
PHYSICAL REVIEW B 66, 214105 ~2002!
Disorder-induced symmetry lowering in the CsInMgF6 pyrochlore crystal

A. P. Ayala, C. W. A. Paschoal, I. Guedes, W. Paraguassu, P. T. C. Freire, and J. Mendes Filho
Departamento de Fı´sica, Universidade Federal do Ceara´, Caixa Postal 6030, 60451-970, Fortaleza, Ceara´, Brazil

R. L. Moreira
Departamento de Fı´sica, ICEx, Universidade Federal de Minas Gerais, Caixa Postal 702, 30123-970, Belo Horizonte,

Minas Gerais, Brazil

J.-Y. Gesland
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Polarized Raman scattering and infrared reflectivity of the modified pyrochlore single crystal CsInMgF6

have been carried out at room temperature. The spectra showed the appearance of additional Raman and
infrared bands, which are not predicted from group theory for the pyrochlore cubic structure. A deeper analysis,
by taking into account the occupational disorder of Mg21 and In31 in octahedral sites, indicates that the overall

features can be explained by a lowering of the crystal symmetry fromF3d̄m (Oh
7) to R3̄m (D3d

5 ). This result
should have important consequences on the understanding of the unusual magnetic behavior of this system.

DOI: 10.1103/PhysRevB.66.214105 PACS number~s!: 78.30.Ly, 63.20.Dj, 63.50.1x
la
ig

of
ib
go
sl
is
tr
rn

n-
e
bi
-

uc
ta

is
of

th

m

s

or-

of
nal
we
re

ar-
re-
led
the

e
in-

the
on

d at

i
with

ere
ter

ion,
70
for

ual
e
c-
I. INTRODUCTION

In recent years, compounds that present a pyrochlore
tice have been object of several studies, due to their h
probability of showing geometrical frustration. The origin
this effect can be understood by considering the poss
vector spin configurations on the single trigonal and tetra
nal units, for which no configuration can be simultaneou
minimized for all bond energies. This kind of frustration
responsible by complex phenomena, such as spin-glass
sitions, noncolinear and incommensurate ordering patte
and unusual critical properties.1–4

The pyrochlore structure has the formA2M2X6X8 ~where
X andX85O, F, S, OH! and can be viewed as an interpe
etred network ofMX6 octahedra and anticristobalite typ
A2X8. This structure crystallizes in a face centered cu
lattice belonging to theFd3̄m space group with eight formu
las per unit cell. When theA2X8 sublattice is replaced by
larger monovalent cations, such as Cs1 and Rb1, this struc-
ture is commonly designated as modified pyrochlore str
ture. Two great families of compounds are known to crys
lize in these structures: oxides, with the formulaA2

31B2
41O7

~whereA/B can be magnetic andA31 is often a rare-earth
ion! and fluorides, with the formulaAM21M 831F6 ~whereA
is often an alkali-metal ion, andM21 andM 831 are usually
transition-metal ions!.

From the structural point of view, the oxide family
well ordered, while in the majority of the compounds
the fluoride family, theM21 and M 831 ions are randomly
distributed in the octahedral sites. As an exception to
rule, some compounds, such as LiFe21Fe31F6,5

NH4Fe21Fe31F6,6,7 and NH4CoAlF6 ~Ref. 8!, are ordered
but the symmetry is reduced to the space groupP42 /mnm
(D4h

14). Evidently, the magnetic properties of these co
pounds depend strongly of the distribution of theM21 and
M 831 ions in the octahedral sites. In the disordered ca
0163-1829/2002/66~21!/214105~8!/$20.00 66 2141
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such as CsMnFeF6 ~Ref. 9! and CsNiCrF6,10,11 a spin glass
behavior is observed, contradicting the antiferromagnetic
dering expected for the ordered structure.7

Although several studies of the magnetic properties
those materials have been accomplished, their vibratio
properties have not been studied so far. In this work,
report on the vibrational spectra of modified pyrochlo
CsInMgF6 single-crystal at room temperature, using pol
ized Raman scattering and infrared reflectivity measu
ments. The main point of this work is to present a detai
analysis of the anomalous vibrational spectra based on
symmetry lowering due to the disorder of theM21 and
M 831 ions. Our calculations allow us to predict not only th
number and polarization dependence of the Raman and
frared active phonons but also the relative intensities of
Raman bands. The influence of the symmetry lowering
the magnetic properties of this material is briefly discusse
the end of Sec. V.

