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Magnetic and structural phase transitions in BaMnF4
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Elastic and inelastic neutron scattering experinients were performed on single and polycry-

stalline samples ot BaMnF~. The systens orders magnetically below T~ =26 K and the nsagnetic

structure is shown to be similar to other members of the BaMF4 family with M = Fe and Ni,

i.e., an antit'erromagnetic ordering along both the b and e directions with a two-dimensional

magnetic character perpendicular to b. The antiterromagnetic axis is rotated -9 from the

orthorhombic b axis and the ordered Mn l11011)ent is 4.8ps. The spin-wave dispersion curves

were measured and the exchange constants and anisotropy deterniined. The structural phase

transition occurring at T, =247 K was studied in detail and shown to be inconimensurate, with

superlattice peaks below T, ht qt = (0.392,0.5„0.5} and niultiples of' this: q2 =2qt and q3 =3 qt.
These wave vectors do not change with ten&perature. The phase transition appeared to be con-

tinuous with P =0.31 +0.05. The dynanlical studies ot' this transition show a soft mode which

becomes overdamped at qt but becomes underdan&ped as q increases away trom q& and as

T —T, increases. High-resolution studies also show the existence ot'a diverging central peak. A

theoretical description of' the phase transition suggests the existence of' f'our niodes below T„
corresponding to fluctuations ot' the an~plitude and phase of the order parameter. We have as

yet been unable to detect these dif'terent niodes.

I. INTRODUCTION

BaMnF4 is a member of a group of isostructural
compounds which have unusual magnetic and electri-
cal properties and have been the subject of numerous
investigations in the past decade. Interest in these
materials was stimulated by the discovery of both an-
tiferromagnetism and piezoelectricity in crystals of
BaMF4 (M =Mn, Fe, Co, and Ni) in 1968 by
Eibschutz and Guggenheim. ' This was followed by
the observation of ferroelectricity in the Mg, Co, Ni,
and Zn compounds. 2 A spontaneous polarization
could not be measured in BaMnF4 and BaFeF4 be-
cause of high electrical. conductivity, but subsequent
dielectric measurements showed a Curie-gneiss
behavior for all six compounds with Curie tempera-
tures above the respective melting points.

BaMnF4 was first synthesized by Cousseins and
Samouel. The crystal structure was determined in

detail by Keve et al. ~ shortly after von Schnering and
Bleckmann had reported the results of a study of
isostructura1 BaZn F4.

The room-temperature structure is orthorhombic,
space group 3 2tam (a =5.9845 A, b =15.098 A,
c =4.2216 A at 298 K),5 and consists of MnF6 oc-
tahedra linked at the corners to form puckered sheets

perpendicular to the b axis and separated by layers of
Ba ions (Fig. 1). As pointed out by Brandon and

Megaw, the structure can also be visualized as being
composed of diagonal slabs of a perovskite-type lat-
tice. Keve et aI. also proposed a plausible model to
account for the failure to observe polarization rever-
sal in BaMnF4, in contrast to BaZnF4, on the basis of
the differing interatomic distances involving Mn or
Zn ions in the puckered sheets.

In common with the other magnetic compounds of
this type, the magnetic properties of BaMnF4 were
found to show two-dimensional behavior, 8 with a

broad peak at about 50 K, and an antiferromagnetic
transition at about 25 K. In addition, the observation
of low-frequency magnetoelectric resonances was in-

terpreted in terms of a two-dimensional model. It is
therefore reasonable to expect the magnetic structure
to be similar to those of BaNiF4, ' and BaFeF~."

Up to this point, there was no indication that
BaMnF4 was basically different from the other rnag-
netic BaMF4 compounds. However, measurements
of the frequency and temperature dependence of the
microwave elastic properties by Spencer et al. '~

showed a sharp anomaly in the elastic attenuation at
about 255 K which they interpreted as indicative of a

structural transition. Further evidence of a lowering
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FIG. 1. Crystal structure of' BaMnF4 (at'ter Keve et al. )
showing MnF6 octahedra projected on {001)at top and

(100) at bottom. Small arrows illustrate antiparallel coupling
of' Mn moments within puckered sheets as described in Sec.
II. J~ and J2 are exchange interactions as discussed in Sec.
I I I B.

of the symmetry was provided by the observation of
a splitting of the lines in the ' F NMR spectrum'
and a small spontaneous magnetic moment below
TN. ' The latter suggests that the antiferromagnetic
sublattices are not strictly collinear, a possibility also
noted in the earlier work. s

Although Petrov et al. ' ruled out the presence of
weak ferromagnetism on the basis of their antifer-
romagnetic resonance (AFMR) measurements, a
subsequent study by Venturini and Morgenthaler'
revealed a splitting of one mode consistent with the
presence of a weak Dzyaloshinsky-Moriya moment at
4.2 K along the c axis. They suggested that this cant-
ing might be masked in static magnetization measure-
ments by the presence of domains with oppositely
directed weak moments. In a recent paper, Fox and
Scott have proposed that the weak ferromagnetism is

induced by the spontaneous electric polarization via a
linear magnetoelectric interaction. '

The existence of a structural phase transition at
255 K was confirmed in a Raman study. ' It was
concluded that the transition was essentially continu-

ous and involved a doubling of the primitive unit
cell, and was characterized by a soft optical phonon at
the zone boundary of the orthorhombic phase. Addi-
tional Raman data have been reported by Popkov
et al. "

A mechanism for the transition was proposed by
Fritz on the basis of ultrasonic velocity and attenua-
tion measurements. This involves the rotation of
MnF6 octahedra about the b axis, the resulting sym-
metry being monoclinic, space group P2~. It was
further reported that although x-ray experiments had
been unsuccessful in detecting a structural transition,
the ionic displacements involved might be too small
to be seen in this way. Recent Brillouin scattering
measurements ' give sound velocities in agreement
with the ultrasonic values above the transition tem-
perature, but revea1 that the wave-vector dependence
of the transverse-acoustic phonons is anomalously
dispersive.

