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In the framework of the study of structural phase transitions in fluoroperovskites AMF„sodium Inan-
ganese fluoride NaMnF, is especially interesting because it is a rare distorted perovskite that can be ob-
tained easily as a monodomain sample in an orthorhombic low-temperature phase. X-ray experiments
were performed to confirm this quasimonodomain character. Raman spectra of NaMnF3 were recorded
and interpreted between 40 and 573 K. From group-theory analysis it was shown that the
orthorhombic-cubic high-temperature phase transition which occurs in NaMnF3 can be imputed to the
condensation of vibrational modes located at the I, R, M, and X points of the first cubic Brillouin zone.
Assuming that the Raman modes which are not responsible for the transition are temperature indepen-
dent and with help from compatibility diagrams, frequencies of high-symmetry zone boundary modes in
the high-temperature phase (cubic symmetry) were deduced only from experimental data obtained in the
orthorhombic phase. Consequently these data were used to adjust the parameters of a rigid-ion model in
the ideal cubic phase. The calculated phonon spectrum and the phonon density of states were deduced.
The calculated cubic elastic constants C», C», C44 are consistent with the elastic constants measured by
Brillouin scattering in the quasicubic approximation. Moreover, the reported Raman study provides evi-
dence for the occurrence of a two-magnon scattering due to antiferromagnetic character below T&=60 K with persistence of a broad line above the Neel temperature.

INTRODUCTION

In the past few years, many studies have been per-
formed on AlVlF3 Auoroperovskites, with the goal of un-
derstanding the mechanisms of the structural phase tran-
sitions (SPT) occurring in these compounds. '

Many A&F3 compounds crystallize in the ideal cubic
perovskite structure in their highest temperature phase.
When lowering temperature this structure is frequently
modified by the tilting of 1NT6 octahedra. An exhaustive
description and classification of octahedral tilting in
perovskites has been done by Glazer. According to
Kassan-Ogly and Naish, ' the highest-temperature phase
is not cubic but pseudocubic and the lowest-temperature
phase called "ground state" should correspond to static
tilts around the three pseudocubic axes. This ground
state of orthorhombic symmetry was predicted by Flock-
en et al. from calculations based upon ab initio interion-
ic potentials obtained by the Gordon-Kirn approach. Be-
tween the cubic phase (no tilt) and the ground state (three
tilts) various intermediate states associated to one or two
tilts are predicted by Glazer. According to this author,
the octahedra rotations around the 0 cubic axis will be
noted a, a+, or a, where the superscripts 0, +, or-
indicate whether successive octahedra along the a axis
have no tilt, the same tilt, or opposite tilt about that axis.

Among these compounds, NaMnF3 appears to be an

original and interesting case because the lack of any in-
termediate phase between the cubic phase and the ortho-
rhombic ground state allows for the growth of mono-
domain samples of orthorhombic NaMnF3. This mono-
domain character will allow us to assign unambiguously
the Raman spectra of this compound; in fact, in other
Auoroperovskites, because of the domains structure,
many unsuccessful attempts were performed in Raman
field. Then, in the future, on the basis of the suggested
interpretation of Raman results presented here for
NaMnF3, it would enable the attribution of Rarnan lines
in other isostructural perovskites.

In this paper after a short review of the structural data,
we report Raman scattering results recorded between 40
and 573 K in NaMnF3. The assignment of Raman lines
is proposed from a group-theory analysis of the ortho-
rhombic phase. From these experimental data, short-
range force constants are estimated and the whole pho-
non spectrum of the high-temperature cubic phase is cal-
culated in the framework of a rigid ion model.

EXPERIMENTAL DETAILS

Two NaMnF3 samples were prepared by a modified
Bridgmann-Stockbarger crystal growth method, either in
a horizontal furnace" or in a vertical furnace. ' In all
cases crystals were obtained from a stoichiometric mix-
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ture of purified materials NaF+MnF2, introduced in a
graphite crucible and melted at about 820 C under inert
atmosphere. An adapted temperature protocol with a
cooling rate of 1 C/h down to 600 C was used. Blocks of
pink color crystals with a good optical quality could be
extract from the crucible.