II. EXPERIMENTAL PROCEDURES

Single crystals of CsInMgF6 were grown by Czochralsk
technique. The sample used in the Raman measurement,
dimensions of 3.033.033.0 mm3 was cut with faces per-
pendicular to the@110#, @11̄0#, and@001# directions and was
carefully polished with diamond paste. Raman spectra w
recorded by using a Jobin-Yvon Triplemate Spectrome
~model T64000! equipped with a LN2-cooled CCD detector.
The spectra were taken in the backscattering configurat
using 50 mW of the 514.5 nm line of a Spectra Physics 1
Argon ion laser as exciting source. Scattering geometries
the spectra listed in the text and figures follow the us
Porto’s notationA(BC)D.12 Reflection infrared spectra wer
recorded with a BOMEM DA8 Fourier Transformer spe
trometer, in the range 30 to 4000 cm21. The spectral resolu-
tion was typically 4 cm21. For the mid infrared region
©2002 The American Physical Society05-1
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TABLE I. Factor group analysis of the CsInMgF6 crystal structure.

Ion Wyckoff site Symmetry Irreducible representations

Cs1 8b Td F1u% F2g

Mg21/In31 16c D3d A2u% Eu% 2F1u% F2u

F2 48f C2v A1g% A2u% Eg% Eu% 2F1g% 3F1u% 3F2g% 2F2u

Total G5A1g% 2A2u% 2Eu% Eg% 6F1u% 2F1g% 3F2u

% 4F2g

Acoustic Gac5F1u

Raman GR5A1g% Eg% 4F2g

Infrared G IR55F1u
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~above 400 cm21), the best choice of accessories was: G
bar source, coated KBr beamsplitter and LN2-cooled
HgCdTe detector. The far infrared region was measured
ing Globar or Mercurium arc lamp~below 200 cm21),
6 mm coated-mylar Hypersplitter™ and LHe-cooled Si b
lometer.

III. CRYSTALLINE STRUCTURE AND FACTOR GROUP
ANALYSIS

The modified pyrochloreAM21M 831F6 has a face cen
tered cubic structure belonging toFd3̄m space group with
eight molecules per unit cell~two molecules in the primitive
cell!. According to Hoope,16 the A ions occupy special 8b
Wyckoff sites, F ions the 48f sites, andM21 andM 831 ions
occupy well defined 16c special positions forming an infinite
network of corner-sharingMF6 and M 8F6 octahedra. This
structure favors the spin glass behavior because the
types of magnetic ionsM21 andM 831 are randomly distrib-
uted in the same crystallographic site.14,15

Based on the modified pyrochlore crystalline structu
and using the method of site group analysis proposed
Rousseauet al.,13 the distribution of the degrees of freedo
in terms of the irreducible representations of theOh factor
group was calculated and shown in Table I. According to
character table of theOh point group, acoustic and infrare
active modes belong to theF1u representation, whileA1g ,
Eg , and F2g irreducible representations are Raman acti
The polarizability tensors of the Raman-active modes are
follows:

A1g : S a • •

• a •

• • a
D ,

Eg : S b • •

• 2b •

• • 22b
D , S 2A3b • •

• 2A3b •

• • •

D ,

F2g : S • • •

• • d

• d •

D , S • • d

• • •

d • •

D , S • d •

d • •

• • •

D .

