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Revised structural phase transitions in the archetype KMnk perovskite crystal
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Reinvestigation of the structural and vibrational properties of the typical perovskite KM&Ribiting 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(a”b*c™ tilt systemP2,/m space groupis observed at low temperature beldw,
=91 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
(Tc1=186 K) is suggested by the two following experimental indicatignersistence of hard modes of the
tetragonal phase in the cubic symmetry, diigl 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 cuRjg soft mode versus temperatutgased
only on the Raman-scattering datan full agreement with previous inelastic neutron data. The results of
Raman investigations into KMnRre discussed in more general framework of structural disorder in perovskite
systems which exhibit anisotropic correlation between octah¢8fH.63-182809)00522-9

INTRODUCTION cubic—tetragonak-orthorhombic or monoclinic. The first
transition, which is slightly of the first order, occurs at
Over the past three decades, structural phase transitiowound-rclz 186 K and corresponds to the softening of the
(SPT) have been extensively studied in crystals and thqqis zone-boundary mode located at tR¢0.5,0.5,0.5) point
AMX; perovskite structures were one of the largest classegt e reciprocal space. The high-temperature cubic space
of samples investigated. This family is remarkable as it Carbroupoﬁ (Pm3m-a®a®a’ tilt system according to Glazer's

readily evidence a great variety of structural instabilities e 18 :
from antiferrodistortive to ferroelectric and antiferroelectric Iabellnd) becomes tetragond,p(14Mmem with the te-

ones. The antiferrodistortive transitions give rise from thelfagonaic axis developing around t{@01] cubic axis. (;I' his
ideal cubic symmetry to a lower symmetry, tetragonal orM€W Symmetry can be symbolized by the tilt systafa’c
trigonal, when the temperature is reduced which results gervhere the— superscript designates antiphase tilts around the
erally from instabilities of a low-energy phonon branch lo- main cubic axegwhile the + superscripts are used for the
cated at the Brillouin-zone corner of the cubic structurein-phase tilts of the octahedra According to the
These SPT can be usually described by the rotatiod g literaturé***~*this transition is followed at lower tempera-
octahedra around one of the major fourfold cubic axesfures by one additional transition &t,=91K, claimed ei-
which causes that the distorted phase has a double unit célier with a first-order charactéror with a second-order
as compared to the cubic phase, since the unstable modkaractet* This transition is associated with the softening of
responsible for the phase transition consists of alternatinghonons which have thél, symmetry [zone-boundary
antiphase rotations of thié X¢ octahedra. mode located at thé/(0.5,0,0.5) point of the reciprocal
The perovskite SrTi@Q(Ref. 1) was one of the most stud- spacé. The structure of a low-temperature phase and the
ied compounds corresponding to these phase transitiomechanism of this 91 K phase transformation have been the
mechanisms, where the soft-mode picture was first discussetlibject of contradictory studies for a long tirteee, for in-
in detail by Fleury, Scott, and Worlogkin the light of a  stance, the discussion of Gibaetlall® and Ratuszna and
Raman-scattering investigation. In this framework, the fluo-co-worker$®>9, however, no definitive answer has been ob-
roperovskite KMnk has also appeared for a long time as antained. The hysteresis of several degrees appearing around
interesting crystal candidat@ctually the first structural pa- this low-temperature transition was very often attributed to
per by Klassens, Zalm, and Huysmatevoted to this sample additional transformation while the investigation of the 91 K
dates from 195Bsince it undergoes a typical sequence fortransition was enhanced by an additional magnetic transition
phase transitions in perovskite systetn¥?  at Tc;=88 K associated with the appearance of an antiferro
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TABLE I. Irreducible representations associated with the motions of the three different atoms inkKMnF
Low-temperature calculations are performed according to two proposed symmetries in the literature. It should
be noted that this work concludes to tR2,/m monoclinic symmetry below c,=91 K.