Dielectric anomalies have been observed by
Samara and Richards near to the structural transi-
tion, the most striking feature being a X-shaped ano-
maly at 250 K in the static dielectric constant along
the a axis, as predicted. ' However, similar measure-
ments by Levstik et al. did not show the predicted
divergence. Another interesting feature of the
Samara and Richards data is a maximum in the tran-
sition temperature as a function of pressure at about
l0 kbar. Dielectric anomalies were also seen at about
70 and 30 K, and attributed to the onset of magnetic
ordering. '4

Dvorak has recently published a detailed group-
theoretical analysis of the structural phase transition
based upori a knowledge of the magnetic structures
and magnetoelectric effects in the magnetic BaMF4
compounds. Some of the characteristics of the tran-
sition are discussed, including possible symmetry
changes and anomalies in the dielectric and elastic
constants.

The present paper describes a neutron diffraction
study of BaMnF4 which has extended over a consid-
erable period of time. The original objective of this
study was to determine the magnetic structure and
some of the critical magnetic properties, The early
powder diffraction data taken at 290 and 30 K gave
very little indication of any structural change, but
after the confirmation of the structural phase transi-
tion, ' an exhaustive search led to the discovery of a
phase below 2SO K with an incommensurate struc-
ture. Since then, considerable effort on single cry-
stals has been devoted to a study of the critical and
inelastic neutron scattering over a wide temperature
range, particularly in the vicinity of both the magnet-
ic and structural transitions, although the crystal
structure of the low-temperature incommensurate
phase has not yet been solved.

The paper is organized as follows. The results of
the magnetic structure determination and the critical
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magnetic experiments are described in Sec. II, and
the magnetic excitations are described in Sec. III. In
the analysis of these results, the incommensurate
modulation of the basic structure has not been taken
into account. The critical and inelastic scattering stu-
dies of the structural transition are described in Sec.
IV. A theoretical analysis of the incommensurate
transition is presented in Sec. V.

II. MAGNETIC STRUCTURE

A. Powder neutron data
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Powder neutron scans were initially carried out at
290, 30, and 4.7 K with neutrons of wavelengfh 2.36
0
A from a graphite monochromator. A pyrolytic gra-
phite filter. was used to suppress higher-order
wavelengths. At 290 K, all the peaks can be indexed
in terms of the orthorhombic cell [Fig. 2(a)] and
analysis was carried out by the profile refinement
technique. 7 In view of the limited amount of data,
no attempt was made to refine the atomic positional
parameters or temperature factors, and these were as-
signed the values obtained by Keve et al. ' The re-
fined values of the lattice parameters are listed in

Table I, together with the three R factors RI, Rp, and
Rwp which correspond to integrated intensities
derived by the approximation described by Rietveld, 2'

unweighted intensity data points, and weighted data
points, respectively. Observed and calculated in-
tegrated intensities are compared in Table Il, and
agreement is seen to be quite satisfactory.

At 4.7 K, the pattern is characterized by the ap-
pearance of a number of additional peaks which can
be indexed on the basis of a cell doubled along the b
and c directions, with reflection conditions k and I
both odd (or half integer with respect to the chemical
cell) [Fig. 2(c)J.The intensity of one of the strong
peaks of this type (0

2 T) was followed as a function
3

of temperature and seen to vanish at about 26.5 K
(Fig. 3). This corresponds closely to the anomaly in
the perpendicular magnetic susceptibility previously
noted.

Thus the powder diffraction patterms of BaMnF4
closely resemble those of BaNiF4, and BaFeF4. '

Profile refinement of the 4.7 K data was carried out
based upon the same type of magnetic structure, with
the moment directed along the b axis. Once again,
the atomic positional parameters were assigned the
room-temperature values5 but the temperature fac-
tors were set equal to zero. A good overall agree-
ment was obtained (Rwp =16.5%), but some sys-
tematic discrepancies between some of the observed
and calculated magnetic intensities were evident
(Table III, Model I). A much better fit was obtained
by allowing the antiferromagnetic axis to rotate in the
bc plane, (Table 111, Model 2) as reflected in a signi-

-ficantly lower value for Rwp of 14.3%. A rotation of
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FIG. 2. Some of the powder neutron data f'rom BaMnF4
at various temperatures. (a) 290 K. Nuclear peaks are in-
dexed. (b) 30 K. Note the strong magnetic dit'tuse scattering
around 29, and the two weak additional peaks around 53'.
(c) 4, 7 K. Arrows show magnetic peaks indexed in terms of'

an orthorhombic cell with b and c doubled.
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FICi. 3. Temperature dependence of integrated intensity
3 1ot' the (02 2) peak trom BaMnF4 powder.
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TABLE I. Refined values of profile parameters for polycrystalline BaMnF4. Ionic positional

parameters and temperature factors as in Ref. 5. B is an extra negative overall temperature factor

to allow for decreases in the latter as the temperature is lowered. Standard errors are given in

parentheses and refer to the least significant digit.

290 K 260 K 245 K 80 K 4.7 K'

a (A)

b (A)

0 (A)

a (A')

R, (%)

Rp (%)

Rwp (%)

5.998(1)
15.107(2)
4,221(1)

9.3
11,1

11.7

5.997(1)
15.101(3)
4.221(1)

-0.5(4)
8.7

10.2

10.6

5.999(1)
15.097(3)
4.217(1)

-0.6(4)
8.4

10.0
10.4

5.998(2)
15.055(S)
4.199(1)

—1.2(6)
9.5

10.8

11,2

5.994{1)
15.045 (3)
4.194(1)

9.6
11.6
14.3

'Includes magnetic peaks. Magnetic structure as described in text, with temperature factors set

equal to zero. Sg =4.73(5)p, s and S, =—0.75(7)p,s.

this sort is permitted under the magnetic symmetry
P2, 2t previously assigned for BaNiF4. However, the
inclusion of an a axis component of moment with ap-
propriate symmetry, an overall temperature factor, or
the Mn positional parameter as variables did not
result in 'any further improvements. Final values of
the profile parameters are listed in Table I. The nu-

clear intensities are given in Table II for easy com-
parison with the 290 K data. As mentioned earlier, the
incommensurate modulation has not been taken into
account in the above analysis. However, for reasons
to be outlined in Sec. IVA, it is likely that this will

have a negligible effect on the magnetic intensities.
The basic magnetic structure of BaMnF~ at 4.7 K is

TABLE Il. Comparison of observed and calculated nuclear intensities from polycrystalline

BaMnF4 at 290 and 4.7 K, Parameters as in Ref. 5 and Table I. Scattering lengths taken as

0.512 &10 '2, —0.376 x10 '2, and 0.565 x10 cm for Ba, Mn, and F respectively.

icatc

290 K

Iob. icai.