~1!
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In addition to the crystallographic axes, crystals w
faces perpendicular to@110# and @11̄0# were cut. These di-
rections will henceforth be denotedx8 andy8, respectively.
The relative intensity of the modes, summarized in Table
can be calculated from the Raman polarizability tensors
using the following relation:

I}ueo
†
•a•ei u2, ~2!

wherea are the polarizability tensors given in~1! and,ei and
eo are the incoming and outgoing light polarization dire
tions, respectively. Notice that when the incident and out
ing beams are both polarized parallel to the same crysta
graphic axis a mixture of phonons belonging toA1g andEg
irreducible representations is observed, while if they are
larized parallel to different crystallographic axes theF2g
modes are detected. In order to discriminate betweenA1g
and Eg modes, light polarized along tox8 and y8 can be
used. In fact, the crossed polarization geometryz(x8y8) z̄
allows the observation ofEg modes only, while in the
z(x8x8) z̄ geometry all Raman-active modes would be d
tected. In this way, polarized Raman measurements in
first three scattering geometries of Table II suffice to dist
guish between the three allowed symmetries of Ram
active modes.

IV. RESULTS

A. Raman scattering

Raman spectra were recorded in three backscattering
larization geometriesz(xx) z̄, z(x8y8) z̄ , andz(xy) z̄ . These
spectra are shown in Fig. 1. According to Sec. III, in t
z(xx) z̄ configuration@Fig. 1~a!#, only two vibrational modes
are predicted:A1g % Eg . Nevertheless, thirteen bands we

TABLE II. Intensity of the Raman active modes in differen
backscattering configurations for cubic structures.

Configuration A1g Eg F2g

z(xx) z̄ a2 4b2 0

z(xy) z̄ 0 0 d2

z(x8y8) z̄ 0 b2 0

z(x8x8) z̄ a2 3b2 d2
5-2
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DISORDER-INDUCED SYMMETRY LOWERING IN . . . PHYSICAL REVIEW B66, 214105 ~2002!
observed in this configuration. The same peculiar behavio
observed in thez(xy) z̄ configuration, given in Fig. 1~b!,
where the same thirteen modes can be identified, when
four modes belonging to theF2g representation were ex
pected. In thez(x8y8) z̄ crossed polarization@Fig. 1~c!#,
where just oneEg mode should be present, we can s
clearly the presence of nine modes in the spectrum. Tabl
lists the observed bands for the three above scattering
figurations. The random distribution of Mg21 and In31 ions
in the octahedral sites would be responsible for the diff
ence between the observed and predicted numbers of v
tional modes. The effect of the occupational disorder of
octahedral sites in the vibrational spectra will be discusse
detail in Sec. V.

FIG. 1. Raman spectra of CsInMgF6 in ~a! z(xx) z̄ , ~b! z(xy) z̄,

and ~c! z(x8y8) z̄ scattering geometries.

TABLE III. Wave numbers of the Raman bands observed
CsInMgF6 single crystals, at room temperature in different scat
ing geometries.

Wave number (cm21)

z(xx) z̄ z(xy) z̄ z(x8y8) z̄
27 27 27
42 43 40
80 80

134 135 136
162 165 165
189 190 189
220 223 221
257 253 253
275 273 275
322 323 320
379 382
435 432
564 565
21410
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B. Infrared reflectivity

The infrared dielectric function was determined from t
reflectivity spectrum by using the four parameters se
quantum model.17,18 According to this model, the comple
dielectric constant is expressed in terms of the infrared-ac
modes as follows:

«~v!5«`)
j

v j LO
2 2v21 ivg j LO

v j TO
2 2v21 ivg j TO

, ~3!

wherev j TO and v j LO correspond to the resonance freque
cies of the j th transversal and longitudinal modes, respe
tively, and g j TO and g j LO are the corresponding dampin
factors. «` is the dielectric constant due to the electron
polarization. For normal incidence, the infrared reflectivityR
and the dielectric function are related by

R5UA«21

A«11
U2

. ~4!

Table IV lists the frequencies of LO and TO IR-mod
from the best fit of Eq.~3! to the experimental reflectivity
curve. The experimental data and adjustment curve are
sented in Fig. 2. The oscillator strengthD« j of the j th trans-
versal mode can be directly deduced from the LO-TO sp
ting, through the relation

D« j5
«`

v j TO
2

3

)
k

vkLO
2 2v j TO

2

)
kÞ j

vkTO
2 2v j TO

2
. ~5!