A first sample was cut and oriented by the x-ray Laue
method along pseudocubic axes that are in the ortho-
rhombic cell, the three directions [101]„[010]„and
[101]„respectively labeled a„b„and c, (0 and c sub-
scripts indicate, respectively, orthorhombic and cubic
cells). The second sample was cut along orthorhombic
axes labeled a„b„and c, .

From x-ray diffraction, it was observed that the [001],
face consisted of 99% of a, domains and 1% of disorient-
ed c, domains without existence of b, domains. Likewise
the [001], face is constituted of 93% of c, domains and
7% of a, domains. Observation of the [010], face (natu-
ral split face) evidenced the existence of only b, domains.
Samples used in Raman scattering measurements could
be thus considered as quasimonodomain crystals. This
monodomain aptitude is very rare for Auoroperovskites
[KCaF& (Ref. 13), KMnF& (Ref. 2)] which undergo
cubic-tetragonal-orthorhombic SPT, and then are gen-
erally constituted of a disoriented mixing of the three
domains a„b„c,. This singular property of NaMnF& is
probably due to the nonexistence of the intermediate
tetragonal phase; indeed in this compound only one SPT
occurs between cubic and orthorhombic symmetry. '

Raman spectra were recorded with a Dilor Z24 spec-
trometer triple monochromator, coupled with a Coherent
90-3 laser beam. The incident selected wavelengths were
the 514.5- and 488-nm lines. Comparison between Ra-
man spectra recorded in the same conditions, but with
these two different wavelengths, evidenced that no con-
tamination has been observed by Auorescence lines. An
incident power of 500 mW was used. Low-temperature
measurements were performed up to 40 K with help of a
Leybold cryo generator and high-temperature experi-
ments could be realized under microscope with a Chaix-
Meca heating cell. According to experimental
configuration high-temperature measurements were done
on a microscopic sample (1—2 mm ), only with the goal
to study the temperature evolution of Raman modes and
determine which modes are responsible for the transition.
Intense Raman lines could be followed up to 573 K;
above this temperature the crystals were quickly dam-
aged under laser beam.

The elastic constants were deduced from Brillouin
scattering measurements using a five-pass piezoelectrical-
ly driven Fabry-Perot interferometer. The sample was il-
luminated by the 514.5-nm line of a single-mode argon
laser with a power around 300 mW. The average refrac-
tive index of the crystal was determined for this wave-
length using a Pulfrich refractometer. For light analysis,
180' or 90 scattering geometries were chosen according
to well-defined selection rules. En a pseudocubic approxi-
mation, only three independent elastic constants exist,
namely, C», CI2, and C44, which are straightforwardly
associated to acoustic phonon wave vectors parallel to

high-symmetry crystalline axes. However, one has to
take into account the orthorhombic distortion, which in-
duces some variations in the measurements along
equivalent directions of the pseudocubic structure. Con-
cerning CI& and C44, these experimentally measured vari-
ations do not exceed 4%%uo. The determinations of C,2 lie
in a larger range: they arise from indirect calculations
using the measurements of linear combinations of the
other constants involving complicated mixing of the non-
vanishing transverse orthorhombic constants and more
dramatically of the longitudinal orthorhombic C&I and

C33 which exhibit a difference of about 20%. Notice, on
the other hand, that the orthorhombic distortion does not
induce noticeable birefringence effects: within the Bril-
louin experimental uncertainty, we estimate them to be
less than 0.05%. Finally no splitting or measurable
broadening of the Brillouin lines could be observed,
confirming the above-mentioned quasimonodomain char-
acter of the crystals.

The x-ray measurements were performed using a dou-
ble crystal x-ray diffractometer. The direct beam was col-
limating by a set of two slits and the x-ray beam scattered
by a crystal was analyzed with a bent pyrolitic graphite in
front of which were set two narrow slits. The experi-
ments were performed in a reAection geometry at room
temperature from the three orthorhombic directions.