4;7 K

Iobs

020
120
011
040
111
031
140
200
131
220
060
051
211
151
231
002

28

56

3

1

0

2

10

22

243

41

53

201

382

288

259

142

26

60

2

1

0

0
11

26

231

47

50

188

412

250

296

155

25

51

2

2

0

1

14

23

253

51

50

221

432

335

297

166

26

74

3

2

2

1

12

31

247

53

66

201

466

276

350

166
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Model 1

Sb =4.75p, ~

S, =0.OPS

Iobs

Model 2

Sy =4.73pa

S, =—0.75@,g

Icaic lobs

1T
0——

2 2
3 1

0——
2 2

5T
0——

2 2

1T
I ——

2 2

3 I
1 ——

2 2

7 1
0——

2 2

5 I
1 ——

2 2

98

55

303

106

30

121

41

295

118

25

31

124

33

297

117

30

121

31

304

118

TABLE III. Comparison of observed and calculated in-

tensities of the first f'ew magnetic peaks from polycrystalline

BaMnF4 at 4.7 K for the domain orientation chosen in Fig.

4. The observed intensities are obtained by the approxima-

tion described by Rietveld (Ref, 27), and may vary slightly
depending upon the particular variables refined, Parameters
as in Table I. Form factors for Mn + taken from Ref. 30.

romagnetic component perpendicular to the antifer-
romagnetic axis (i.e., roughly along the orthorhombic
c axis) is now permitted, in agreement with published
results, '6 and the moment is qualitatively the right
magnitude to be induced by the spontaneous electric
polarization via a linear magnetoelectric effect. '

However, it is far too small to be detected in a dif-
fraction experiment with unpolarized neutrons.

The diffraction data taken at 30 K show a very pro-
nounced hump at low angles characteristic of long-
range two-dimensional magnetic correlations [Fig. 2

(b) j, but otherwise differ very little from the 290 K
data. The only indication of an intermediate structur-
al transformation is the presence of two very weak
peaks at about 52.8 and 54.2', respectively. Howev-
er, these could not be indexed in terms of the chemi-
cal cell nor any simple multiple cell. Furthermore,
the pattern in this region is.complicated by the pres-
ence of some diffuse magnetic scattering, and at the
time these experiments were performed no further
attention was given to these two peaks. As we shall
see later, these peaks correspond to superlattice peaks
of the incommensurate phase.

B. Single-crystal data

depicted in Fig. 4. The antiferromagnetic axis is ro-
tated about 9' from the orthorhombic b axis towards
the doubled axis of the monoclinic cell, and the Mn +

moment is 4.79p,~. The corresponding magnetic sym-

metry is P2, 21 and there are two structurally
equivalent domains as previously noted, This space
group, of course, permits neither a ferromagnetic
component, nor a magnetoelectric effect. However,
if the crystal symmetry above T~ is assumed to be
monoclinic P21, with the doubled unit cell shown in

Fig. 4, the magnetic symmetry would be P21'. A fer-

The first crystal to be studied was cut from a piece
of zone-melted material to dimensions of roughly
6 x 2 x 2 mm3 in the a, b, and c directions, respec-
tively. The crystal was mounted with the a axis verti-
cal. Data taken at 77 and 4.5 K confirmed the mag-
netic structure determined from the powder data.
Because of rather severe extinction effects no attempt
was made to refine the structure.

Because the symmetry of.the magnetic structure is
monoclinic, reflections of the type (h ——) and

k 1
2 2

(h 2 2) are not equivalent. The observed intensity

distribution of the (0
~ 2 ) peaks showed that one of

0.5

0.5

0.5

0.5 0.5

FIG. 4. Magnetic structure of BaMnF4 projected on (100) showing one of' the two equivalent domains. Small numerals
denote heights of Mn atoms in the [100' direction. Monoclinic cell is shown in heavy outline. The antif'erromagnetic axis is
directed about 9' from the orthorhombic b axis towards doubled edge of monoclinic cell,
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FIG. 5. Temperature dependence ot integrated intensity
1 1

of the (02 2) peak from BaMnF4. The data near to TN are

shown in more detail in the inset, together with similar data
Yl 1 1t'or the (0——) peak, normalized with respect to (0——) at
2 2 2 2

the lowest temperature range in this range.

the two structurally equivalent magnetic domains
(defined as having, +, —2n) was about twice

, the volume of the other (—, + —, =2n+1).
The intensities of several magnetic peaks were

measured as a function of temperature and found to
disappear at about 26 K. No variation in the domain
ratio could be detected, but significant extinction ef-
fects were observed in some of the stronger magnetic

peaks. In (0—, —,) for example, extinction was already
1

noticeable at 24.6 K. These scans were carried out in

conventional fashion by rocking the crystal about the
scattering vector. In the vicinity of the Neel point,
however, this led to some problems in estimating

background because of considerable amounts of criti-
cal scattering associated with the two-dimensional na-
ture of the structure, which is characterized by the
build-up of "rods" of diffuse scattering along the re-
ciprocal b'axis. The Bragg intensities of the (0 z ~)
and (0

& ~
) reflections were therefore measured in

1 1

this region by performing scans along the line parallel
to b'at a distance 0.5c'away, which enables the dif-
fuse background to be properly determined. The in-

tensities are plotted in Fig. 5, and very little three-
dimensional critical scattering is seen to be present.
A logarithmic plot of the intensity data against re-
duced temperature (TN —T)/Tn also demonstrates
this, but rather surprisingly yields a critical exponent,
2P of 0.65 +0.03 (Fig. 6), characteristic of a three-
dimensional system and in striking contrast to the
much lower values obtained for BacoF4, 3' and
BaFeF4. '

The intensity of the rod-like. scattering was also
studied by performing scans along the line parallel to
c'at a distance —3.35b'at several temperatures
above T~. A few of these are illustrated in Fig. 7,
and the corresponding full widths at half maximum
(FWHM) intensity are plotted in Fig. 8 as a function
of temperature. At about 2T&, which is roughly the
temperature of the broad maximum in the magnetic
susceptibility, the correlation length in the (010)
planes is about 6 A.
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FIG. 6. Logarithmic plot of temperature dependence ot
1 1

integrated intensity of the (02 —) peak from the BaMnF4

crystal. The solid line is a least-squares fit out to
(TN —T)/TN =0.176 (T~ =26.072 K, 2P =0.65), the broken
line being an extrapolation to lower temperatures. A fit to
the data out to (T& —T)/T& =0.018 gives TN =26.076 K,
2P =0.70,
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FIG. 7. Scans for BaMnF4 crystal at selected tempera-
tures above T+ in a direction t0 —3.3S I], which is perpen-
dicular to the reciprocal-lattice "rods. "
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groups are shown in Fig. 9 and the results are sum-
marized in Fig. 10. At the zone center the resolution
of the spectrometer prohibited a reliable determina-
tion of the spin-wave excitation energy. The point
shown in Fig. 10 was therefore obtained from the
results of antiferromagnetic resonance measure-
ments. '5

B. Analysis of the magnetic excitations

X
& O. l

0

RESOLUTION
1

20 40
TEMPERATURE ( K)

III. MAGNETIC EXCITATIONS

A. Experimental

F16. 8. Full-width at halt-maximum ot the peak at

(0, —3.3S, 0.5) as a function of temperature.