Cubic phase®m3m(Oy}) Tetragonal phase#/mcm(D35
I'v=Fay, [=Byy®Eq@A,DE,
Fyn=Fuy Cyn=A1,® Ay ®2E,
[e=2F,,®F, Tr=A1g®2A,3®B14®B,® 2E
®©2A,,®B1,®3E,
o= 4F10®F a2y T rota=A1g® 2A25® B14® 2B,y 3E,
S AL B 4A,,® B, ®6E,
I'ramar—NO Raman lines T Ramar= A1g® B1¢® 2B ;@ 3E,

Low-temperature phase

Orthorhombic phas@nma Monoclinic phase?2,/m

(D3; (C3n)

Ty =2A;®B1;®2By®B3;@A, T'«=4A;82B,®2A,84B,
©2B,,®B,,®2Ba,

['yn=3A,®3B,,®3B2,®3Bs, ['yn=6A,® 6B,

Te=5A;®4By®5B,;®4B3;@4A, I'e=10A,®8B,®8A,& 10B,
®5B,,®4B,,®5B3,

T rora= TAg®5B147B g ® 5B, T rora= 14A;® 10 16A,,6 208,

®8A,®10B,,®8B,,® 1083,
I'ramar= TAg®5B14® 7B,g® 5B 34 I ramar= 14A4® 108,

TABLE II. Parameters of the rigid-ion model and calculated zone-boundary eigenfrequencies in the ideal
cubic perovskite phase of KMgFCalculated frequencies are given in ¢

Set of parameters of the rigid-ion model:

Ak r=6.43 c.u=10.08 N/m By r=—0.64 c.u=—1.00 N/m
Aune=44.21 c.U=69.32 N/m By,r=—4.19 c.u= —6.57 N/m
Ar=8.18 c.u=12.82 N/m Br=-0.82c.u=—1.28 N/m
Z:=0.406 Z§,=0.959 Zf=-0.455

ro,0,0
4F 1, :0(L+T);117.8L+T);201.02(T)261.24Y(L);400.22(T)410.21(L)
F,y :156.8%

R(0.5, 0.5, 0.5
R;5:23.1%);2R}::106.19265.1% R,5:186.2%;R,,:317.0PR, : 448 .5V

M(0.5, 0, 0.5
M,:24.19;M}:100.3388.3Y; M. :103.12187.32203.72; M} : 113.1Y;
Ms:176.0%;M,:265.9Y:M,:317.19; M, :413.19

X(0, 0.5, Q
X{:78.820177.82394.0%); X5:98.42)185.9%); X, :126.89373.4Y;
X,:160.89;X5:183.39251. 51
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magnetic orderin§.Finally, the most probable sequence for phase transition can be summarized as follows using Glazer's
classification:

Tc1=186K Tcp=91K
a%a%a’ = ala’c™ = abta~ or abfc”
cubic tetragonal orthorhombic monoclinic
Pm3m [4/mcm Pnma R,/m.

Popkov, Eremenko, and Foniininvestigated the 186 K could be extracted from the crucible. A sample of dimension
cubic to tetragonal phase transition in KMplising Raman  of about 0.5 cri was cut and orientated by the x-ray leau
scattering and performed assignment of tetragonal lines. Thimethod along fourfold cubic axes.
work was followed by the major studies of Lockwood and Powder x-ray-diffraction data were collected on a
Torrie®1° the results of which confirmed the tetragonal Siemens D5000 diffractometer. The filtered Gutadiation
symmetry adopted by this compound below 186 K and evi{\ =1.54056 A) was selected an#l9 scans were recorded
denced the appearance of two soft modesEgfand Ay in a 18°-100° @ range with a step of 0.02°. At low tem-
symmetries coming from th&;s cubic mode, associated perature T=12K) the experiment was performed in a
with a displacive mechanism. Hard Raman modes, which arelTT4 (Anthon Paar Physigacamera working in the close
not directly involved in the transition, were also studfed cycling system.
and were interpreted in terms of precursor order parameter
near the transition by Bruce, Taylor, and MurfdyMore-
over, the magnetic transition was also studied by Raman 100 |-
scattering® with analysis of the two-magnon mode occurring
together with the antiferromagnetic ordering.

