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Revised structural phase transitions in the archetype KMnF3 perovskite crystal
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Reinvestigation of the structural and vibrational properties of the typical perovskite KMnF3, exhibiting two
antiferrodistortive structural phase transitions, was performed using x-ray powder diffraction and Raman spec-
troscopy in the range between 30 and 300 K. The x-ray-diffraction work has unambiguously shown that a
monoclinic distortion~a2b1c2 tilt systemP21 /m space group! is observed at low temperature belowTC2

591 K. This result corresponds with the Raman temperature study which shows that this transition, in spite of
its first-order character, can be associated with a group-subgroup relation between tetragonal and monoclinic
symmetries. Additionally, existence of a large structural disorder far above the cubic to tetragonal transition
(TC15186 K) is suggested by the two following experimental indications:~i! persistence of hard modes of the
tetragonal phase in the cubic symmetry, and~ii ! existence of Raman broad bands in normally inactive ideal
cubic phase, which are interpreted by the folding of the whole phonons branches of the cubic Brillouin zone.
This last observation allows us to follow the evolution of the cubicR158 soft mode versus temperature,based
only on the Raman-scattering data, in full agreement with previous inelastic neutron data. The results of
Raman investigations into KMnF3 are discussed in more general framework of structural disorder in perovskite
systems which exhibit anisotropic correlation between octahedra.@S0163-1829~99!00522-6#
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INTRODUCTION

Over the past three decades, structural phase transi
~SPT! have been extensively studied in crystals and
AMX3 perovskite structures were one of the largest clas
of samples investigated. This family is remarkable as it c
readily evidence a great variety of structural instabilit
from antiferrodistortive to ferroelectric and antiferroelect
ones. The antiferrodistortive transitions give rise from t
ideal cubic symmetry to a lower symmetry, tetragonal
trigonal, when the temperature is reduced which results g
erally from instabilities of a low-energy phonon branch l
cated at the Brillouin-zone corner of the cubic structu
These SPT can be usually described by the rotation ofMX6
octahedra around one of the major fourfold cubic ax
which causes that the distorted phase has a double unit
as compared to the cubic phase, since the unstable m
responsible for the phase transition consists of alterna
antiphase rotations of theMX6 octahedra.

The perovskite SrTiO3 ~Ref. 1! was one of the most stud
ied compounds corresponding to these phase trans
mechanisms, where the soft-mode picture was first discu
in detail by Fleury, Scott, and Worlock2 in the light of a
Raman-scattering investigation. In this framework, the flu
roperovskite KMnF3 has also appeared for a long time as
interesting crystal candidate~actually the first structural pa
per by Klassens, Zalm, and Huysman3 devoted to this sample
dates from 1953! since it undergoes a typical sequence
phase transitions in perovskite systems:4–10
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cubic→tetragonal→orthorhombic or monoclinic. The firs
transition, which is slightly of the first order, occurs
aroundTc15186 K and corresponds to the softening of t
R158 zone-boundary mode located at theR(0.5,0.5,0.5) point
of the reciprocal space. The high-temperature cubic sp
groupOh

1 ~Pm3m-a0a0a0 tilt system according to Glazer’s
labeling11! becomes tetragonalD4h

18(14/mcm) with the te-
tragonalc axis developing around the@001# cubic axis. This
new symmetry can be symbolized by the tilt systema0a0c2