60

The results shown in Fig. 10 were used to deduce
the parameters of a simple model for the magnetic
excitations in BaMnF4. The model adopted was to
assume that there were Heisenberg exchange interac-
tions b|:tween only the Mn ions lying within the
sheets perpendicular to the b axis. We have not as
yet explored this assumed two-dimensional nature of
the spin waves because the present orientation of the
crystal does not allow the observation of the spin
waves propagating along the b axis.

Within the Mn-F planes two Heisenberg interac-
tions were assumed: H;, =Jt(S; S,) between near-
neighbor Mn ions along the zig-zagging a direction
and J2(S, S,) for near neighbors along the e direc-
tion (Fig. I). A single-ion anisotropy H„was as-
sumed to be constant at each site. With this model

The magnetic excitations with wave vectors in the
(g, g, g) plane of the reciprocal lattice were deter-
mined at 4.6 K. Since the primary magnetic reflec-
tion (see Sec. II) is q

~ = (0, +0.5, +0.5), the mag-
netic Brillouin zone has 1/1 «0.5 and 1q1 «0.25.
Within this Brillouin zone the magnetic excitations
were determined for propagation directions along the
high-symmetry directions [$00] and [Oqq] and the
zone boundaries (0.5, q, q) and ((,0.25, 0.25).

The measurements were performed with an in-

cident energy of the neutrons of 14.7 rneV and vari-
able scattered energy. The horizontal collimation was
40 min in each part of the spectrometer, and a pyro-
lytic graphite filter was used to suppress higher-
energy neutrons in the incident beam.

There are two branches of the spin-wave dispersion
relation for spin waves propagating aiong the [(00]
direction. Measurements of the upper branch were
made largely for wave-vector transfer
Q = ((, 0.5, 0.5) and for the lower branch for
Q = (I + f, 0.5, 0.5). The two branches of the spin
waves propagating along [Oqq] were mainly deter-
mined with wave-vector transfer Q = (0, ().5
+ q, 0.5 + q) u ppe'r and Q = (I 0 5 —~ 0 5 —~)
lower.

The spin waves propagating along the two zone
boundaries were determined with wave-vector
transfers Q = (I —(, 0.25, 0.25) and

Q = (0.5, 0.5 —rt, 0.5 —q). Some typical neutron

E0=14,7 mev
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Q = ( 1.2 5,0.5,0.5)
coo- qM =(.2s,o,o)
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FIG. 9. Some typical neutron groups t'or niagnetic exci-
tations in BaMnF4 crystal at 4.6 K,
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and

J2=0.564 +0,003 meV

The satisfactory fit obtained shows that the magnetic
interactions are largely those assumed in our model,

Not surprisingly, the exchange constant between
the spins along the zig-zagging a direction Ji is small-
er than that along the c direction: in the former case
the superexchange path is bent but it is straight in

the latter case. The magnitude of the exchange in-

teractions along the c axis J2 may be compared with
the exchange constant found for M n-F-M n superex-
change in other materials. In Rb2MnF4 the Mn-Mn

0
distance is 4.21 A and the exchange constant is 0.655
me~. This is surprisingly different from the value
in BaMnF4 considering the similarity of the Mn-Mn
distance. The magnitude of the exchange J2 is, how-

ever, consistent with the value -0.5 meV calculated
from the magnetic susceptibility,

CO

JD
L
O

Ba Mn F4 PONDER

r (o.se- -)
2 2

CO

LJJ

Z,'

too 200
TEMPERATURE ( K)

1

500

FIG. 12. Temperature dependence ot integrated intensi-
ty ot' the stronger of the superlattice peaks shown in Fig. 11.

IV. STRUCTURAL PHASE TRANSITION

A. Elastic scattering

Following the confirmation of a structural phase
transition, ' the two weak peaks in the powder dif-
fraction pattern previously mentioned were studied in

much more detail in the region of 250 K. Some of
the data are shown in Fig. 11 and it is clear that both
peaks are absent at 260 K. The intensity of the
stronger is plotted as a function of temperature in

Fig. 12, and is seen to vanish slightly above 250 K.
There is no doubt, therefore, that the two peaks are
superlattice reflections associated with the structural
transition. However, all attempts at indexing includ-

ing a computer search involving multiple cells with

edges up to three times those of the chemical cell,
were completely unsuccessful. Profile refinement of
data collected at 260, 245, and 80 K were carried out
as before, excluding the two extra peaks where ap-
propriate. In order to make some allowance for a

change in temperature factors, an additional negative
overall 8 was included, but otherwise all structural
parameters were fixed at the Keve et al. 5 values.
Results are listed in Table I, and observed and calcu-
lated intensities in Table IV. Inspection of Table IV
reveals no significant changes in observed intensities
as a function of temperature, with the possible excep-
tion of the (060) reflection.

The refined values of the orthorhombic cell dimen-
sions and volumes are plotted against temperature in

Fig. 13. There are no obvious discontinuities, but
the absence of any perceptible change in a over most
of the range is anomalous.

A search for one of the two small superlattice
peaks observed in the powder pattern was carried out
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X+ l 5;08
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o I5.04 —.

jI
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F00 200
TfMPf RATURf ( K)

I
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FIG. 13. Least-squares values of lattice parameters and
cell volumes t'rom prof'ile ret'inement ot' 8aM nF4 powder
data as a t'unction ot' temperature. Thd solid lines are a

guide tor the eye.

on a second, larger single crystal (dimensions roughly
5 & 5 && 10 mm3). Considerable effort was devoted to
this, but even so, it was probably very fortunate that
one of these peaks was ever discovered since the
peaks appear unexpectedly at an incommensurate po-
sition in reciprocal space. Figure 14 shows that the
most intense superlattice reflections were observed at
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F1G. 14. Superlattice peaks at T =140 K at

qi =(+0.392, +0.5, +0.5), q2=(+0.216, 0, 0) and

q3= (0.176, +0.5, +0.5) corresponding to the primary and
secondary order parameters.