So, why is it interesting to reinvestigate the archetype of
this crystal from a structural and vibrational point of view?
(i) Because, as previously underlined, the low-temperature
structure of this compound with the associated phase transi-
tion mechanism is still a subject of controversy. Moreover,
no Raman study has been fully performed and interpreted
based on group theory analysis in low-temperature phase,
despite the fact that Raman scattering could constitute an
adapted probe to remove partially the structural ambiguities. 20F
(ii) The origin of Raman intensity which exists in the ideal
cubic perovskite phase where no mode is expected was re- N T seot T eppis.
vealed by Lockwood and Torfig but it was not fully ex- 43.0 432 434 436 438
plained and therefore needs additional stud{gs. Further- (a) 2 THETA (deg)
more, the disorder close to the tetragonal-cubic transition,
predicted by different theoretical mod&$* and recently D L
identified by x-ray absorption fine structufgAFS) experi- 100 |- J
ments by Rechaet al,?® Yacoby and Sterr(see, for ex-
ample, Refs. 26 and 27n ferroelectric oxygen perovskites
(PbTiO;, BaTiO,, SITiO;) or Rousseatet al?® in RbCak 8o
(inelastic neutron scatteringeems to be also interesting to
approach it in this type of perovskite.

In this paper, we report the results of an x-ray-diffraction
study at low temperature as well as a Raman-scattering in-
vestigation into KMnk in the range from 30—300 K; the
assignment of the Raman lines is performed on the basis of a
full group theory analysis. Special attention is paid to low-
temperature phase and to unusual Raman activity in the ideal 20 |-
cubic perovskite symmetry.
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EXPERIMENTAL METHOD 89,8 30.0 - '230.2' 30.4 308 30.8
(b) 2 THETA (deg)

KMnF; crystal was grown, in a dry inert atmosphere us-
ing a modified Bridgmann-Stockbarger metfbdttom high FIG. 1. Splitting of the{400 and {220} diffraction lines atT
purity starting products and using and adopted temperature 12 K characteristic for monoclinic distortior(a): {400, (b):
protocol. Transparent pink, very good optical quality crystals{220.
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Raman spectra were recorded with a Dilor Z-24 spectrom-
eter single-channel triple monochromator coupled with a Co-  ,5440
herent 90-3 laser beam. The 488 nm excitation line was
mainly used with an incident power of 500 mW. Low- -
temperature measurements were performed from 30 up t
300 K using a Leybold cryogenerator.

{220}

20000

{400}

VIBRATIONAL ANALYSIS
15000

The symmetries of the vibrational normal modes are cal-
culated on the basis of usual group theory analysisthod
of site symmetry at the center of different Brillouin zones <
according to the previously given sequence for the phasez 1999 -
transitions. Table | summarizes the irreducible representa
tions associated with the motions of three different atoms in
the different phases. The Mihion was chosen as the origin 5000 [~
of the cubic cell for all calculations since the rotating fluo-
rine octahedron is centered on this ion. Then no Raman line
is expected in the ideal cubic perovskite phase while sever
Raman lines are predicted to appear in the tetragonal phas
(A1g®B14®2B,3® 3Ey). Twenty-four Raman peaks are ex- 1 . L . L . .
pected in case of a low-temperature orthorhombic symmetry 20 40 60 80 100
(7TAg®5B14® 7B,3®5B34) and also 24 in case of a mono- 2 theta [deg]
clinic symmetry (14y® 10B). So, this group theory analy-
sis shows that the two possible low-temperature phases cap-
not be identified considering only the number of active er
Raman lines. However, it can be noticed that despite the fac':tt
that the two possible low-temperature structures have an
equivalent number of active Raman lines, théncmtetrag-  Rc(0.5,0.5,0.5),M¢(0.5,0,0.5), andX(0,0.5,0) points of
onal to Pnmaorthorhombic transition is not associated with the cubic Brillouin zone, which gives rise to the Raman ac-
group-subgroup relation, as Opposite to thmcecm to tive lines in the lowest temperature symmetries. This model
P2, /m monoclinic one. The Raman spectra and the behaviots classically defined by eight adjustable parameteyshe
of the sample have to reflect this difference. ionic effective charge&y , Zy, (Zf is given by the charge