Furthermore, the static dielectric constant can be obtai
by adding up the strength of all oscillators, i.e.,

-

TABLE IV. Dispersion parameters for the best fit to the refle
tivity data of CsInMgF6 crystals at 300 K.

vTO (cm21) gTO (cm21) vLO (cm21) gLO (cm21) D«TO

34 9 41 3 13.643
42 3 58 6 0.421
119 31 120 40 0.000
147 65 179 29 2.894
196 16 201 16 0.162
239 33 250 35 0.440
280 68 297 53 0.482
315 46 324 52 0.138
368 37 376 22 0.461
378 23 401 70 0.028
407 31 408 65 0.004
432 46 437 33 0.052
491 18 496 59 0.373
498 32 551 118 0.071
555 68 580 45 0.006

«`52.168 «0521.343
5-3
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«05«`1(
j

D« j . ~6!

As can be observed from Table IV, fifteen bands we
identified in the reflectivity spectrum. This number is lar
when compared with the fiveF1u modes predicted by the
group theory analysis. Again, the origin of this behav
should be the disorder of the Mg21 and In31 ions and will be
discussed in the following section.

V. DISCUSSIONS

The vibrational spectra obtained previously will be d
cussed in the framework of the random distribution of Mg21

and In31 ions in the octahedral sites of the CsInMgF6 pyro-
chlore. Differently from x-ray diffraction, where disorder
observed through the average of the scattering factors,
vibrational spectra are affected not only by the atomic s
cies distribution but also by the different interatomic intera
tions. Due to this fact, the interpretation of the vibration
spectra of disordered crystals is always arduous. In so
solid solutions it is possible to observe a shift of the ban
proportional to the concentration of the dopant~one mode
behavior!,19,20 mainly due to the variation of the effectiv
mass. This is not the case here because, in this model
number of vibrational modes should be preserved, in cont
to our observations. On the other hand, in compounds wh
two atomic species can occupy the same crystallographic
tice site there could be a doubling of the bands originated
the vibrational modes involving these atoms~two mode
behavior!.21,22This hypotheses is ruled out here because
ordered cations do not contribute to the irreducible repres
tation with any Raman-active representation~see Table I!.
Thus, disordered induced band splitting could be expec
only in the infrared spectra with addition of, at most, tw
modes, which does not explain the larger number of infra
bands observed. Notice that the disordered ions, Mg21 and
In31 in our case, differ not only in their atomic mass, b

FIG. 2. Infrared reflectivity data of CsInMgF6 single crystals
and the best fit by the four parameters semiquantum model.
21410
e

r

he
-

-
l
e

s

the
st
re
t-

in

-
n-

d

d

also in their valences. This situation produces a much m
complex behavior, since, using the simple harmonic osci
tor model, both the mass and coupling constant change
multaneously. This effect is enhanced due to the fact that
MF6 octahedra are not isolated, but linked by fluorine io
producing the coupling of the vibrational modes of the oc
hedral groups.

In order to explain the enlarged number of vibration
modes observed, we propose a model which conside
symmetry breakdown due to the cation disorder. First,
will consider the first-neighbor coordination polyhedrum
the atomic species, in order to identify the effect of the d
order on these polyhedra. In this way, while cesium catio
are located at the center of regular octahedra, disorde
M21 and M 831 ions also occupy the center of fluorine o
tahedra, but they have a trigonal distortion and theM -F dis-
tance is approximately half that the Cs-F distance. In ad
tion, fluorine ions are shared by twoMF6 octahedra. Indeed
in a first neighbor analysis, cesium,M and M 8 ions are al-
ways surrounded by six fluorine anions and their coordi
tion polyhedra are not affected by the occupational disord
Differently, fluorine anions first neighbors are always the d
orderedM andM 8 ions. As a consequence, disorder-induc
symmetry breakdown only result from these sites.