(000) (0 I/2 I/2) (OII)

the reduced wave vector

qi = (+0.392, +0.5, +0.5)

Additional superlattice peaks were observed at

q2 = (+0.216, 0, 0)

and

q3
——(0.176, +0.5, +0.5)

with decreasing intensity as shown in Fig. 1 .. 14. The

FIG. 15. Schematic representation ot the positions in re-
ciproca space o ol f bserved superlattice peaks associated with

the structural phase transition (tilled symbols) and magnetic
phase transition (open symbols).

satellite positions are related to each other as follows:
2 =2 and q =3 q, when reduced to the first Bril-q2= qi an q3=

louin zone. Figure 15 gives a schematic representa-
tion of the position in reciprocal space of nuclear
Bragg peaks and superlattice peaks. A surprising

TABLE 1V. Comparison of observed and calculated nucenuclear intensities from polycrystalline

8aM nF4 at 2, , an60, 245 d 80 K. Parameters as in Table 1. Scattering lengths as in Table 11,
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FIG. 16. l(q1) and [I(q2)] vs temperature.

feature of this incommensurate phase is that the sa-
tellite positions show no temperature dependence in

contrast to the incommensurate phases in metallic
systems such as TaSe2 and NbSe2, 3 and ferroelectric
incommensurate materials such as K2Se04.

The intensities of the q1, q2, and q3 satellites also
are related. Figure 16 shows the temperature depen-
dence of the intensity of the q1-type satellite and the
square root of the intensity of a q2-type reflection
normalized to each other at low temperature, From
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FIG. 17. Temperature dependence of the line width ot a

q1 satellite above T, . The top part shows two protiles at dif-
ferent temperatures. The bottom shows the temperature
dependence of the FTHM. (a'=1.045 A 1.)

this figure we conclude the l(qt) is approximately
proportional to [I( q2)] 'r2. Since no critical scattering
appears at l(q2) it is more reasonable to use this re-
flection to obtain the critical index P of the order
parameter. From a log-log plot of l(q2) against
T, —T with T, =247.0 +0.5 K, we obtain a value for
P [from the relationship l(q2) cc (T, —T)4P] of
0.31 + 0.05. The intense critical scattering observed
at l(qt) implies that the intensities at qt provide a

measure of the fluctuations of the primary order
parameter associated with the structural phase transi-
.

tionn.

The observed satellites at q2 and q3, respectively,
could possibly result from double and triple reflec-
tions involving successive q1 satellites. To investigate
this possibility, the behavior of a number of q2 reflec-
tions was studied as a function of incident energy in

the range 4.4—5.3 meV and 13.0—15.0 meV, and also
as a function of rotation about the scattering vector.
Erratic results were obtained in a few cases, but in

general the intensity behavior was not characteristic
of the presence of strong multiple scattering effects.
%e.therefore conclude that multiple scattering is not
the origin of the q2 satellites. These can be explained
either as diffraction harmonics of the nearly
sinusoidal distortions with wave vector q1 or secon-
dary distortions of the high-temperature structure.
Over 40 different q1 superlattice reflections were
measured in an attempt to identify the distortions oc-
curring in the low-temperature structure. Thus far,
we have been unsuccessful in obtaining a good physi-
cal picture of the atomic displacements necessary to
produce the incommensurability of 0.392 along a'.

The critical scattering is observed over a large
range of temperatures above T, Figure 17 sho. ws Q
scans of the satellite Qt = (2.39, 0.5, 0.5) along the
[(00] direction. The width is seen to increase for the
higher temperatures. In the lower part of the figure
we plot the temperature dependence of the full width
at h'alf maximum (FWHM) in terms of a' units
(a'=1.045 A '). At the highest temperatures meas-
ured (T =305 K) the line width is much broader
than the resolution and corresponds to a correlation

0
length of approximately 30 A.

At low temperatures, the Mn ions are displaced
from their high-temperature positions as a result of
the incommensurate lattice distortion. This will

cause new magnetic satellites to appear at positions
relative to the new reciprocal lattice of the low-

temperature incommensurate phase. This is shown
schematically in the reciprocal space diagram of Fig.
15, For example, relative to the high-temperature
structure, the fundamental magnetic superlattice
peaks appear at q = (0, 0.5, 0.5) points in reciprocal
space as discussed in Sec. II A. Other magnetic peaks
relative to the (0.39,0.5,0.5) incommensurate nuclear
lattice will appear as a first harmonic at (0.39,0,0),
and the second harmonic at (0.78,0.5,0.5)
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corresponding to the harmonics of the nuclear struc-
ture.

The discrepancies in the observed and calculated
powder magnetic intensities for the structure with
moments directed along the b axis described in Sec.
II A could conceivably originate from the displace-
ments of the Mn ions in the incommensurate struc-
ture. However, the intensities of the q~ magnetic sa-
tellites are typically three to four orders of magnitude
less than those of the primary magnetic reflections,
from which it may be inferred that the Mn displace-
ments are very small and not likely to have any
detectable effect on the primary peaks. This infer-
ence is supported by the nuclear intensity data in
Table IV, where it can be seen that the intensities of
the fundamental reflections are essentially un-

changed, although in this case the q~ nuclear satellites
are typically only one to two orders of magnitude
smaller. It is therefore more plausible to attribute
the intensity discrepancies to a small deviation of the
antiferromagnetic axis from the b axis, as already dis-
cussed.

B. Normal modes of vibration in BaMnF4
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Above the structural phase transition, inelastic
neutron scattering measurements were performed to
examine the normal modes of vibration with wave
vectors close to the incommensurate superlattice
wave vector qI = (0.39, 0.5, 0.5), in order to deter-
rnine if the transition is caused by a softening of one
of these normal modes. The crystal used was a large
cylindrical boule, about 17 mm in diameter and 30-
mm long. The measurements were performed under
a variety of conditions with incident neutron energies
of 5.0, 14.7, and 30.0 meV. Since the scattering was
found to be. largely quasielastic in character, the
measurements were made difficult by the presence of
the intense paramagnetic scattering from the Mn'+
spins, especially for smaller wave-vector transfer.