where the2 superscript designates antiphase tilts around
main cubic axes~while the 1 superscripts are used for th
in-phase tilts of the octahedra!. According to the
literature5,12–14 this transition is followed at lower tempera
tures by one additional transition atTC2591 K, claimed ei-
ther with a first-order character12 or with a second-order
character.14 This transition is associated with the softening
phonons which have theM2 symmetry @zone-boundary
mode located at theM (0.5,0,0.5) point of the reciproca
space#. The structure of a low-temperature phase and
mechanism of this 91 K phase transformation have been
subject of contradictory studies for a long time~see, for in-
stance, the discussion of Gibaudet al.10 and Ratuszna and
co-workers15,16!, however, no definitive answer has been o
tained. The hysteresis of several degrees appearing ar
this low-temperature transition was very often attributed
additional transformation while the investigation of the 91
transition was enhanced by an additional magnetic transi
at TC3588 K associated with the appearance of an antife
14 235 ©1999 The American Physical Society
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TABLE I. Irreducible representations associated with the motions of the three different atoms in KM3.
Low-temperature calculations are performed according to two proposed symmetries in the literature. It
be noted that this work concludes to theP21 /m monoclinic symmetry belowTC2591 K.

Cubic phase-Pm3m(Oh
1) Tetragonal phase-I4/mcm(D4h

18)

GK5F1u GK5B2g% Eg% A2u% Eu

GMn5F1u GMn5A1u% A2u% 2Eu

GF52F1u% Fu GF5A1g% 2A2g% B1g% B2g% 2Eg

% 2A2u% B1u% 3Eu

GTotal54F1u% F2u GTotal5A1g% 2A2g% B1g% 2B2g% 3Eg

% A1u% 4A2u% B1u% 6Eu

GRaman—no Raman lines GRaman5A1g% B1g% 2B2g% 3Eg

Low-temperature phase
Orthorhombic phase-Pnma Monoclinic phase-P21 /m
(D2h

16) (C2h
2 )

GK52Ag% B1g% 2B2g% B3g% Au

% 2B1u% B2u% 2B3u

GK54Ag% 2Bg% 2Au% 4Bu

GMn53Au% 3B1u% 3B2u% 3B3u GMn56Au% 6Bu

GF55Ag% 4B1g% 5B2g% 4B3g% 4Au

% 5B1u% 4B2u% 5B3u

GF510Ag% 8Bg% 8Au% 10Bu

GTotal57Ag% 5B1g7B2g% 5B3g

% 8Au% 10B1u% 8B2u% 10B3u

GTotal514Ag% 10Bg% 16Au% 20Bu

GRaman57Ag% 5B1g% 7B2g% 5B3g GRaman514Ag% 10Bg

TABLE II. Parameters of the rigid-ion model and calculated zone-boundary eigenfrequencies in th
cubic perovskite phase of KMnF3. Calculated frequencies are given in cm21.

Set of parameters of the rigid-ion model:
AK-F56.43 c.u.510.08 N/m BK-F520.64 c.u.521.00 N/m
AMn-F544.21 c.u.569.32 N/m BMn-F524.19 c.u.526.57 N/m
AF-F58.18 c.u.512.82 N/m BF-F520.82 c.u.521.28 N/m
ZK* 50.406 ZMn* 50.959 ZF* 520.455

G~0, 0, 0!
4F1U :0(L1T);117.8(L1T);201.0(2)(T)261.2(1)(L);400.2(2)(T)410.1(1)(L)
F2U :156.5(3)

R~0.5, 0.5, 0.5!
R158 :23.1(3);2R258 :106.7(3)265.1(3),R15:186.2(3);R12:317.0(2)R1 :448.5(1)

M~0.5, 0, 0.5!
M2 :24.1(1);M28 :100.3(1)388.3(1);M58 :103.1(2)187.3(2)203.7(2);M38 :113.1(1);
M5 :176.0(2);M4 :265.9(1);M3 :317.1(1);M1 :413.1(1)

X~0, 0.5, 0!
X58 :78.5(2)177.5(2)394.0(2);X5 :98.2(2)185.9(2);X1 :126.8(1)373.8(1);
X48 :160.8(1);X28 :183.3(1)251.5(1)
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magnetic ordering.8 Finally, the most probable sequence for phase transition can be summarized as follows using G
classification:

TC15186 K TC2591 K

a0a0a0 ⇒ a0a0c2 ⇒ a2b1a2 or a2b1c2

cubic tetragonal orthorhombic monoclinic

Pm3m I4/mcm Pnma P21 /m.
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Popkov, Eremenko, and Fomin17 investigated the 186 K
cubic to tetragonal phase transition in KMnF3 using Raman
scattering and performed assignment of tetragonal lines.
work was followed by the major studies of Lockwood a
Torrie,18,19 the results of which confirmed the tetragon
symmetry adopted by this compound below 186 K and e
denced the appearance of two soft modes ofEg and A1g

symmetries coming from theR158 cubic mode, associate
with a displacive mechanism. Hard Raman modes, which
not directly involved in the transition, were also studied20

and were interpreted in terms of precursor order param
near the transition by Bruce, Taylor, and Murray.21 More-
over, the magnetic transition was also studied by Ram
scattering22 with analysis of the two-magnon mode occurrin
together with the antiferromagnetic ordering.

So, why is it interesting to reinvestigate the archetype
this crystal from a structural and vibrational point of view
~i! Because, as previously underlined, the low-tempera
structure of this compound with the associated phase tra
tion mechanism is still a subject of controversy. Moreov
no Raman study has been fully performed and interpre
based on group theory analysis in low-temperature ph
despite the fact that Raman scattering could constitute
adapted probe to remove partially the structural ambiguit
~ii ! The origin of Raman intensity which exists in the ide
cubic perovskite phase where no mode is expected was
vealed by Lockwood and Torrie18 but it was not fully ex-
plained and therefore needs additional studies.~iii ! Further-
more, the disorder close to the tetragonal-cubic transit
predicted by different theoretical models23,24 and recently
identified by x-ray absorption fine structure~XAFS! experi-
ments by Rechavet al.,25 Yacoby and Stern~see, for ex-
ample, Refs. 26 and 27! in ferroelectric oxygen perovskite
(PbTiO3, BaTiO3, SrTiO3) or Rousseauet al.28 in RbCaF3
~inelastic neutron scattering! seems to be also interesting
approach it in this type of perovskite.

In this paper, we report the results of an x-ray-diffracti
study at low temperature as well as a Raman-scattering
vestigation into KMnF3 in the range from 30–300 K; the
assignment of the Raman lines is performed on the basis
full group theory analysis. Special attention is paid to lo
temperature phase and to unusual Raman activity in the i
cubic perovskite symmetry.

EXPERIMENTAL METHOD

KMnF3 crystal was grown, in a dry inert atmosphere u
ing a modified Bridgmann-Stockbarger method29 from high
purity starting products and using and adopted tempera
protocol. Transparent pink, very good optical quality cryst
is
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could be extracted from the crucible. A sample of dimens
of about 0.5 cm3 was cut and orientated by the x-ray Lau¨e
method along fourfold cubic axes.

Powder x-ray-diffraction data were collected on
Siemens D5000 diffractometer. The filtered CuKa radiation
(l51.540 56 Å) was selected andq/q scans were recorde
in a 18°–100° 2q range with a step of 0.02°. At low tem
perature (T512 K) the experiment was performed in
HTT4 ~Anthon Paar Physica! camera working in the close
cycling system.

FIG. 1. Splitting of the$400% and $220% diffraction lines atT
512 K characteristic for monoclinic distortion.~a!: $400%, ~b!:
$220%.
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Raman spectra were recorded with a Dilor Z-24 spectro
eter single-channel triple monochromator coupled with a C
herent 90-3 laser beam. The 488 nm excitation line w
mainly used with an incident power of 500 mW. Low
temperature measurements were performed from 30 u
300 K using a Leybold cryogenerator.