According to the modified pyrochlore structure, fluorin
anions are located at sites withC2v symmetry. Figure 3
shows the first neighbors coordination of the fluorine io
where the mirror planes of theC2v point group are indicated
by dashed lines and theC2 axis is perpendicular to the plan
of the figure. Notice that if the centers of the two octahed
are occupied by the same ion (M or M 8), these sites are
related by thes8 mirror and theC2 axis, while thes mirror
transforms eachM site into itself. As a consequence, if th
central ions are different, both thes8 mirror and C2 axis
disappear, while thes mirror is retained. Thus, the site sym

FIG. 3. Fluorine first neighbors coordination. Large, mediu
and small spheres represent cesium, fluorine and indium or ma
sium atoms, respectively. Dashed lines represent mirror planes
ands8).
5-4
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TABLE V. Irreducible representations of theR3̄m (D3d
5 ) subgroup of the CsInMgF6 structure.

Ion Wyckoff site Symmetry Irreducible representations

Cs 2c C3v A1g% A2u% Eg% Eu

(Mg/In)1 1a D3d A2u% Eu

(Mg/In)2 3d C2h A1u% 2A2u% 3Eu

F1 6h Cs 2 A1g% A1u% A2g% 2A2u% 3Eg% 3Eu

F2 6h Cs 2 A1g% A1u% A2g% 2A2u% 3Eg% 3Eu

Total G55A1g% 3A1u% 2A2g% 8A2u% 7Eg% 11Eu

Acoustic Gac5A2u% Eu

Raman GR55A1g% 7Eg

Infrared G IR57A2u% 10Eu
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metry of the fluorine anion is reduced toCs . Since the sym-
metry reduction is accomplished by the loss of the sa
symmetry operations of the space group, the new cry

symmetry must be aFd3̄m subgroup. In particular, the los
of the C2 axis corresponds to the loss of theC4

2 axis of the
Oh point group; consequentlyC4 axes are also lost. Th

remaining symmetry operation determines the trigonalR3̄m

(D3d
5 ) space group, which is subgroup of theFd3̄m space

group. There are four equivalent subgroups, whose princ
axes are oriented along the major cube diagonals. Since
atoms in all subgroups have the same site symmetries
irreducible representations of each subgroup are equ

Thus, Table V shows the factor group analysis for theR3̄m
structure, and lists the activity of the modes in Raman s
tering (GR) and infrared reflectivity (G IR).

Notice that in theD3d point group,A2u andEu irreducible
representations are infrared active. Thus, seventeen band
predicted in the reflectivity spectra. This number agrees v
well with the fifteen bands observed experimentally, sugg
ing that the proposed method seems to be adequate to
plain the anomalous CsInMgF6 vibrational spectra.

Let us extend this analysis to the Raman spectra in o
to explain the larger number of observed bands as comp
to the factor group of theOh point group and their depen
dence with the scattering geometry. First, keep in mind t
there are four equivalent trigonal subgroups, whose princ
axes are oriented along the@111#, @11̄1#, @ 1̄1̄1#, and@ 1̄11#
directions. Although the occupational disorder should red
the site symmetries, the crystal still belongs to a cubic s
tem. Hence, no trigonal subgroups should be privileged
the complete crystal should be imagined as a set of trigo
cells randomly oriented along the cube diagonals.

In order to analyze the Raman spectra in the trigonal b
we must transform the polarization directions to this n
base. Henceforth, we will use the subscriptsc and t to indi-
cate cubic and trigonal bases, respectively. Let us do this
the subgroup oriented along the@111# cube diagonal~sym-
bolized asd), whose lattice parameters are

at52
1

2
ac1

1

2
cc , ~7!
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bt52
1

2
ac2

1

2
bc , ~8!

ct5ac1bc1cc . ~9!

Fixing the last two vectors and replacingat by the cross
product of (bt andct), we choose a set of principal axes
defined by Nye.24 The unitary matrix that rotate cubic t
trigonal axes is given by

R5S 1

A6

1

A6
2A2

3

2
1

A2

1

A2
0

1

A3

1

A3

1

A3

D . ~10!