GROUP- THEORY ANALYSIS

The structure of NaMnF& at room temperature is or-
thorhombic' with Pnma space group [a, =5.751(4) A,
b, =8.008(6) A, c, =5.548(4) A], resulting from a distor-
tion of the ideal cubic perovskite symmetry. This defor-
mation is caused by a tilting of the octahedra according
to the sequence a b+a (Glazer's labeling ) but also by
a deformation of the octahedra and displacement of the
Na+ cation from their ideal position along [101],. Figure
1 compares the connection between MnF6 octahedra in
the aristotype structure (a) and the distorted one (b). As
previously indicated, the tetragonal phase does not exist,
however a SPT was detected at 965 K (Ref. 14) between

FIG. 1. Ideal arrangement of MnF6 octahedra in the cubic
symmetry (a) compared to the corresponding arrangement in
the orthorhombic distorted phase (b).
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TABLE I. Irreducible representations of the D&z point group associated with the motion of the three
different atoms in NaMnF3. The first four lines give results according to the atom positions deduced
from structural data (Ref. 9). I,pt' summarizes all optic vibrational modes and I R, ,„correspond to
Raman active g modes.

g'B1g2B2g 3g p2 1&B2+$2 3g

I M =3A 3B1 3B2 3B3„
I"F1 3 Ag 3B1g 3B2g' 3B3g' 3 Au' 3B1u ' 3B2u 3B3u
I F2=2A B1 $2B2 SB3 A„2B1„B „e2B „
1", „.,=7A 5B, 7B 5B 8A„9B, „7B „$9B,„

the orthorhombic phase (a b+a ) and the ideal cubic
phase(a a a ).

In order to correctly interpret the Raman spectra in
the orthorhombic phase, a decomposition of the eigen-
modes of vibration according to the method previously
described by Rousseau, Baumann, and Porto' was per-
formed at the center of the orthorhombic Brillouin zone.
As shown in Table I, the Raman active modes could be
deduced from these calculations, and 24 Raman lines are
expected, respectively: 7 A, 5B, , 782 and 583g These
modes can be distinguished in the spectra according to
the selection rules of Raman scattering (Raman tensors);
Table II summarizes the predicted Raman lines accord-

ing to configurations and selection rules.
The orthorhombic symmetry of sodium manganese

fluoride NaMnF3 constitutes a weakly distorted phase
from the ideal cubic type, moreover lattice-dynamics cal-
culations in the ideal cubic phase are easier and need less
parameters than in the orthorhombic one. However, in
order to perform such calculations in the cubic phase
with the help of Raman results obtained only in the
room-temperature phase, it is necessary to establish the
link between the two structures from a group-theory
point of view.

The correspondence between cubic and orthorhombic
cells in the direct lattice is given by

TABLE II. Selection rules for Raman scattering active modes in the NaMnF3 orthorhombic phase.

Raman tensors: O, ((C„O,((o.~

B1g d B2g B3g

Expected Raman lines according Porto's labeling:

a„b„e, indicate orthorhombic axes and a„b„c, are used for cubic axes.

c,(a,a, )b, :7Ag c,(a,c, )b, :7B2g c,(a,a, )b, 7Ag7B2g c,(a,c, )b, :7Ag

b, (a,a, )c, :7Ag b, (a,b, )c, :5B,g b, (a,a, )c, 7Ag7B2g b, (a,b, )c, :5B&g5B3g

a, (b, b, )c, :7Ag a, (b,a, )e, :5B,g a, (b, b, )e, :7Ag a, (b, a, )c, :5B1g 5B3g

c,(b, b, )a, :7Ag c {b c )a 5B3g c,(b, b, )a, :7Ag c,(b, c, )a, :5B]g5B3g

ao(coco)bg'7Ag ao(coco)b0 7B2g ag(eceg)bg 7Ag'7B2g ag(c c )b 5B1g5B3g

b, (c,c, )a, :7Ag b, (c,b, )a, :5B3g b (c c )a:7Ag S7B2g b, (c,b, )a, :SB1gEb 5B3g
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Cubic
R (1/2. 1/2, 1/2). I'c(0,0.0)

wave vector point group: 0/,

Ortho rhombic Cubic
r,(0,0,0) X (0, 1/2, 0), M (I/2, 0, 1/2)

wave vector point group: D2/i wave vector point group. ' D4/,

~e. Origin
Na+ Mn2+
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C
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FIG. 2. Correspondence between orthorhombic and cubic
Brillouin zones. A,*,B,*,C, indicate vectors of the reciprocal
cubic lattice. A,*,B,*,C, indicate vectors of the reciprocal or-
thorhombic lattice.
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where a„b„c, are the orthorhombic cell vectors and
s„b„c,the cubic cell vectors in the direct lattice. In the
reciprocal lattice these relations become