VIBRATIONAL ANALYSIS

The symmetries of the vibrational normal modes are c
culated on the basis of usual group theory analysis~method
of site symmetry! at the center of different Brillouin zone
according to the previously given sequence for the ph
transitions. Table I summarizes the irreducible represe
tions associated with the motions of three different atoms
the different phases. The Mn21 ion was chosen as the origi
of the cubic cell for all calculations since the rotating flu
rine octahedron is centered on this ion. Then no Raman
is expected in the ideal cubic perovskite phase while se
Raman lines are predicted to appear in the tetragonal p
(A1g% B1g% 2B2g% 3Eg). Twenty-four Raman peaks are e
pected in case of a low-temperature orthorhombic symm
(7Ag% 5B1g% 7B2g% 5B3g) and also 24 in case of a mono
clinic symmetry (14Ag% 10Bg). So, this group theory analy
sis shows that the two possible low-temperature phases
not be identified considering only the number of acti
Raman lines. However, it can be noticed that despite the
that the two possible low-temperature structures have
equivalent number of active Raman lines, theI4/mcmtetrag-
onal toPnmaorthorhombic transition is not associated wi
group-subgroup relation, as opposite to theI4/mcm to
P21 /m monoclinic one. The Raman spectra and the beha
of the sample have to reflect this difference.

In order to index the Raman spectra, lattice dynamics
the cubic phase of KMnF3 was approached using a rigid-io
model.30,31 Theoretical calculations of the vibrational eige
frequencies were performed at theGC(0,0,0),
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RC(0.5,0.5,0.5),MC(0.5,0,0.5), andXC(0,0.5,0) points of
the cubic Brillouin zone, which gives rise to the Raman a
tive lines in the lowest temperature symmetries. This mo
is classically defined by eight adjustable parameters:~i! the
ionic effective chargesZK* , ZMn* ~ZF* is given by the charge
neutrality condition:ZK* 1ZMn* 13ZF* 50!, ~ii ! the longitudi-
nal Ai and transverseBi short-range force constants betwe
first neighbors, defined by the second derivative of the Bo
Mayer interaction potential.31 The subscriptsi 51,2,3 are re-

FIG. 2. X-ray-diffraction pattern: observed, calculated, and d
ference profiles atT512 K. Lines of super structure are marked b
stars~* !.
TABLE III. Structural parameters for KMnF3 at T512 K. am ,bm ,cm : parameters of the monoclinic
cell described inB21 /m. ap ,bp ,cp : pseudocubic parametersam52ap , bm52bp , cm52cp .

Space group:B21 /m, Z58
Lattice parameters:
am58.3281(4) Åbm58.3392(4) Åcm58.3695(3) Åb589.72°
ap54.1641(4) Åbp54.1696(4) Åcp54.1848(3) Åb589.72(1)°.
Rotation angles of the MnF6 octahedra along pseudocubic axes:
a53.95°, b54.32°, g54.08°.

Atomic positions:
Atom Site x y z B@A2#

K~1! 4e 0.2518~5! 1/4 0.2474~3! 1.83~4!

K~2! 4e 0.2930~3! 1/4 0.6888~3! 1.83~4!

Mn~1! 4a 0 0 0 0.62~3!

Mn~2! 4c 0 0 1/2 0.62~3!

F~1! 4e 0.0604~8! 1/4 0.0631~8! 2.82~5!

F~2! 4e 0.0637~6! 1/4 0.5144~7! 2.82~5!

F~3! 8 f 0.2393~7! 0.0091~5! 0.0208~7! 2.82~5!

F~4! 8 f 0.0489~5! 0.0147~9! 0.2794~6! 2.82~5!

R50.052
RB50.085 Durbin-Watson statistic parameter50.85
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spectively related to the K-F, Mn-F, and F-F interaction
The set of parameters used for calculations was estimate
applying on the experimental data of Gesiet al.32 This set of
parameters and the calculated frequencies of the eigenm
at theGC , RC , XC , and MC points of the cubic Brillouin
zone are summarized in Table II.