In order to index the Raman spectra, lattice dynamics imeutrality condition:Zg +Zy,,+3Zf =0), (ii) the longitudi-
the cubic phase of KMnfwas approached using a rigid-ion nal A; and transversB; short-range force constants between
model®*3! Theoretical calculations of the vibrational eigen- first neighbors, defined by the second derivative of the Born-
frequencies were performed at theI'c(0,0,0), Mayer interaction potential The subscripts=1,2,3 are re-

nsity [cps]

(200}
(422}

(440}

222, 22-2
~ 230
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* 1.3 311
{800}

" 303

Silem {644}
>

o {444)
{642}

Psetesms
b (533}
Bsn (50}

-
ponosovas
*32-1

FIG. 2. X-ray-diffraction pattern: observed, calculated, and dif-
ence profiles af =12 K. Lines of super structure are marked by
ars(*).

TABLE lIl. Structural parameters for KMnfat T=12K. a,,b,,c,: parameters of the monoclinic
cell described irB2,/m. a,,b,,c,: pseudocubic parameteag,=2a,, b,=2b,, ¢n=2c,.

Space groupB2,/m, Z=8

Lattice parameters:

a,=8.3281(4) Ab,,=8.3392(4) Ac,,=8.3695(3) Ap=89.72°
a,=4.1641(4) Ab,=4.1696(4) Ac,=4.1848(3) Ap=89.771)".
Rotation angles of the MnFoctahedra along pseudocubic axes:
a=3.95°, 3=4.32°, y=4.08°.

Atomic positions:

Atom Site X y z HA?]
K(1) 4e 0.25185) 1/4 0.24743) 1.834)
K(2) 4e 0.293®) 1/4 0.68883) 1.834)
Mn(1) 4a 0 0 0 0.623)
Mn(2) 4c 0 0 1/2 0.623)
F(1) 4e 0.06048) 1/4 0.06318) 2.825)
F(2) 4e 0.06376) 1/4 0.51447) 2.825)
F3) 8f 0.23937) 0.00915) 0.02087) 2.825)
F(4) 8f 0.04895) 0.01479) 0.27946) 2.825)
R=0.052

Rg=0.085 Durbin-Watson statistic parametér.85
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Y L 2 2 3 —
0 10 200 300 400 500 600 can be noticed as illustrated in Fig. 1 by a characteristic
Frequency (cm 1) splitting of the{400Q and{220 diffraction lines (T=12 K).

In case of thea"b™a™ distortion, involving two equal tilt
angles, thel400 and {220 diffraction lines have to be re-
spectively split in two and three components, instead of three
and four, respectively, in case of three different tilt angles
spectively related to the K-F, Mn-F, and F-F interactions.associated to the~b*c~ monoclinic system. Figure 1
The set of parameters used for calculations was estimated ows that the splitting of the lines observed is characteristic
applying on the experimental data of Gesial > This set of  for the P2, /m monoclinic symmetry. It should be noted that
parameters and the calculated frequencies of the eigenmodgfere is a difference in the description of the low-temperature
at thel'c, Rc, Xc, andMc points of the cubic Brillouin  geformation between RbCafand KMnF,. In case of the
zone are summarized in Table II. former, in monoclinic phase certain values of the rotation
angles of Cafoctahedra alon§100], and[001]. axes are
the same &~ ) and this type of distortion is described as
a“b*a” (Pnma. In the case of KMnE; as previously evi-
The space-group determination of the low-temperaturelenced, the characteristic splitting of the main diffraction
phase(below 91 K) was achieved by considering the Glaz- lines has shown that the rotation angles are slightly different
er's structural descriptidn for distorted perovskites by rota- (a=3.95°, y=4.08°). This small difference in the values of
tion of octahedra around their cubic axes. In these perowthe rotation angles of fluorine octahedra causes considerable
skites, the distortion type and the tilt system can be normallgonsequences in the description of the symmetry of low-
deduced from the splitting occurring on thB0Q), (hh0),  temperature phases and the unit cells are described now by
(hhh), or (hkk main intense cubic reflections. However, in space groups showing different symmetries. So, in the case
order to establish unambiguously the space group, we alsef thea™b* ¢ -type distortion, the adequate double unit cell
collected a pattern over a wider angular range and a fulbf 2a,x2b,x2c, dimensionswherea,, b,, andc,—the
powder-diffraction diagram was used for structural Rietveldparameters of distorted pseudocubic unit)cislimonoclinic
refinementg320 collected reflections were refined with the with a B2, /m space grougwhich is equivalent td2,/m).
FULLPROF progrant°). Moreover, the angles of rotation of In case of a distortion which originates as a result of freezing
the MnR; octahedra, as well as the displacement of the atomsf the tilts of octahedra wita~b*a~ system, a unit cell of
from their ideal cubic positions were obtained using thea,y2X2b,Xa,/2 dimensions is orthorhombic witRnma
POTATO program>* space group (RbCaF!! The refinement of the full diffrac-
The distinction between the two tilt systenas b*a~ tion pattern confirms the monoclinic symmetry observed for
(orthorhombicPnma and a~b*c™ (monoclinicP2,/m) KMnF5 below 91 K. Figure 2 illustrates the experimental