Even though the trigonal subgroups are randomly orien
along the cube diagonals, the light polarizations used exp
mentally are at well defined angles related to the differ
trigonal bases. In consequence, the Raman intensities in
different scattering geometries can be calculated by rota
the corresponding polarizability tensors. In terms of the pr
cipal axes of the trigonal structure, the polarizability tens
of the irreducible representations of theD3d point group are
given by23

A1g : S a • •

• a •

• • b
D ,

Eg : S c • •

• 2c d

• d •

D , S • 2c 2d

2c • •

2d • •

D . ~11!

Now, the intensity of the Raman bands in the differe
scattering geometries can be calculated according to Eq.~2!,
using the rotation matrix~10!:

I}ueo
†
•R†

•a t•R•ei u2. ~12!
5-5



in

in
in
on
u
th
is
o

ub
ge
ib

in
ly

e
an
r

ds

tive

null
rate
-

tra.

y

on,

ng

this,

re-

ile
ese
ic-

d at
is
etric

as-
ld
.

was
rved

ity
he
rin

ral

A. P. AYALA et al. PHYSICAL REVIEW B 66, 214105 ~2002!
Thus, in our example, the intensity of the bands belong
to the trigonalA1g representation in thez(xx) z̄ andz(x8y8) z̄
scattering geometries are

I xx}~100!•R†
•S a • •

• a •

• • b
D •R•S 1

0

0
D 5

1

9
~2a1b!2,

~13!

I x8y8}~110!•R†
•S a • •

• a •

• • b
D •R•S 1

1̄

0
D 50. ~14!

~15!

Table VI lists the Raman intensities calculated by us
Eq. ~12! in several scattering geometries. As usual, null
tensities of these table could help us to identify the phon
belonging to the different irreducible representations. Th
A1g andEg phonons should be observed separately using
dd and x8y8 scattering configurations, respectively. Th
analysis was accomplished by the trigonal subgroup wh
principal axis is oriented along the@111# direction but, as it
was pointed out, there are four equivalent trigonal s
groups. As a consequence, no trigonal subgroup is privile
and the Raman intensity must be the average of all poss
orientations, that is

Ī }
1

4 (
l 51

4

ueo
†
•Rl

†
•a t•Rl•ei u2. ~16!

The averaged Raman intensities calculated using Eq.~16!
are given in Table VII for the scattering geometries listed
Table VI. Based on these results we are now able to ana
the Raman spectra obtained experimentally. According
Table VII, in the z(xx) z̄ configuration both Raman-activ
irreducible representations have nonzero intensities
twelve bands are expected. An equivalent situation is p
dicted for thez(xy) z̄ spectrum, where the number of ban

TABLE VI. Raman intensities calculated for each polarizabil
tensor of theD3d point group in chosen scattering geometries. T
Calculations were carried out for the trigonal subgroup whose p
cipal axis is oriented along the@111# direction.

A1g Eg
(1) Eg

(2)

xx
(2a1b)2

9
(c1A6d)2

9
(A3c2A2d)2

9

xy
(a2b)2

9
4 c2

9
2d2

9

x8x8
4(a12b)2

9
4c2

9
32d2

9

x8y8 0
8d2

3
4c2

3

x8z 4b2 0 2d2

dd 9b2 0 0
21410
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must be the same as before but differences in the rela
intensities should be observed. Inz(x8x8) z̄ andz(x8z) z̄ scat-
tering geometries, some subgroup orientations present
intensity in one of the components of the doubly degene
Eg representations~see Table VI!. However, when we aver
age all possible orientations, as shown in Table VII, bothA1g
and Eg representations should be observed in the spec
According to Table VI, in thedd configuration, it seems to
be possible to separate theA1g bands, but when the intensit
of Eg modes is averaged using equation 16,Eg modes be-
come active in this scattering geometry. For that reas
crystals cut with faces containing the@111# direction do not
provide any additional information. The most interesti
configuration is thez(x8y8) z̄ , since for all orientation of the
trigonal subgroups, the intensity of theA1g bands are zero
and, thus, the averaged intensity is also null. Based on
in thez(x8y8) z̄ spectrum, only the sevenEg bands should be
present.