RESULTS AND DISCUSSION

The space-group determination of the low-temperat
phase~below 91 K! was achieved by considering the Gla
er’s structural description11 for distorted perovskites by rota
tion of octahedra around their cubic axes. In these per
skites, the distortion type and the tilt system can be norm
deduced from the splitting occurring on the (h00), (hh0),
~hhh!, or ~hkk! main intense cubic reflections. However,
order to establish unambiguously the space group, we
collected a pattern over a wider angular range and a
powder-diffraction diagram was used for structural Rietv
refinements~320 collected reflections were refined with th
FULLPROF program33!. Moreover, the angles of rotation o
the MnF6 octahedra, as well as the displacement of the ato
from their ideal cubic positions were obtained using t
POTATO program.34

The distinction between the two tilt systemsa2b1a2

~orthorhombic-Pnma! and a2b1c2 ~monoclinic-P21 /m!

FIG. 3. Raman spectra of KMnF3 versus temperature.
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can be noticed as illustrated in Fig. 1 by a characteris
splitting of the$400% and $220% diffraction lines (T512 K).
In case of thea2b1a2 distortion, involving two equal tilt
angles, the$400% and $220% diffraction lines have to be re
spectively split in two and three components, instead of th
and four, respectively, in case of three different tilt ang
associated to thea2b1c2 monoclinic system. Figure 1
shows that the splitting of the lines observed is characteri
for theP21 /m monoclinic symmetry. It should be noted th
there is a difference in the description of the low-temperat
deformation between RbCaF3 and KMnF3. In case of the
former, in monoclinic phase certain values of the rotati
angles of CaF6 octahedra along@100#c and @001#c axes are
the same (a'g) and this type of distortion is described a
a2b1a2 ~Pnma!. In the case of KMnF3, as previously evi-
denced, the characteristic splitting of the main diffracti
lines has shown that the rotation angles are slightly differ
~a53.95°, g54.08°!. This small difference in the values o
the rotation angles of fluorine octahedra causes consider
consequences in the description of the symmetry of lo
temperature phases and the unit cells are described now
space groups showing different symmetries. So, in the c
of thea2b1c2-type distortion, the adequate double unit c
of 2ap32bp32cp dimensions~whereap , bp , andcp—the
parameters of distorted pseudocubic unit cell! is monoclinic
with a B21 /m space group~which is equivalent toP21 /m!.
In case of a distortion which originates as a result of freez
of the tilts of octahedra witha2b1a2 system, a unit cell of
apA232bp3apA2 dimensions is orthorhombic withPnma
space group (RbCaF3).

11 The refinement of the full diffrac-
tion pattern confirms the monoclinic symmetry observed
KMnF3 below 91 K. Figure 2 illustrates the experiment

FIG. 4. Evolution of Raman frequencies versus temperature
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TABLE IV. Assignment of active Raman lines in the three phases of KMnF3. Comparison is performed
with isostructural NaMnF3 ~Ref. 37!, KCaF3 ~Ref. 38! and RbCaF3 ~Ref. 35!. Because these three la
compounds in their low-temperature phase are orthorhombic~Pnma! a corresponding assignment in th
symmetry is given, n.o. are nonobserved modes. Symbolsl or l˜ indicate the impossibility to differentiate
unambiguously the assignment of a Raman mode, respectively between 2 or 3 eigensymmetries.
in
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f

rst-
diagram atT512 K and compares it to the calculated one
the framework ofP21 /m space group. Table III summarize
the structural parameters refined at the same temperatu

From the Raman-scattering results, the transition loca
at TC2591 K is characterized by the appearance of th
sharp low-frequency modes, with slight temperature dep
dence, belowTC2 , as evidenced by Fig. 3 where Ram
spectra versus temperature are displayed. It could be
noted in Fig. 4 where the temperature evolution of all Ram
.
d
e
n-