Energy scans were performed at a variety of tem-
peratures to study the modes with propagation direc-
tions [$0.50.5) and [0.39 rl rI]. The most successful
measurements were performed near the wave vector
Q = (4.61, 1.5, 1.5) with an incident energy of 30.0
meV. This large wave vector was chosen so that the
wave-vector dependence of the Mn + form factor
drastically reduced the magnetic scattering. Figure 18
shows examples of constant Q scans at
Q = (4.61, 1.5, 1.5) for several temperatures. The
spectra show a broadened quasielastic peak whose
width decreases as T T, and is resolution limited
below 300 K. Figure 19 shows the reciprocal of this
intensity, multiplied by temperature for these scans.
This quantity decreases towards zero approximately
linearly with (T —T,) from a temperature of 581 K
down to T, . This behavior is typical of other systems

FIG. 18. Low-energy resolution scans of' the mode asso-
ciated with the structural phase transition in BaMnF4 at
several temperatures above T, .

where the soft mode is overdarnped.
'The soft-mode branch becomes underdamped as

0.39 —( increases. Figure 20 shows scans along the
[$0.50.51 direction at T =581 K for (=0.30, 0.35,
and 0.39. At g =0.39, the mode is overdamped, but
has a width larger than the resolution. As g de-
creases a propagating feature begins to emerge. For
the [0.39qril directio'n, the mode becomes more ra-
pidly underdarnped as q changes and is relatively in-
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FIG. 19. Reciprocal of the intensity of the neutron
scattering multiplied by temperature for the niode associated
with the structural phase transition in BaMnF4,
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sensitive to temperatures for g ~0.35. Figure 21 is a
plot of the dispersion of the soft-mode branch along
the [$1.51.5] and [0.39qqI directions at 300 K. The
measured spectra can be fit with the cross section for
scattering off a damped harmonic oscillator.

21 away from q~ do not substantially change except
for a slight increase in frequency as T decreases.
Scans about the point q~ were performed to search
for any additional modes which could be related to
amplitude or phase fluctuations, but none was found.

S ( Q, co) = [n ((o) + 1]
Cdo QJ . +Qj y

(3)

where coo is the frequency of the phonon, y is the
damping, n (co) is the thermal occupation factor, and
A is the normalization constant. Within the dotted
region of Fig. 21, the mode is overdamped but the
above formalism can still be used except for wave
vectors very near q~ where a divergent central peak is
present. This is shown in the high-resolution spectra
of Fig. 22 taken at Q = (2.39, 0.5, 0.5). On the energy
scale of this figure, the broad background is the over-
damped soft mode and the narrow, resolution limited
central peak at heo =0 is seen to diverge as the transi-
tion temperature, T,

' =247.5 K is approached. This
feature is very similar to that observed in KMnF3,
where -a central peak is observed in addition to an
overdamped soft mode. The major difference of
course is that in KMnF3 the wave vector of the fluc-
tuations of the order parameter is commensurate at
(0.5,0.5,0.5) whereas in BaMnF4, it is incommen-
surate.

Experiments below T, were made difficult by the
paramagnetic scattering which increases as T is
lowered. The shapes of the dispersion curves of Fig.

V. - THEORY OF STRUCTURAL PHASE TRANSITION

A. Ginzburg-Landau theory

As seen above, the low-temperature phase of
8aM nF4 is one in which the high-temperature struc-
ture is modulated by a distortion with a wave vector
which is incommensurate with the lattice

qt = (0.39, 0.5, 0.5). Because the theory of such tran-
sitions is not well understood and certainly not widely
known, we discuss the theory for BaM nF4 in some
detail. The symmetry of the high-temperature phase'
of BaMnF4, 32~am, is such that the "small" represen-
tation of the wave vector ((, 0.5, 0.5) is one-
dimensional. 3 There are then four different but
equivalent wave vectors which describe the primary
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FIG. 20. Spectral profiles for the soft-mode branch pro-,
pagating along the [(0.50.5] direction at T =581 K.

FIG. 21. Frequencies of the excitations in BaMnF4 pro-

pagating along the directions I.(1.51.5] and [0.39' q] at
T =300 K. Within the dotted region the modes are over-
damped.
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where the coefficient A is normally written
A =a(T —T,), while Vl and V2 are real coefficients
associated with normal scattering processes, and

V3 = Vei with V positive describes an umklapp
scattering process. The amplitudes of the four dif-

ferent primary order parameters are written

Ql, . . . , 04, respectively.
Since the displacements of the atoms at the transi-

tion are real, the distortions at the phase transition
must be of the form

02=41e '
~ 04=Le

where @1 2 and pt 2 are real. When these are substi-
tuted into Eq. (4), the result is

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 I.O
ENERGY (rneV)

FIG. 22. High-resolution measurements of the nearly

elastic scattering from the mode associated with the structur-
al phase transition in BaMnF4. Note that there is a resolu-

tion limited quasielastic component whose intensity is grow-

ing rapidly as T T, .

order parameters

q 1
= (0.39, 0.5, 0.5), q2 =—ql

q2=(0.39, —0.5, 0.5), q4= —q2

In addition, experiment and theory show that the
primary order parameters couple to secondary order
parameters; the elastic strains and distortions with
wave vectors

q5
——(0.78, 0, 0), q6 =—

qg

qv = (0 78, l, 0), qs =—qr

FL A (4't, + tl'2) + Vl(41 + 1|'2) + V21t'1 0'2

+2 V@1'@zcos(u+21ilt —21i12)

Differentiating this expression to give the stability
conditions yields

(5)

A +2/12 Vl + V2@22+2 V$22cos(a+21111 —21i12) =0,

A +2/2 Vl+ V2$1+2 Vpt cos(a+21ill —21112)=0, (6)

V1t 1 $2 sin(a+21ilt —21i12) =0 .

From the third of these equations, the relative
phases of the order parameters are defined through
the umklapp term.

There are two possible solutions below T, which
have continuous phase transitions at T, . Solution (i)
has @1=@2=$with

a(T, —T)
2Vt+ Vg —2V

and
as shown in Fig. 14.

The inclusion of these parameters in the theoretical
development considerably complicates the formalism.
%e therefore include in the text only the develop-
ment neglecting the effects of the secondary order
parameters. The theory has been calculated including
their effects with qualitatively similar but lengthier
expressions for the frequencies and amplitudes of the
distortions.