A,*=
—,'( A,*—C,*), 8,*=

—,'8,*, C,'= —,'( A,*+C,*),
A)fc AQ +CQ Q)fc 2Q)fc Cifc AQ +CQc 0 o~ c o~ c o o

where A,*,B,*,C,* ( A,*,B,*,C,*) are the reciprocal vectors
in the orthorhombic reciprocal cell (reciprocal cubic cell).
Then using these last relations, it is shown that vibration-
al modes located at the I,(0,0,0) point of the ortho-
rhombic Brillouin zone come from modes located at the
I,(0,0,0), R, (1/2, 1/2, 1/2), M, (1/2, 0, 1/2), and
X,(0, 1/2, 0) points of the first cubic Brillouin zone where
X„M„R,are zone-boundary points:

FIG. 3. Compatibility diagrams of the symmetries between
the orthorhombic I, point and the I „M„X„R,cubic points.
Wave-vector point groups are in italics. Cubic vibration modes
are labeled according to Koster notation. Correspondence be-
tween modes, according to origin calculation, is indicated.
"deg" indicates degeneracy of modes.

Figure 2 illustrates correspondence between cubic and or-
thorhombic Brillouin zone. Decomposition on the reduc-
ible mechanical representation at the I „M„R„X,
points of the first cubic Brillouin zone was then per-
formed for the NaMnF3 cubic phase. The origin of the
cubic cell was chosen on the Mn + ion for all calcula-
tions. Table III summarizes the results of these decom-
positions. Thus compatibility relations between irreduc-
ible representations at the I, point of the orthorhombic
Brillouin zone and the I „M„R„X,points of the cubic
Brillouin zone were established. Figure 3 illustrates these
relations as schematic diagrams (on this diagram a
correspondence between labeling of eigenmodes accord-
ing to origin choice is given for comparison with previous
papers).

I 0(0,0,0) RAMAN SCATTERING STUDY

X~(0,1/2, 0) I,(0,0,0)
Raman scattering experiments were performed be-

tween 40 and 573 K using two samples oriented, as previ-

TABLE III. Decomposition of the mechanical representation in the NaMnF3 cubic phase at the
I,(0,0,0), M, (1/2, 0, 1/2), X,(0, 1/2, 0), R, (1/2, 1/2, 1/2) points of the first cubic Brillouin zone. Ori-
gin on Mn + ion; Koster labeling.

I r (o,o, o) =4I 15 I 25

I ~ (1/2 o 1/2) Ml 3f2'M3'Af4M5@2hf 2@M33AI5
r,. (o 1/2 o) 2X1'2X52X2eX4EB3X5

~R (1/2, 1/2, 1/2) R 1'R12'R 152R 25R15
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TABLE IV. Assignment of NaMnF3 Raman lines at 40 and 300 K.

Raman mode

B)g

Bqg

B3g

Predicted Observed

40
300
40

300
40

300
40

300

Frequencies (cm ')

88-143-183-212-250-270-319
96-140-165-202-236-264-308

160-182-312-426
159-?-296-426

140-155-201-226-293
135-?-184-226-287

96-302
108-298

ously mentioned, either perpendicular to pseudocubic
axes, or perpendicular to orthorhombic axes. The
recorded Raman spectra exhibit 18 lines of the 24 lines
expected by group-theory calculations. An assignment
was suggested considering the Raman spectra in parallel
and crossed configurations observed at 40 and 300 K for
the two oriented samples. It can be noticed that the 7A
modes are identified but only 4B& were detected among

the five predicted, likewise 582 modes are evidenced
compared to the 782g expected, and only 283g modes
were observed among the 5.83g calculated. All missing
lines could not be detected in spite of repeated efforts:
high-power laser, spectra accumulation duration. Table
IV summarizes the assignment proposed at 40 and 300 K,
and Fig. 4 exhibits Raman spectra in the different ortho-
rhombic configurations at low temperature. However, it

c(aa)b
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AI AI

c(ac)b

Ac

A

Jgjtgh
500 400 300 200 100 500 400 300 200 100

a5

a$

c(bb)a

Ac

c
c(bc)a

Bvc

Bsc

FIG. 4. Raman spectra obtained in the six
different orthorhombic configurations at 40 K.
Asterisks indicate polarization leaks.