lso
n

frequencies is shown. These three modes, respectively
cated at 41, 50, and 64.5 cm21 at T532 K, do not possess a
soft-mode behavior. Together with the temperature decre
a sudden appearance of several low-frequency Raman
~with Ag symmetries! was observed. Their full width at hal
maximum ~about 6 cm21! is smaller than typical values
~close to 10 cm21! for the other lines in the KMnF3 spectra.
These several lines coming from theR158 and M2 cubic
modes of the cubic phase illustrate unambiguously the fi
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FIG. 5. Linewidths and Raman integrated intensities for two hard modes of KMnF3. ~a! Raman peak located at 232 cm21 at T
5150 K of B2g tetragonal symmetry;~b! Raman peak located at 330 cm21 at T5150 K of B1g tetragonal symmetry.
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order character of this low-temperature phase transition, c
trary to the assertion of Hidakaet al.14 who attributes a
second-order character to this transition. Furthermore, ex
for the behavior of the previously discussed low-frequen
modes, the continuous character of the evolution of Ram
spectra can be noted in Fig. 3, especially performing suc
sive temperature cycles on the sample, do not affect in
manner the crystal, contrary to the ‘‘violent’’I4/mcm to
Pnmafirst-order transition which occurs in RbCaF3 at TC2
531.5 K.35,36 This significant difference between the tw
samples is an indication for the existence of a gro
subgroup relation between the tetragonal phase and the
est temperature one in KMnF3. Actually, theP21 /m ~or the
equivalentB21 /m! monoclinic space group proposed~at the
light of our x-ray-diffraction work! to describe the low-
temperature structure of KMnF3, is a subgroup of the tetrag
n-

pt
y
n
s-
y

-
w-

onal I4/mcmspace group, in opposition to the orthorhomb
Pnmaspace group. This indication also argues with a mo
clinic symmetry below 91 K as obtained by the x-ra
diffraction analysis. Therefore the sequence of SPT adop
in KMnF3 in terms of octahedra rotations seems to be
follows:

186 K 91 K

a0a0a0 → a0a0c2 → a2b1c2

cubic tetragonal monoclinic.

As previously indicated, the Raman experiments w
performed in the temperature range 30–300 K. The selec
rules for Raman-scattering active modes are of course v
helpful in order to index the Raman spectra but unfor
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nately, KMnF3, as many other perovskite-type compoun
tends to transform to a polydomain character. As a result
spectral lines which appear in the polarized Raman spe
despite the particular scattering configurations and the se
tion rules, become inoperative. So, the correct assignmen
the Raman spectra in each phase was only possible usin
lattice dynamics calculations. Actually, the eigenfrequenc
predicted by the model can be followed with the compatib
ity relations between all the phases, previously establishe
the quasi-isostructural RbCaF3,

35 assuming that mode
which are not involved in the transition are temperature
dependent. Additionally, comparison to the Raman res
obtained for structurally identical compounds NaMnF3,

37

KCaF3,
38 and also RbCaF3 ~Ref. 35! confirmed the proposed

assignment. So, the Raman spectra of KMnF3 were attributed
in its three phases. The final results are listed in Table IV

The first transition which occurs atTC15186 K is con-
firmed by the softening of two tetragonal modes~of Eg and
A1g symmetries! and the disappearance of the tetragonal R
man peaks when cubic symmetry occurs~see Fig. 3!. The
results obtained for the tetragonal phase are fully consis
with the literature.17–20 Note that in this phase, as listed
Table IV, only six active Raman lines were observed amo
the seven which were predicted from the group theory c
culations for tetragonal symmetry. Particular attention w
paid to modes which are not directly involved in the SPT a
which are usually named ‘‘hard Raman modes’’ beca
their frequencies are temperature independent. These m
are usually well resolved so that their linewidth and intens
evolution versus temperature can be easily establishe
was shown35 that intensity of hard Raman modes can
related to the power law