In the Landau theory of phase transitions the free
energy of the crystal is expanded in a power series in
the order parameters. Neglecting the secondary order
parameters and including terms only up to fourth
order in the displacements the expansion for BaMnF4

J'L, =—
2Vi+ Vp —2V

Solution (ii) has @1=@, @2=0 with

a(T, —T)

2Vt
and

A~
FL=—'

4.Vt

Solution (i) will be stable if

0 & 2Vt+ Vg —2 V &4Vi

(8)
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while solution (ii) will be stable if

0(4V) (2V)+ V2 —2V . (10)

the ordered phase by choosing

n + 2$t —2 /2 = (2n + I) 7r
Since it is impossible to calculate these coefficients
from first principles we do not know which is the
stable solution. Purely on the statistics of random
numbers, however, it is more likely that solution (i)
will be the stable solution. In part this is because in

that solution the relative phase angles may be chosen
so that the effect of the umklapp term is to stabilize

The frequencies of the norrrial modes can be ob-
tained by treating the free energy [Eq. (4)] in a
Landau-Ginzburg sense, and identifying above T„
A =0).

Below T, the four modes for solution (i) have fre-
quencies and eigenvectors (Qt, Q2, Q3, Q4) given by

4 V] —2 V2+4 V j 'y]
~22=~(T, —T), e2= (e,e—, —&, —& )

2V, +V, —2V

3 ——g(T, —T)—,e3 ———(e, —e,e, —& )2= 8 V g i+~ i+y i+2 -i/2

2Vi+ V2 —2V
'

(12)

~, =0, e, =-(e

ese four modes have fairly simple physical interpretations. The first two are amplitude modes and correspond
to oscillations of the amplitudes @~ and @2. In mode (a) these oscillations are in phase and in mode (b) out of
phase. Note that the frequency of mode (a), the totally symmetric mode, is given by the same expression as its
frequency in the Landau-Ginzburg theory of commensurate phase transitions.

The third and fourth modes are oscillations of the phases f~ and Q2. In mode (c) these oscillations are out of
phase and the frequency of the mode is determined by the umklapp terms in the free-energy expansion. In the
fourth mode the phase motions are in phase and this motion costs no energy so that the mode is the Goldstone
boson corresponding to the continuous phase symmetry of the incommensurate phase.

If the low-temperature phase has the alternative crystal structure [solution (ii)] the frequencies of the modes
and their eigenvectors are given by

cut2=2a(T, —T), et =,
&
(e,e, 0, 0)

e2=,),-(~ t,
—~ ', 0, 0)

—if)

I 2+2I —2&t - 1,0 0 I
-t +2et&,

Cd3 =0 T~ T
2Vi

'
2

e3= »2 i0, 0, 1,e J

(13)

1

V2-, 2 V —2 V)
(u4' = a ( T, —T)

2Vi
eg= t(2 (0, 0, 1, —e ')

The first of these modes is the normal amplitude
mode corresponding to oscillations of Q, and the
second the zero-energy phase mode corresponding to
oscillations of P~. The third and fourth modes are
the amplitude and phase modes associated with the
wave vectors q3 and q4. This phase has been
analyzed assuming that the distorted phase is associ-
ated with the wave vectors q~ and q2. There is an ex-
actly equivalent solution with wave vectors q3 and q4
interchanged with qq and q2. In a bulk crystal both of
these domains are likely to be present, probably in
roughly equal proportions.

In a neutron scattering experiment below T„both
distorted structures give rise to the result that four

modes should be observed for a wave-vector transfer
of the form Q = r +qt t where r is a reciprocal lattice
vector of the high-temperature phase. Because all of
the modes have the same amplitude the intensities of
the modes differ only because of the explicit frequen-
cy dependent factors in the cross section, which is

given by

S(Q, o)) =K(Q) X
'

5(co —o);), (14)
n(o);) + I

i-1 ~i

where K(Q) is a constant. Above the phase transi-
tion only one mode is observable for each wave vec-
tor and its intensity is given by Eq. (3) with
cop' = a ( T —T,) .
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In contrast, in a Raman scattering experiment only
the fully symmetric amplitude mode is observable
below T, and none is observable above T, .

These results are applicable only for wave-vector
transfers corresponding to the new Bragg reflections.
For neighboring wave vectors, the frequencies of the
modes are expected to rise with increasing wave vec-
tor from the Bragg reflection, quadratically with the
wave vector for all the modes except for the Gold-
stone phase modes ~hose frequencies rise linearly
with increasing wave vector.

necessary to extend the Landau expression for the
free energy to construct an effective Hamiltonian for
all the modes in the neighborhood of the ordering
wave vector. This effective Hamiltonian can be writ-
ten in a form more closely allied to that of Mukamel
and Krinsky if the variables are changed by the
transformation

01(qt+q) =,i, [P1(q) + iP1(q)121/2

+q)» [Pl(q) P1

B. Critical phenomena

The phase transition in 8aM nF4 has four primary
order parameters. It is therefore an example of an
n =4 model of the type which has recently been dis-
cussed by Mukamel and by Mukamel and Krin-
sky. In order to discuss the critical phenomena it is

Q3(q3+q) =
I» [P2(q) + iP~(q)]21/2

Q4(q~+q) =
2 [P1(q) —iP2(q)]

when the effective Hamiltonian becomes

(1S)

2 2

~=+—'Xu, (q)(P,'+P, )+u g(P,'+P, )'+u(P1'+P, )(P,'+P, )

+ w [(P12 —P1 ) (P22 —P2 ) +4P1 P1 P2P2] (16)

where we have used the conventional notation of
renormalization-group theory and suppressed the
summations over the various integrals. In terms of
the earlier notation, Eq. (4),

u2(q) =A +q', u = V1/4

points: (i) the Gaussian fixed point

u =v =N =0 (19)

(ii) three equivalent fixed points corresponding to
two independent n =2 systems

v = V2/4, w = V3/2

(17) u v'= e'=0
40K4

(20)
with the phases of the eigenvectors of the u modes
chosen so that n=nm.

The Hamiltonian Eq. (16) is very similar to that
considered by Mukamel and Krinsky, apart from the
additional ~ term.