I I I 1

500 400 300 200 100 500 400

0

I jj-~~ 0
300 200 100

a(bb)c a(ba)c
I

Byc

Ac

Bac
t

t

kJ ~g
5O0 4OO 3OO 20O SOO

R amen

Bxc

I I

0 500 400 300

Shift (cm )
200 100



5112 342 A AND GANOTU DESERT, RATUSZ

~2QQQQ

'7K

0

BQQQQ

W

~ -~ —4
W~PQQQ

OK

5K

6QQ&QQ

(K

o«»r ic ]ines as aFIG. 5. Square frequencies o
function of temperature. OK

f the minor propor-nt to notice that,t because o e
f 100) domains in

is importan
of domains in the cry

001] domains in e
e been

t001], direction o
cted modes have

the
00] direction), ea

olarized spec ra.P P
g P

rin; unfortuna
e surface

Dyb Raman scattering;
a ed and oxidation on t eles were damag

ex eriments up to theossible to carry on exp
t' e. As evidenced in Fig. atransition P

Raman lines ca
~ ~

ing of a
seven lines, ve

of
to 573 g

din to t e usuweak softeningin correspon ing u
ture while the w sRaman lines versuus tempera ur
and 250 cm at 40, h'-K exhi-

y t

th
two a ' .l, -lid--ib. db, .al this behavior can be fairly we
law:

co =0 ( T To )

'
h correspon s, as usually ob-

a hi her temperatur
ill be discussed65 K This rs lt il e

mo e' P
an be e ubic p ase

corresponst att ese ode o p

s p ture because of t eirnot e o s pb f llowed versuss tempera u

-ma non aman
mode due o

re. This two-magnbelow t eh Neel temperature.

5K

K

I

iso 80 440
Rarnan Shift (cm

non Ramanof the two-magnoFI p p
Asterisks indicate emode in NaMnF3. Asteris

magnon mode.

nd its temperature depen-pog
g-

ll b b1g

td lk
g P

to thebe also compared toThis result can be a soT =60 K. i
occurring intic transitions

2. 5 K, espe-RbMnF3 at T&=82.=88 K (Ref. 19) and n 3
= 2.~N

ce of a two-magnon
of which

'
ll the persistence

1 b dp
the crystal structuure isc ose o

LATTICE DYNAMICS

the cubic phasethe honon sp ectrum in e
d

' f tion on theedinor er oof NaMnF3 is neede



RAMAN SCATTERING STUDY AND LATTICE-DYNAMICS. . . 12 343

origin of the transitions. In the present case using a rigid
ion model, the phonon spectrum depends on a small set
of parameters which can be adjusted from Raman data
alone as measured in the orthorhombic phase since most
of them are not strongly dependent on this structure. In
the harmonic approximation, the potential energy is
defined by a sum of second-order terms. Moreover,
neglecting the electronic polarizability, it is convenient to
distinguish the long-range electrostatic forces from the
short-range interaction between nearest-neighbor ions.
The long-range part of the dynamical matrix is calculated
with the help of a standard program and depends only on
the atomic positions and on the effective ionic charges
Z,*. The short-range dynamical matrix is determined for
the case of axially symmetric forces. Thus it involves two
parameters A;, B;, which correspond to the second
derivative of the short-range potential function V, , paral-
lel and perpendicular to the line joining the interacting
ions. These undimensionless coefficients are classically
defined in the CGS system by

2U
2

2uB;=
i

where e is the elementary charge (e =4.803 X 10 ' CGS
units) and U the volume of the cubic unit cell.

In the more appropriate MKS system, we use the fol-
lowing relations:

87TEpV

e2

8 V;

ill
c3r.