I}t2b,

FIG. 6. Logarithmic representation of Raman integrated int
sity versus temperature for theB2g mode, located at 232 cm21 at
T5150 K.
,
ll
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whereb is the critical exponent for the order parameter a
t5(Tc12T)/Tc1—the reduced temperature. According
the phenomenological Landau theory,b is expected to be
equal to 0.5, while in the three-dimensional microsco
Ising modelb was found to be equal to 0.31. Experimental
0.25<b<0.5 ~see, for instance, the three review pape
given in Ref. 39!. We especially focused on hard mod
located at 232 cm21 ~tetragonalB2g mode atT5150 K! and
330 cm21 ~tetragonalB1g mode atT5150 K!. The lines
were fitted with a Gaussian shape to obtain position, int
sity and half-width values. Figure 5 shows a plot of intens
and half-width versus temperature for these two hard mod
and it is shown that they are very sensitive to the symme
changes. For the most intense hard mode which origin
from the R258 cubic mode located at 232 cm21, the critical
exponent was found to beb50.298 ~see Fig. 6!. Similar
results (b50.237) were obtained for mode coming fromR12
cubic mode and located at 330 cm21.

According to selection rules, no Raman line is expected
the centrosymmetric cubic phase~see Table I!, however, two
very broad bands, located at 211 and 278 cm21 at T
5260 K, can be clearly observed above theTC1—the tem-
perature of the cubic to tetragonal phase transition. As sho
in Fig. 7 where a detailed evolution versus temperature of
Raman spectra is displayed from 180–300 K, this unus
Raman activity in the cubic phase starts in the tetrago
phase, constituting broad bands ‘‘under’’ the tetrago

-

FIG. 7. Detailed evolution of the KMnF3 Raman spectra versu
temperature in the cubic phase.
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FIG. 8. Calculated phonon spectrum along theR-M (0.5,0.5,j) direction, obtained from parameters listed in Table II, and fitted
experimental data of Ref. 32.
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peaks. Moreover, with increasing temperature from ro
temperature toTC1 , the peak located at 211 cm21 does not
move in frequency~only a slight classical decrease! whereas
the second one, at 278 cm21, increases significantly. Th
main question is then: what is the physical origin of the
two unusual broads bands?

First, the existence of these bands cannot be assoc
with persistence of tetragonal hard modes. Together w
careful attention to Raman spectra aroundTC1 , it appears
that both cubic peaks and some tetragonal modes coexis
15 K temperature range, which suggests only a weak hys
esis and phase coexistence in this small temperature ran

Additionally, it seems that it cannot be due to pu
second-order Raman spectrum, as it occurs rather comm
in oxygen perovskites~see for instance Refs. 40–42!. Actu-
ally, the low polarizability of fluorides, and especial
KMnF3 as compared to RbCaF3, KCaF3, and RbMnF3 where
no such Raman signal has been detected yet, prevents
bution of this intensity to such origin. However, we have
be very careful about this analysis; actually, the differen
between pure second-order and first-order Raman signal~in-
duced for instance by disorder!, especially in systems exhib
iting structural instabilities, has not been fully understo
until now. Especially the two mechanisms can be invok
when disorder leads to a nonpredicted Raman intensity
folding of phonons branches, which are able to combine
tween each other, in a second-order process to give ris
such a signal. The value of the full width at half maximu
~FWHM! of the two cubic bands, which is about 47.5 cm21

~for the mode located at 211 cm21! and 60.4 cm21 ~for mode
located at 278 cm21!, is large as compared to typical value
e

ted
th

t a
er-
e.

nly

ttri-

e

d
d
by
e-
to

of 10 cm21 that the tetragonal Raman modes have. It see
to indicate that the origin of these bands could be relate
the existence of structural disorder.