By comparing our experimental results with the new p
dictions we observe a remarkable agreement. In thez(xx) z̄
and z(xy) z̄ spectra thirteen bands were observed, wh
twelve bands are predicted by our model. Furthermore, th
spectra are very similar, in good agreement with our pred
tions of Table VII. Notice that, in thez(x8y8) z̄ spectrum we
have eight bands, after discarding the band at 322 cm21

which is a leak of the intense band observed in thez(xx) z̄
spectra at the same wave number. The band locate
136 cm21 was introduced in order to improve the fit, but it
unusually wide and should be considered as an asymm
contribution to the band that peaks at 165 cm21. Actually, at
approximately this wave number, the vibrational modes
sociated to the (M ,M 8)-F bonds are expected, which shou
produce a two modes-like behavior enlarging the band
Based on this consideration, bands located above 300 cm21,
observed only in Figs. 1~a! and 1~b!, can be associated toA1g
phonons. The remainingA1g band is located at 80 cm21 and
corresponds to the translation of the cesium cation as it
predicted by Table V. On the other hand, the bands obse

-

TABLE VII. Averaged Raman intensities calculated in seve
scattering geometries.

A1g Eg
(1) Eg

(2)

xx
4(2a1b)2

9
4(c216d2)

9
4(3c212d2)

9

xy
4(a2b)2

9
16c2

9
8d2

9

x8x8 8a21
8(a12b)2

9
80c2

9
64d2

9

x8y8 0
32d2

3
16c2

3

x8z
8(11a212ab15b2)

9
4(22c213d2)

9
4(6c2117d2)

9

dd 9b21
(8a1b)2

3
16(2c21d2)

3
16(2c21d2)

3

5-6
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DISORDER-INDUCED SYMMETRY LOWERING IN . . . PHYSICAL REVIEW B66, 214105 ~2002!
in the z(x8y8) z̄ spectrum correspond toEg phonons and are
at the same wave number than those of thez(xx) z̄ and
z(xy) z̄ spectra, in complete agreement with our model. Ev
though Table VII predicts the same number of bands in
z(xx) z̄ andz(xy) z̄ spectra, the relative intensities ofA1g and
Eg bands in these spectra should be different, since e
component of theEg modes does not contribute equally
the main intensity. This result is confirmed by comparing
low wavenumber region of Figs. 1~a! and 1~b!, which is
mostly associated toEg phonons. Notice that, in Table VII
the intensities of the components of theEg phonons in
z(xy) z̄ and z(x8y8) z̄ are related by a multiplication facto
Thus, relative intensities ofEg bands need to be similar i
both spectra, as it can be observed in Fig. 1~c!. Finally, Table
VIII presents the proposed classification of the observed
man modes in the irreducible representations of the trigo
D3d group.

On the basis of the above model, the intensities of
infrared bands can be calculated, since they are proporti
to the projection of the polar vectorP on the polarization
direction

I IR}uP•R•ei u2. ~17!

Once in theD3d point group theA2u phonons are polar
ized along thezt direction and the doubly degeneratedEu in
thextyt plane~forming an angleu with thext axis!, the polar
vectors can be represented by

A2u : ~0,0,pz!, ~18!

Eu : ~pxycosu,pxysinu,0!. ~19!

After averaging over all orientations of the trigonal su
groups, the calculated infrared intensities are presente
Table IX. Notice that, the relative intensities of the infrar
bands in thex andx8 polarizations are completely equivale
and no dependence would be expected from polarized m
surements. On the other hand, by choosing one of the c
diagonal, we have a slightly different situation, where
infrared bands are allowed but theA2u andEu relative inten-
sities differs from the first two configurations. However, th

TABLE VIII. Classification of the observed Raman bands
CsInMgF6 according to the irreducible representations of theD3d

point group.