FIG. 3. Raman spectra of KMgkversus temperature.

RESULTS AND DISCUSSION
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TABLE IV. Assignment of active Raman lines in the three phases of KM@®mparison is performed
with isostructural NaMng (Ref. 37, KCaF; (Ref. 3§ and RbCak (Ref. 35. Because these three last
compounds in their low-temperature phase are orthorhortRieng a corresponding assignment in this
symmetry is given, n.o. are nonobserved modes. Sympots|— indicate the impossibility to differentiate
unambiguously the assignment of a Raman mode, respectively between 2 or 3 eigensymmetries.

KMnF;
Cubic | Rigid- | Tetragonal | KMnF; ] RbCaF; KMnF; | Mono- Ortho-- RbCaFs | NaMnF; | KCaFs
modes ion modes T=150K { T=50K T=32K clinic rhombic | T=15K T=40K | T=40K
model [em] [em™) [em™] modes modes [em™} [em] [em}
[em] (This (This
work) work)
E, n.o. n.o. 28.5 Bg Big 31.0 n.o 66.0
Ris 23.1 40.9 Ag Bz, 36.0 n.o 96.0
Alg 61.2 82.0 98.3 Ay A 84.4 183.0 144.0
M: 24.1 X4 i i 50.4 Ag Ag 44.0 250.0 n.o
X4 i i 64.6 Ay Ag n.o 88.0 n.o.
Xs 98.2 )
X3 i i n.o. Ag Bz n.o. 140.0 n.o
E. 120.3 74.0 110.4 Ag Ag 75.6 143.0 n.o.
R’z 106.7 123.5 B B3 79.7 96.0 1860
B2y 126.2 87.7 139.2 Ag Bzg n.o. 155.0 105.0
Xi 126.89 Xi i i n.o Be Big 94.9 182.0 no
Xi i i n.o Be Big 127.8 160.0 |4113.0
Ms 176.0 I
Xz i i 160.4 By Bsg 150.8 n.o 147.0
Xa i i 173.7 Ag Ay 140.0 212.0 139.0
Xs 185.9
X i i 187.5 Ag Big n.o 201.0 184.0
E, 227.0 202.0 n..o. Ag Bzg 200.4 n.o. 221.0
Rzs 265.1 251.3 Be Bse 2159 226.0 195.0
Bz 232.0 210.0 232.5 Ag Ag 207.6 270.0 228.0
M4 265.9 X4 i i n.o Ag Bz 2335 293.0 251.0
Big 330.0 364.0 330.3 B, Bie 364.0 312.0 47.0
Ri 317.0
Az i i n.o. Be B3, n.o 302.0 n.o
Ms 317.1 X3 i i n.o A Ay n.o 319.0 n.o.
Xi 3738 Xi i i n.o Be Big 385.0 426 n.o.
M 413.1 X3 i i n.o. Ag Bz n.o n.o n.o
Ri 448.5 Az i i n.o. Bg Bie 418 n.o 415.0