Considering Fig. 8, which shows the phonon spectr
along theR-M direction calculated on the basis of the p
rameters given in Table II, it seems to be possible to prop
an explanation of these two bands. The existence of num
ous quasiflat branches in this phonon spectrum along
R-M direction, involved in the instability, could then give
a more probable second-order Raman activity by comb
tions between frequencies of these branches. This act
would be also connected with the existence of structural
order aboveTC1 . Especially, the observed band located
211 cm21 could be due to modes coming from theR258 -M38
(T28) phonon branch, calculated at;105 cm21 ~see Table II
and Fig. 8! which evidently could give rise to a second-ord
Raman band located at twice frequency, that is;210 cm21.
This process involves only temperature-independent mo
as it was experimentally shown. The second broadban
278 cm21, which increases with temperature, probably
volves the quasiflat soft branchR158 -M2 (T18) combined with
another quasiflat branches. From our calculations the e
tence of such branches close to;255 cm21 could be due to
T28 : R258 -M4 at 265 cm21 and to a part ofT5 : R258 -M58 at
;245 cm21. It seems then that this second broadband co
be assigned to the combination ofT181(T28 ,T5). Then the
frequency evolution of the soft branchR158 -M2 versus tem-
perature can be deduced from the evolution of the broadb
located at 278 cm21 at T5260 K, assuming that the (T28 ,T5)
branches are temperature independent and located, as c
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lated by lattice dynamics, at 255 cm21. A soft branch located
at a corner of the Brillouin zone can be followed vers
temperature only from Raman-scattering data in this kind
perovskite compound. So, Fig. 9 displays the evolution
theR158 soft mode versus temperature, deduced from the
man signal occurring in the cubic phase. It is especially no
worthy that these results are fully consistent with t
neutron-scattering measurements of Gesiet al.;32 in the limit
of precision of our estimation. Beyond this ‘‘exotic’’ chara
teristic of Raman spectra, the observation of such signa
lated to the modes responsible for the phase transition se
to indicate the existence of structural disorder far above
transition temperature as predicted by theoretical models23,24

and in agreement with recent XAFS experiments in oxyg
perovskites.25–27 It should be noted that these two unusu
bands were previously mentioned in the work of Lockwo
and Torrie18 and also by Bruce, Taylor, and Murray;21 how-
ever, their proposed assignment to particular combinatio
zone-boundary modes seems to be rather improbable.

FIG. 9. R158 soft-mode evolution versus temperature in KMnF3.
Comparison between data extracted from Raman scattering~this
work: full circles! to inelastic neutron scattering of Gesiet al.
~open triangles taken from Ref. 32!.
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CONCLUSION

The reinvestigation of the structural and vibrational b
havior of the archetype KMnF3 perovskite allows to remove
the structural ambiguities still persisting in this compoun
and suggests that the low-temperature symmetry is mo
clinic associated with theP21 /m space group. Furthermore
the tetragonal to cubic phase transition was interpreted
terms of hard Raman modes and disorder, the evidence
which is given by an unusual Raman activity. So it could
suggested that far aboveTC1(;100 K), an intermediate dis-
ordered phase with cubic average symmetry could exist a
could constitute the final stage of precursor effects sho
with the phase coexistence on a 15 K temperature ran
Additionally, the dependence of the integrated intensity
hard tetragonal modes versus the tilt angle of octahe
could indicate that this disordered phase starts with rotatio
aroundc cubic axis of the entire regions in the crystal, whi
other regions remain cubic. We have to underline that p
cursor effects which are enhanced in case of KMnF3, as
compared to other fluoroperovskites, induce this exceptio
second-order activity in the cubic phase associated with
partial folding of the Brillouin zone.

Moreover, the experimental evidence of such disord
exhibited here on the basis of Raman scattering, have to
related to the growth of a quasielastic scattering, usua
named central peak in neutron-scattering experiments,
origin of which ~either intrinsic or due to impurities in the
host crystal! was conflicting during a long time.32–43Finally,
even if these Raman results do not constitute unambigu
proof for the existence of such disordered phase, this und
standing of the antiferrodistortive structural transition
merges with recent results~see, for instance, Yacoby and
Stern,27 and numerous references therein! in perovskites
which showed that low-temperature local distortions rema
considerably aboveTC , as opposed to a pure displaciv
mechanism vision.
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