B;= 8~Ep
2

where e =1.602X10 ' C.
In this system we define the A and B parameters, ex-

pressed in N m ', through the relations:

2

87Tcpv
XA, =

B,'= e XB;=
87TcpU

V; =A, ;exp
Pi

Then, in case of the Auoroperovskite NaMnF3, the ad-
justable parameters of the lattice-dynamics model are la-
beled A ~,Bi, A2, B2, A3, B3 and Z~a, ZMn, ZF*. The sub-
script 1 corresponds to the Na-F interaction, while the
subscript 2 is for the Mn-F interaction and 3 for the F-F
interaction. Zz„ZM„, and ZF indicate the effective ion-
ic charges which are linked by the electric neutrality
equation: Z&, +ZM„+3ZF =0.

Neglecting Van der Waals interactions, the short-range
potential energy between a pair of ions interacting
through central forces is assumed in this model to be ex-
pressed with the Born-Mayer form:

and then

exp
p; p

B =— exp
lpl pi

A,
'

B
A;

TABLE V. Parameters of the rigid ion model in the cubic
phase of NaMnF3 estimated from temperature-independent Ra-
man frequencies of the orthorhombic phase. Interaction force
constants are given either in conventional units (c.u. ; CCATS sys-
tem) or in N/m (international system). 1,2,3 subscripts indicate,
respectively, Na-F, Mn-F, F-F interactions. Zz, =0.77,
ZMn = 1.54~ ZF = 0.77~ 2 ] /B]: 10~ A2/B2 = 7 ~ 64&

A3/B3 = —5.

First a set of parameters was estimated to perform cal-
culations. Considering the inAuence of the tilting of the
MnF6 octahedra (8.5': Ratuszna et al. '

) on the
Auorine-Auorine distance in the orthorhombic phase, the

0

average F-F distance was assumed to be about 2.9 A.
Moreover according to Salaiin and Rousseau, ' who pre-
viously established a linear law between ln( 3 3/V) versus
F-F interionic distance for AAT3 perovskite crystals, the

p value for F-F interaction can be fixed to 0.582 A. This
estimated p value can be anyway applied successfully in
other various derived structures like MF3 and AMF4
compounds for which dynamical data were available.
Then in case of NaMnF3 according to the F-F distance
we deduce that A 3 /B 3 = —5. Concerning the
manganese-fluorine interaction, Becher et aI. and Wat-
son et al. previously determined, in KMnF3, that

0

p =0.275 A. Transposing this value to NaMnF3 [with
d(Mn-F) =2. 1 A j, it could be concluded that
A2/82= —7.64. For the sodium-fiuorine interaction it
was roughly estimated, like in alkali halides, ' that
A I /B

&
= —10. The attribution of an ionic effective

charge Z;* to the ions of the structure is a phenomenolog-
ical manner to take the electronic polarizability into ac-
count in a rigid ion model. For most of Auoroperovskites
the ratio Z;*/Z; lies between 0.73 and 0.82; following
Salaiin and Rousseau, ' we chose to impose Z;*/Z; to the
mean value 0.77. Then we fixed Z&, =0.77, ZM„=1.4,
and ZF = —0.77.

From all these assumptions, only three parameters A „
A2, and A 3 were unknown and then were crudely taken
to "usual" values as a first set of parameters in the fitting
procedure. All these parameters were introduced in a
standard program calculating eigenfrequencies and eigen-
modes in the cubic phase at all points of the first cubic
Brillouin zone. With the help of compatibility relations
between orthorhombic and cubic symmetry, and a direct
fit of the Raman modes which are temperature indepen-
dent, a final set of parameters was deduced (Table V).

where r; is the interionic distance and A.;,p; characteristic
constants of the pair of ious. So the parameters A;, B,.
previously defined can be expressed versus k; and p; by

c.u. 5.0
N/m 9.08

—0.50
—0.908

62.0
112.59

—8 08 5.36
—14.67 9.73

B3

—1.09
—1.98
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TABLE VI. Calculated zone-boundary frequencies in the cubic phase of NaMnF3 compared to cor-
responding experimental Raman frequencies of the orthorhombic phase. (1) Cubic zone-boundary
modes corresponding to active Raman modes in the orthorhombic phase (given in Koster labeling;
Mn + origin). (2) Orthorhombic raman active modes connected to cubic mode with compatibility dia-
gram. (3) Experimental Raman frequencies at 40 K; nonobserved lines are indicated by a slash. (4)
Average of the experimental Raman frequencies coming from degenerated cubic zone-boundary modes.
(5) Calculated cubic frequencies by the rigid ion model with parameters of Table V. (6) Absolute
difference between calculated and experimental frequencies; a slash indicates cases where calculations
are impossible or without signification. (7) Relative difference between calculated and experimental fre-
quencies.