diagram aff=12 K and compares it to the calculated one infrequencies is shown. These three modes, respectively, lo-
the framework ofP2, /m space group. Table Il summarizes cated at 41, 50, and 64.5 cthat T=32K, do not possess a
the structural parameters refined at the same temperature, soft-mode behavior. Together with the temperature decrease,
From the Raman-scattering results, the transition locateé sudden appearance of several low-frequency Raman lines
at Tc,=91K is characterized by the appearance of thredwith Ay symmetriey was observed. Their full width at half
sharp low-frequency modes, with slight temperature depenmaximum (about 6 cm?) is smaller than typical values
dence, belowT,, as evidenced by Fig. 3 where Raman (close to 10 cm?) for the other lines in the KMnFspectra.
spectra versus temperature are displayed. It could be alsthese several lines coming from tH&s and M, cubic

noted in Fig. 4 where the temperature evolution of all Ramarmmodes of the cubic phase illustrate unambiguously the first-
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FIG. 5. Linewidths and Raman integrated intensities for two hard modes of KM Raman peak located at 232 that T
=150 K of B, tetragonal symmetry(b) Raman peak located at 330 Chat T=150 K of B4 tetragonal symmetry.

order character of this low-temperature phase transition, corenal I4/mcmspace group, in opposition to the orthorhombic
trary to the assertion of Hidakat all* who attributes a Pnmaspace group. This indication also argues with a mono-
second-order character to this transition. Furthermore, exceptinic symmetry below 91 K as obtained by the x-ray-
for the behavior of the previously discussed low-frequencydiffraction analysis. Therefore the sequence of SPT adopted
modes, the continuous character of the evolution of Ramaim KMnF; in terms of octahedra rotations seems to be as
spectra can be noted in Fig. 3, especially performing succedellows:

sive temperature cycles on the sample, do not affect in any

manner the crystal, contrary to the “violentl4/mcm to 186 K 91 K

Pnmafirst-order transition which occurs in RbCabt T,

0,040 0,0~— —hte~—
=31.5 K330 This significant difference between the two aaa - aat - abre
samples is an indication for the existence of a group-  cubic tetragonal monoclinic.
subgroup relation between the tetragonal phase and the low-
est temperature one in KMgFActually, theP2,/m (or the As previously indicated, the Raman experiments were

equivalentB2; /m) monoclinic space group proposédt the  performed in the temperature range 30—300 K. The selection
light of our x-ray-diffraction work to describe the low- rules for Raman-scattering active modes are of course very
temperature structure of KMaFis a subgroup of the tetrag- helpful in order to index the Raman spectra but unfortu-
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sity versus temperature for th&,; mode, located at 232 ch at 195K
T=150K.
) 190K
nately, KMnFk, as many other perovskite-type compounds, Gy f

tends to transform to a polydomain character. As a result, all 00 ' 100 200 300 400 ' 500 ' 600
spectral lines which appear in the polarized Raman spectra,
despite the particular scattering configurations and the selec-
tion rules, become inoperative. So, the correct assignment of £ 7 petailed evolution of the KMnfRaman spectra versus
the Raman spectra in each phase was only possible using thgnperature in the cubic phase.
lattice dynamics calculations. Actually, the eigenfrequencies
predicted by the model can be followed with the compatibil- ] .
ity relations between all the phases, previously established i¥h€re is the critical exponent for the order parameter and
the quasi-isostructural RbCaB® assuming that modes t=(Tci—T)/Tc;—the reduced temperature. According to
which are not involved in the transition are temperature intheé phenomenological Landau theoy.is expected to be
dependent. Additionally, comparison to the Raman result§qual to 0.5, while in the three-dimensional microscopic
obtained for structurally identical compounds NaMf¥  ISing modelswas found to be equal to 0.31. Experimentally,
KCaF;, 3 and also RbCafRef. 39 confirmed the proposed 0-25<B<0.5 (see, for instance, the three review papers
assignment. So, the Raman spectra of KiwEre attributed ~ 9iven in Ref. 39. We especially focused on hard modes
in its three phases. The final results are listed in Table Iv. located at 232 cm’ (tetragonaBg mode afT =150 K) and