Wave number (cm21)

A1g Eg

80 27
322 40
379 136
435 165
564 189

221
253
275
21410
n
e

ch

e

a-
al

e
al

in

a-
be
l

difference is not sufficient to allow for the distinction be
tweenA2u (pz) andEu (px ,py) modes, since the sum of th
D« j strength should give nearly the same («o2«`) value,
irrespective of the particular direction.

Based on our model, we were able to explain the anom
lous behavior of the vibrational spectrum of the CsInMg6
pyrochlore. The increase in the number of Raman and in
red active modes due the symmetry reduction can be un
stood by considering the correlation between the irreduc
representations of theOh and itsD3d subgroup. Due to this
correlation, all triply degenerated representations of theOh
point group break into one unidimensional and one bidim
sional representation. In the case of Raman-active phon
in addition to the splitting of theF2g representations, the
bidimensional component of theF1g representation, which is
silent, transforms into a Raman active representation. On
other hand, the infrared spectra receive additional contri
tions from the silentA2u , Eu , andF2u irreducible represen-
tations. In this way, we can conclude that the large numbe
vibrational bands is due to the breaking of the degenera
of tridimensional representations and the activation of
silent representations of theOh point group, due to the
disorder-induced symmetry lowering.

Let us discuss briefly the consequences of the symm
lowering on the magnetic properties of modified pyrochlor
As it was pointed out, the high geometrical frustration o
served in this kind of materials is originated from the lack
a spin configuration that satisfies all six antiferromagne
interactions in a single tetrahedron. Howeve
experimental25,26 and theoretical11,27,28 results showed a
least one magnetic ordered structure in modified pyroch
crystals. This structure lies in the (@hh0#c ,@00l #c) plane and
is related to an ordered phase where consecutive tetrah
are in phase. By considering the symmetry lowering p
posed in this work, it should be noticed that the plane of
magnetic structure transforms into the (@h00# t ,@00l # t) in the
trigonal subgroup. From a structural point of view, in th
pyrochlore structure all magnetic ion lie in sites with sym
metry D3d with their principal axis along thê111&c-type
directions. However, the symmetry lowering reduces
symmetry of same magnetic sites toC2h , whose principal
axes are perpendicular to the^111&c-type directions. Thus,
the magnetic structure can be decomposed into a compo
parallel to the principal axis of theD3d sites and a compo
nent lying on the plane determined by the principal axes
the C2h sites. Furthermore, it was noticed that the magne
cross section of the (@hh0#c ,@00l #c) plane is similar to that
of the two-dimensionalkagome´ lattice.29,30This result should
be better understood observing that the plane determine
the principal axes of theC2h sites is exactly a two-
dimensionalkagome´ lattice.

TABLE IX. Averaged infrared intensities calculated in differe
directions of the light polarization.

x̄
4
3 $@12

1
2 cos(2u)#pxy

2 1pz
2%

x8
8
3 $@12

1
2 cos(2u)#pxy

2 1pz
2%

d̄ 4(pxy
2 1pz

2)
5-7
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VI. CONCLUSIONS

Polarized Raman scattering and infrared reflectivity m
surements allowed us to determine the vibrational spectr
the modified pyrochlore CsInMgF6 . A large number of vi-
brational bands was observed, which can not be explaine
the basis of the factor group analysis of theOh point group.
By considering the occupational disorder of Mg21 and In31

metallic ions, a symmetry lowering effect was propos
which reduces theOh point group to theD3d one. Further-
more, by using the symmetry properties of the Raman po
izability tensors, the atypical band distribution and symm
tries were successfully explained. Despite the appa
hy

es

p

m

c-

21410
-
of

on

d

r-
-
nt

correlation between the anomalous vibrational spectra
the magnetic behavior of highly frustrated modified pyr
chlore antiferromagnets, this is a complex problem and
tailed calculations must be done in order to determine
real consequences of the symmetry lowering on the gen
properties of this system. Work in this direction is
progress.
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