(1) Cubic
modes

Ras

R2s

R2s

R,
M2
M5

M4
M3
M)
X5

X,
X5

X,

(2) Orthorhom.
modes

B,g
B2
Ag

B2
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The value deduced from our fit for the F-F interaction
force constant is in good agreement with the one suggest-
ed by Salaiin and Rousseau ' for this Auoroperovskite.

Table VI shows results of the last fit comparing experi-
rnental Raman frequencies of the orthorhombic room-
temperature phase with the corresponding eigenfrequen-
cies in the pseudocubic phase calculated by the rigid ion
model at the R„M„and X, zone boundary points.

A fairly good agreement is generally observed between
theoretical and experimental data, except for octahedra
rotation modes responsible for the transition (R &z and
M2 ), which are soft modes characteristic of the displacive
character of that kind of transition. This discrepancy is
not surprising because the frequencies of these unstable
modes are widely affected by very small changes in the
model's parameters. After determining the parameters of
the cubic phase from the low-temperature orthorhombic
phase data, the calculated frequencies revealed the insta-
bility of the cubic phase at this temperature in giving
some negative eigenvalues of the dynamical matrix.
These negative values of square frequencies co corre-
spond to imaginary frequencies i ~ which are noted, by

continuity —co in our dispersion curves.
Moreover, in Table VI, when orthorhombic modes give

rise to degenerate cubic modes, calculated frequencies are
compare to the average of the corresponding experimen-
tal frequencies. It can be also noticed that calculated fre-
quencies in the cubic phase of X5 and R 25 modes exhibit
a fairly large discrepancy compared to the experimental
one. These modes correspond to the most important
splitting amplitude in the orthorhombic symmetry.
Moreover calculations of the eigenvectors with the model
show that the X5 and R 25 modes of the cubic phase in-
duce ionic displacement of Na+ along [101],; now, the
structural work of Ratuszna, Majewska, and Lis' evi-
dences the displacernents of Na+ cation along this direc-
tion, which confirms the fairly large discrepancy observed
for these modes between calculated and experimental fre-
quencies. Furthermore knowing that the Na-F distances

0
are displayed on a wide range from 2.29 to 2.67 A in the
low-symmetry phase, the Na-F interionic constant can be
very affected. The adopted value corresponds only to an
average Na-F distance and then cannot account for the
real interaction between ions.
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TABLE VII. Elastic constants of NaMnF3 at room temperature measured by Brillouin scattering in
a pseudocubic configuration. Experimental data are compared to elastic constants calculated with the
rigid ion model and to experimental ones of KMnF3 and RbMnF3. Measurements are performed in a
pseudocubic configuration. Average refraction index is n = 1.4316 (Pulfrich refractometer experiment).

NaMnF3 expt.
NaMnF3 calc.
KMnF3 expt.
RbMnF3 expt.

a b (A)

3.99

4.19
4.239

C» (GPa)

108.2( 1.8 )

114.2
115(1)
117.4(0.2 )

C)2 (GPa)

44{20)
48.93
39.5{1)
42.1(0.4)

C44 (GPa)

26.7(0.5)
27.74
27.4{1)
31.9(0.1)

References

This work
This work
25
26

Furthermore, calculated frequencies were also com-
pared to active infrared spectroscopic frequencies record-
ed by Lane et aI. A fairly good agreement seems to be
evidenced for most frequencies, however we have to be
prudent and a significative comparative table cannot be
given, since Lane et al. were unable to assign infrared
spectra to irreducible representations of the D2& point
group.