The first transition which occurs &tc;=186K is con- 330 cm ™ (tetragonalB,; mode atT=150 K). The lines
firmed by the softening of two tetragonal modes E, and were fitted W|th a Gaussmn.shape to obtain position, inten-
A1, Symmetries and the disappearance of the tetragonal RaSity and he}lf-W|dth values. Figure 5 shows a plot of intensity
man peaks when cubic symmetry occisee Fig. 3 The and half-width versus temperature for these two hard modes,

results obtained for the tetragonal phase are fully consiste@nd it is shown that they are very sensitive to the symmetry

with the literaturé~’~2° Note that in this phase, as listed in changes. For the most intense hard mode which originates

Table IV, only six active Raman lines were observed amongdfom the R cubic mode located at 232 crh the critical

the seven which were predicted from the group theory cal€xponent was found to bg=0.298 (see Fig. 6. Similar

culations for tetragonal symmetry. Particular attention wadesults (3=0.237) were obtained for mode coming frd®q,

paid to modes which are not directly involved in the SPT andcubic mode and located at 330 chn

which are usually named “hard Raman modes” because According to selection rules, no Raman line is expected in

their frequencies are temperature independent. These modé centrosymmetric cubic pha&ee Table), however, two

are usually well resolved so that their linewidth and intensityvery broad bands, located at 211 and 278 ¢nat T

evolution versus temperature can be easily established. 260K, can be clearly observed above ffiig—the tem-

was showr® that intensity of hard Raman modes can beperature of the cubic to tetragonal phase transition. As shown

related to the power law in Fig. 7 where a detailed evolution versus temperature of the
Raman spectra is displayed from 180-300 K, this unusual
Raman activity in the cubic phase starts in the tetragonal

[oct?h, phase, constituting broad bands “under” the tetragonal

Frequency (cm‘1 )
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FIG. 8. Calculated phonon spectrum along ®eM (0.5,0.5¢) direction, obtained from parameters listed in Table II, and fitted on
experimental data of Ref. 32.

peaks. Moreover, with increasing temperature from roonof 10 cmi ! that the tetragonal Raman modes have. It seems
temperature td¢;, the peak located at 211 crhdoes not  to indicate that the origin of these bands could be related to
move in frequencyonly a slight classical decregsghereas the existence of structural disorder.
the second one, at 278 ¢ increases significantly. The Considering Fig. 8, which shows the phonon spectrum
main question is then: what is the physical origin of thesealong theR-M direction calculated on the basis of the pa-
two unusual broads bands? rameters given in Table Il, it seems to be possible to propose
. First, the existence of these bands cannot be associa}t% explanation of these two bands. The existence of numer-
with persistence of tetragonal hard modes. Together with,,s quasiflat branches in this phonon spectrum along this
careful attention to Raman spectra aroufgl, it appears  p_y direction, involved in the instability, could then give to
that both cubic peaks and some tetragonal modes coexist ataqre probable second-order Raman activity by combina-
15 K temperature range, which suggests only a weak hystefions petween frequencies of these branches. This activity
esis and phase coexistence in this small temperature ranggyqid be also connected with the existence of structural dis-

Adc:jltlor:jallyé it seems that it cannot be d#e t0 pure o ger aboveT,,. Especially, the observed band located at
second-order Raman spectrum, as it occurs rather commonly ;" ci'2 couiid be due to modes coming from (R M}

in oxygen perovskitegsee for instance Refs. 40-42ctu- (T4) phonon branch, calculated atl05 et (see Table Il

ally, the low polarizability of fluorides, and especially . ) . g
and Fig. 8 which evidently could give rise to a second-order
KMnF, as compared to RbCgFKCaky, and RbMngwhere o o o located at twice frequency, that&10 cm ..

no such Raman signal has been detected yet, prevents amiJHis process involves only temperature-independent modes

bution of this intensity to such origin. However, we have toas it was experimentally shown. The second broadband at
be very careful about this analysis; actually, the difference278 emL which increases with.temperature probably in-

between pure second-order and first-order Raman signal : , ) .
duced for instance by disordeespecially in systems exhib- volves the quasifiat soft bran@s M (T1) combined with
danother guasiflat branches. From our calculations the exis-

iting structural instabilities, has not been fully understoo e
until now. Especially the two mechanisms can be invoked€"C€ Of such branches close-t@55 cm ™ could be due to

