
do 450 j=1,ap
440 d(id=di }+dirin Pxsl ji)
450 continue
do 460 i=1,npar
460 dirin(i)wd(i)
call intoex(x)
call mpriny(1,amin)
return
¢ 470 format(1x,'start point for tauros min'/1x,’convergence criterion’
¢ 1,/1x/function change less than'.e10.2,’'during’i3,'full iterat’/)
c 480 format("")
490 formai(1x,’minimization terminated since no improvement’,/1x,
1’can be found en current minimum?®)
500 format(1x,'tauros minimization has converged')
510 format(1x,'Otaures minimization terminated without convergence’)
end

< subroutine for the fitting function
subroutine fcn(npng.fxiflag)
implicit double precision (a-h,0-2)
character side*8, outf*18, inf*150utex*18
dimension x(np)
common/input/r{9,3)snoisfix,n point
commeon/conv/y{4000),z 4000),mm,mm1,{sr
common/conv11/inf butf outex
commeon/convv/aln
common/savel/nntar.nend,nn,ntimecinst(- 100:100)calbri( 4000)

common/save/cppcpw ,.plp,prp.w mpc,bpp( 2,3),bpw(2,3),ncentw,psh

go to (10,20,30,30), ifiag

10  nstar=ind(x(2)-r(ng,37*3)
nend=int(x(2)+r(ng,3)*3)
if (nstar.le.1) netar=1

if (nend.ge.npoint)nend=npoint



)|

39

41

501
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nn=nend-nstar+)
ntime=(

if (np £q. 7) ntime=1
return

{={).0)

if (ng .gt 3) then

wO=x(2)cpp

btop={2*w(0*x(3))**2

do 31 m=nsar-ncentw, nend+ncentw
w=m-peh

bottoms{ w0**2-w 222 ¥ 224{2*w *x( ) *2
calbri(m)=x(1)Ybtlop/bottom

contlinue

end if

do 41 jn=nstar,nend

# jn =0.0

do 40 j=0,ntime

k=j*3

if (ng .le. 3) then

2(jn J=z(jn )+ x(Kk+1 Pexp((-(Gn-x(k+2)**2)aln/x(k+3)**2)
else

do 19 l=jn-ncentw,jn+ncentw

2 jn )=z in Jecinst(1- jn Pcalbri(l)
contipue

end if

continue

2 jn)=2{ jn}+x{np)

e2={2( jn)-y(n)P*2/(y(jn}+0.05)
f=f+e2

continue

f=f/nn

if (iflag .ne, 3) return

go to (500,600,600,700) ng
go to 700

side=' Center ’

write(6,100) side

cpp=x(2)

cpw=x(3)

write(6,110) x(2), x(1), x(3)

make a normalized central response array cinst(i)
ncent=int(cpp+0.50)

psh=2%pp-ncent

ncentwsint(cpw*4)

bottom«=0.0

do 501 i=ncent-ncentw ncent+ncentw
bottom=bottom+y(i)

continue

do 502 i=nceni-ncentw, ncent+ncentw
cinst(i-ncent)=y{i)/bottom



502

606

0

800

100
110
120
130
140
160
170
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continue
go 10 BOO

if (ng #q. 2) then

side=" Left °’

plp=x(2)

if (x(5) gu x(2)) plp=x(5)
end if

if (ng £q. 3) then

side=" Right ’

prp=x(5)

if (x(5) gt x(2)) prp=x(2)
end if

write(6,100) side

print*, For peak (1)
write(6,110) x(2), x(1), x(3)
print*,For peak (2)
write(6,110) x(5), x(4), x(6)
2o 10 800

sicde=" Left '

k=1

i=ng-3

if (ng .gt. mm+3) then
side=" Right '

k=2

imng-mm-3

end if

write(6,130) side
print®,For the mode (*, i,’)’
write{6,110) x(2), x(1), x(3)
write(6,140) x(3)
bpplk,i)ex(2)
bpw(k,iJ=x(3)

write(6,120) 1, x(np)
return

formad/1x,Result for the Rayleigh line at the (",a8,")’)
format(1x,'position="£12.5,2x,'heigh=" 12.5,2x "hwhm="¢12.5)
formau(1x.'chi square=",e12.5,2x,'nois=",¢12.5)

format(/1x,’Result for the Brillouin line at the ("a8,’)")
format(1x,'the true width(hwhm)="e12.5)

format 1x,'position(1/cm)="e12.5,2x,"true hwhm(1/cm)="212.5)
format(1x,’average shift(1/cm)="£12.5,2x,’average hw hm(1/cm)

+w'212.5)

172

26

format(ix,trillouin peaks distance(in chanel aumbersY.f9.3)

w mpe=1.0/fsr" prp-plp))

open( 10,file=outf status="new")
open(12.fle=outex status="new"’)
do 50 i=1,npoint



50
200

54
52

56
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wx={i-cpp}*wmpc

write (10,200} wx, (i}

write (12,200} wx, y(i)

continue

format(fr8.4, £12.5)

close (10)

close (12)

Witscpw *w mpc

print’(/1x," hw hm(instrument in 1/cm)="£12.57,wit
print(/1x,” fsr*2(in chanel number =" £9.3Y,prp-pip
do 52 j=1,2

side=" Left ’

if (j g. 2) then

side=" Right '

mm=mm]

end if

write{6,130) side

do 54 i=1,mm

bposi=w mpc*(bppl ji)-cpp)

thwhm=w mpc*bpw( i)

print*,For the mode (', i}’

write(6,160) bpasi, thw hm

continue

continue

if ( mm .eq. mm1) then

do 56 i=1,mm

dopp=bpp( 2,i)-bpp(1,i}

avpasi=w mpc*dbpp/2.0

avhw hm=w mpc*(bpw(2,i}+bpw(1,i))/2.0
print'(1x/1x,"For the mode ( *,i1," X",
write(6,170) avposi, avhwhm
write(6,172) dbpp

continue

end il

print(/Ix,"The “a10," and ",210," files are ready for

+ plotting.” V.outf,outex

return
end
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