Following Rousseau et al. and Cowley, the elastic
constants can be exactly expressed in terms of the nine
former parameters of the model. Indeed, every ion is lo-
cated at a center of symmetry and the polarizabilities do
not affect the elastic constants. In order to confirm cal-
culations, the predicted elastic constants were compared
to those measured at room temperature by Brillouin
scattering, assuming a pseudocubic approximation.
Table VII exhibits experimental and theoretical con-
stants. As previously mentioned, the orthorhombic dis-
tortion weakly affects C» and C44, whereas C,2 is
significantly more sensitive. However, a good agreement
between the mean experimental and theoretical deter-
minations is observed which validates the chosen values

of our lattice-dynamics parameters. Reported data are
also close to those previously measured in KMnF3 (Ref.
31) and RbMnF3 (Ref. 32).

An estimation of the interaction force constants makes
it possible to calculate the whole phonon spectrum, as
shown in Fig. 7, in the cubic symmetry. One important
characteristic of this phonon spectrum is the existence of
a low-frequency R»-M2 quasiflat line, corresponding to
rotations of octahedra around fourfold cubic axes. Ex-
istence of such a flat phonon branch suggests, as previ-
ously proposed by Rousseau and Bulou et al. , that
the mechanism of the SPT can be connected to condensa-
tion of the whole phonon branch and is due to the natural
competition between R '» and M2 modes.

A knowledge of the phonon spectrum makes it possible
to predict some additional dynamical properties of
NaMnF3 such as the one-phonon density of states. This
has been calculated using a mesh of 10 q vectors in the
—,', th volume of the first Brillouin zone with a frequency
interval of 1 cm . The result is plotted in Fig. 8. Two
important gaps close to 300 and 410 cm ' are observed.
The cutoff frequency is located at 490 cm ', which is a
low value compared to that in other fluoroperovskites.

500-

CONCLUSION

For the first time in fluoroperovskites AMF3, to our
knowledge, a Raman scattering study of the low-

400-
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FIG. 7. Calculated phonon spectrum of NaMnF3 in the cubic
symmetry.

FIG. 8. Calculated one-phonon density of states of NaMnF3
in the cubic symmetry.
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temperature phase was performed and fully interpreted in
the case of a monodomain crystal of NaMnF3. All ob-
served lines were attributed on the basis of a group-
theory analysis. This Raman work will be very useful to
explain Raman data in other isostructural materials
which are usually polydomains in the orthorhombic sym-
metry and may be able to contribute important informa-
tion concerning the mechanism of the SPT.

The lattice dynamics of the cubic phase of NaMnF3
has been analyzed in terms of a rigid ion model. Indeed
Raman data appear to be sufficient to predict the whole
phonon spectrum and calculate the one-phonon density
of states of this material, with help of compatibility dia-
grams between cubic and orthorhombic symmetries.

A complete agreement is obtained between calculated
and measured Raman frequencies which are temperature
independent. Theoretical elastic constants deduced from
the model are also very close to those measured by Bril-
louin scattering. The calculations show the existence of a
quasiAat line phonon branch R ', ~-M2, the two extremities
of which are responsible for the transition. This Aat
branch, usually observed in Auoroperovskites that exhibit
SPT, corresponds to a natural competition between "fer-
ro" and "antiferro" coupling of adjacent octahedra
planes perpendicular to the [010], rotation axis. Raman
spectra at high temperature evidence the existence of two
soft modes in the orthorhombic phase. According to the
compatibility diagram, these two modes give rise to R ',

5

and M2 soft modes of the cubic phase. Moreover, the ob-
served difT'erence between the real transition temperature
( T, =965 K) and the temperature suggested by extrapola-

tion of a Landau behavior of square frequencies of ortho-
rhombic Ag soft modes ( T, = 1500 K) seems to indicate
that the mechanism of this transition can be considered
as of first-order character. Furthermore, the observation
of the quasimonodomain character of this perovskite
should indicate that no intermediate tetragonal phase ex-
ists. It can then be deduced that the condensations of
R» and Mz modes of the cubic Brillouin zone are prob-
ably simultaneous.

We are now planning an extensive study in NaMgF3
and NaZnF3, which exhibit the same kind of SPT, in or-
der to shed light on this aspect of the transition mecha-
nisrn in Auoroperovskites.
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