when disorder leads to a nonpredicted Raman intensity by 2" R§5-M14 at 265 cm* and to a part offs: RysMg at
folding of phonons branches, which are able to combine be=245 ¢m " It seems then that this second broadband could
tween each other, in a second-order process to give rise # assigned to the combination ®{+(T;,Ts). Then the

such a signal. The value of the full width at half maximum frequency evolution of the soft brandRis-M, versus tem-
(FWHM) of the two cubic bands, which is about 47.5¢m perature can be deduced from the evolution of the broadband
(for the mode located at 211 ¢ and 60.4 cm® (for mode  located at 278 cm' at T=260K, assuming that thel§, Ts)
located at 278 cit), is large as compared to typical values branches are temperature independent and located, as calcu-
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1800 CONCLUSION
1600 | A The reinvestigation of the structural and vibrational be-
havior of the archetype KMnfperovskite allows to remove
1400 - the structural ambiguities still persisting in this compound,
. and suggests that the low-temperature symmetry is mono-
1200 clinic associated with th€2,/m space group. Furthermore,
\3 the tetragonal to cubic phase transition was interpreted in
& 1000 terms of hard Raman modes and disorder, the evidence of
§ which is given by an unusual Raman activity. So it could be
2 800 suggested that far abovg:;(~100K), an intermediate dis-
s ordered phase with cubic average symmetry could exist and
(% 600 1 could constitute the final stage of precursor effects shown
T, with the phase coexistence on a 15 K temperature range.
400 Additionally, the dependence of the integrated intensity of
hard tetragonal modes versus the tilt angle of octahedra
200 could indicate that this disordered phase starts with rotations
A aroundc cubic axis of the entire regions in the crystal, while
0 - ; - T - other regions remain cubic. We have to underline that pre-
150 200 250 300 350 400 450

cursor effects which are enhanced in case of KMn&s
Temperature (K) compared to other fluoroperovskites, induce this exceptional

second-order activity in the cubic phase associated with a
FIG. 9. Rj5 soft-mode evolution versus temperature in KMnF partial folding of the Brillouin zone.

Comparison between data extracted from Raman scattétiiitg Moreover, the experimental evidence of such disorder,
work: full circles) to inelastic neutron scattering of Gestal.  exhibited here on the basis of Raman scattering, have to be
(open triangles taken from Ref. B2 related to the growth of a quasielastic scattering, usually

_ _ named central peak in neutron-scattering experiments, the
lated by lattice dynamics, at 255 ¢ A soft branch located  origin of which (either intrinsic or due to impurities in the

at a corner of the Brillouin zone can be followed versushost crystal was conflicting during a long tim&-*3Finally,
temperature only from Raman-scattering data in this kind okeven if these Raman results do not constitute unambiguous
perovskite compound. So, Fig. 9 displays the evolution ofproof for the existence of such disordered phase, this under-
the R{5 soft mode versus temperature, deduced from the Restanding of the antiferrodistortive structural transitions
man signal occurring in the cubic phase. It is especially noteMerges with recent resuliee, for instance, Yacoby and
worthy that these results are fully consistent with theStern;y’ and numerous references thejein perovskites
neutron-scattering measurements of Gasil; 32 in the limit whlch showed that low-temperature local dlstortlons remain
of precision of our estimation. Beyond this “exotic” charac- considerably abovéc, as opposed to a pure displacive
teristic of Raman spectra, the observation of such signal rde€chanism vision.

lated to the modes responsible for the phase transition seems
to indicate the existence of structural disorder far above the
transition temperature as predicted by theoretical méti&ls This work is a part of the scientific program between the
and in agreement with recent XAFS experiments in oxygerUniversity of Silesia and the Universidgu Maine. The au-
perovskite$>~?’ It should be noted that these two unusualthors would like to thank the French Embassy in Warsaw for
bands were previously mentioned in the work of Lockwoodfinancial support. We are also fully indebted to Professor M.
and Torrié® and also by Bruce, Taylor, and Murrdyhow-  Rousseau for his invaluable discussions. The help of G. Ri-
ever, their proposed assignment to particular combination opault in Raman-scattering technical assistance and Eng. G.
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