The critical properties of the Hamiltonian have
been investigated using the techniques of
renormalization-group theory. In dimension
d =4 —e, keeping only terms of order e'and assum-
ing a small momentum cutoff of b ', the recursion
relations become

u' = b'[u —(40u2+2u2+2w2) Kq lnb]

v' = b'[u —(32 u u + 8 u2 + 16w2) K4 inb], (18)

w' = b'[w —16 w (u + v) K4 lnb]

where K4=1/gm2.
These recursion relations have the following fixed

80K4 20k4
'

40k4

and (iii) the isotropic n =4 fixed point

u =, v =2u, w =0
48EC4

' (21)

The first of these fixed points is unstable against
all perturbations.

The stability of the second and third fixed poirits
requires more consideration. In the absence of the ~
term in the Hamiltonian [Eq. (16)], a nonperturba-
tive renormalization-group argument ' suggests that
for d =3 the stable fixed point is that for two n = 2
independent systems, and that the n =4 isotropic
fixed point is unstable. This conclusion is at variance
with that of Mukamel.

The introduction of the w perturbation in the Ham-
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iltonian then makes the n =2 fixed point unstable.
Since to order (e), no new fixed points are intro-
duced, there are no stable fixed points to the recur-
sion relations and hence it may be presumed that the
phase transition is one of the class of phase transi-
tions which are driven to be first order by the critical
fluctuations as discussed for other n «4 systems.

It is of some interest to discuss the nature of the
phase diagram as the ordering wave vector varies
along the [(0.50.5] direction. It is convenient to
write the expression for the quadratic term u2(q) as
a function of ( in the form

uz(q) =B+3 (—cos4rrg+Pcos27r() . (22)

This expression for A ) 0 has a minimum for /=0,
if P (—I, and for /=0. 5, if P ) 1. For intermediate
values of P the expression has a minimum for (= (0,
where cos2m $0=—P. In Fig. 23 we show schematic
form of the phase diagram as evaluated within
mean-field theory by using the expression (22) for
u2(q), and neglecting higher harmonics of the order
parameter. In principle, within mean-field theory, it
is possible for the wave vector (a to lock into any
wave vector of the form (0 = (n t/nz) 0.5, where n t

and n2 are integers. In practice the lock-in energy ap-
pears to be unimportant if n2 is larger than 2. In Fig.
23 we have therefore only indicated a lock-in occur-
ring for (a ——0.25.

The points 3 and 8 in the phase diagram are

known as Lifshitz points, and occur when the param-
eter P =—I, A, or P =+I, 8. For these values of P
the second derivative of the dispersion relation, Eq.
(22) is zero at the minima of the dispersion r'elations.

The form of this phase diagram has not been
evaluated in detail including the effects both of the
higher harmonics of the order parameter ' and the
critical fluctuations. The nature of the transitions
from the undistorted high-temperature phase into the-

various distorted phases may however be outlined.
Firstly, the transition into the incommensurate phase
is expected to be driven to be first order by the criti-
cal fluctuations. The transition to the commensurate
phase with (a = 4, can also be shown to be of first-

order character.
The transition to the commensurate phases with

$0=0 or 0.5, are both described by Hamiltonians
which are of the general n =2 form, The transitions
to these phases are therefore expected to be continu-
ous and belong to the universal class of isotropic
n =2 d =3 system. The renormalization-group
theory of Lifshitz points has been described by
Hornreich et aI. Unfortunately they do not give the
results for our particular case, a uniaxial Lifshitz
point of an n =2 system. It is reasonable, however,
to expect and is confirmed by detailed calculation that
the exponents will be not too different from those of
a uniaxial Lifshitz point of an n =1 system for
which, to lowest order in e,

'

the exponents describing

Ba Mn F@~

A,B-"LIFSHITZ POINTS

C"MULTI CRITICAL POINT

LU

DI-

FIG. 23. Schematic representation of the phase diagram f'or distortions of the wave vector ((0, 0.5, 0.5) as determined by the
parameter P of Eq. (22). The form of the lines has been calculated only within mean-field theory.
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the temperature dependence of the order parameter
and susceptibility, P and y, are 0.25 and 1.25, while
that describing the correlations along the [(, 0.5, 0.5)
direction, v is 0.31.

C. Comparison with experiment

The measured value of P, the critical exponent of
the temperature dependence of the order parameter
Fig. 16 is P =0.31 +0.05. This is significantly dif-
ferent from the value of P =0.5 as expected f'rom the
Landau theory discussed above. However, as we
have shown, the critical fluctuations are expected to
drive the phase transition first order (see Fig. 23).
We have not as yet observed any discontinuity, but
this small value of the exponent is the result of the
order parameter decreasing more rapidly than is nor-
mally found. This type of behavior occurs even more
extremely at a first-order phase transition. It is also
worth noting that the dispersion relation along the
[(0.50.51 direction is relatively fiat (Fig. 21). Conse-
quently, the system is very close to the Lifshitz point
associated with the critical values of the dispersion
relation when the phase transition changes from a
continuous n =2 phase transition to a first-order
n =4 transition (Fig. 23). The P exponent associated
with a Lifshitz point is expected to be about 0.25 as
described above.

BaMnF4 has been shown to exhibit a soft-mode
behavior similar to several other structural phase
transitions, 45 that is, a soft mode which is over-
damped, but becomes underdamped both as the tem-
perature is increased above T, and q deviates from
the soft-mode wave vector, q~. In addition, there is a

resolution limited central peak which diverges as
T —T, approaches zero. The major difference is that
q~ has an incommensurate value whereas most other
structural phase transitions have q~ =0 or some other
commensurate value.

Below T„BaMnF4 exhibits superlattice peaks at

qt = (0.39, 0.5, 0.5). Other satellites are observed at
q2 = 2 qj and q3 =3 q~ which could be either harmon-
ics of q~ or secondary order parameters. The surpris-
ing feature of this incommensurability is that qq does
not vary with temperature and never locks in at any
commensurate wave vector. On this basis, the in-
commensurability could be due to a peculiarity in the
low-temperature structure which is insensitive to any
fluctuations which would drive it commensurate.

The discussion of the dynamics above suggests that
there should be four additional modes of vibration in
the low-temperature phase corresponding to two am-
plitude modes and two phase modes (one of which
has zero frequency). We were unable to observe any
of these features. This may be due to the large elas-
tic scattering of the satellite peaks and relatively
strong paramagnetic scattering from the Mn2+ ions

,which increases as T is lowered toward TN.
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