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Magnetic neutron-scattering studies of RbMnBr,
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RbMnBr3 is an XY-like antiferromagnet on a distorted stacked triangular lattice. At low temperatures
and fields we show by neutron scattering that there is an incommensurate ordered structure with mag-

netic Bragg peaks at (h/8+5, h/8+6, 1) where h and l are odd integers and 6=0.0183+0.0004. At low

temperatures, a field of 3 T applied along the a axis produces a first-order phase transition to a commens-

urate structure corresponding to 5=0, so that the lattice parameter of the magnetic cell is eight times
that of the nuclear cell. In addition to these two ordered structures, there is another incommensurate or-
dered phase found at high temperatures. The magnetic phase diagram shows a tetracritical point at zero
field and T=8.5+0. 1 K and a bicritical point at H=2. 55+0.05 T and T=7.8+0. 1 K. Inelastic neu-

tron scattering was used to measure spin waves along the c axis and in the easy plane. The dispersion re-

lations confirm that RbMnBr3 is quasi-one-dimensional, with much stronger exchange along c than in

the ab plane.

I. INTRODUCTION

Stacked hexagonal compounds of the form ABX3,
where B is a magnetic ion, have caused considerable in-
terest because of the frustration found in the magnetic
lattice. ' These materials occur with one-dimensional
magnetic chains along the c axis. The B ions interact
through the bridging X ions with magnetic exchange con-
stant J&, which is much stronger than the interchain ex-

change J2 so that at high temperatures the materials
form quasi-one-dimensional magnets. Three-dimensional
1ong-range magnetic order occurs at low temperatures re-
sulting in diverse magnetic phases. When J2 is antiferro-
magnetic and we have XY or Heisenberg spin interaction,
neighboring moments tend to form equilateral triangles.
This gives rise to a chiral degeneracy in the triangular
sublattices. This additional degree of freedom may put
the magnet into a new universality class.

RbMnBr3 crystallizes in a hexagonal lattice structure
with a =12.924 A and c =6.547 A. The Mn+ ions are
separated by a distance c/2 along the c axis. The struc-
ture of the manganese atoms within the basal plane is
shown in Fig. 1. It is a distortion of the two-dimensional
triangular lattice with one atom in three moved out of the
plane by a distance 0. 1088c along the c axis. Each man-
ganese atom with z =0 has six nearest-neighbor man-

ganese atoms "in the plane" each with z =0.1088c, while
each manganese atom at z =0.1088c has as nearest "in-
plane" neighbors three low (z =0) and three raised
(z =0.1088c) manganese atoms. As we shall show from
the inelastic-scattering measurements, the superexchange
along c is two to three orders of magnitude stronger than
in the ab plane. RbMnBr3 has been observed to behave
as a one-dimensional antiferrornagnet at intermediate
temperatures. In zero applied field and below 8.6 K,
RbMnBr3 undergoes three-dimensional long-range anti-
ferromagnetic ordering to an incommensurate structure
with the spins in the ab plane. ' The incommensurate

structure seems to be based on the 120' commensurate
triangular structure, since its magnetic Bragg scattering
shows three peaks close to each commensurate peak.
The three peaks are at 120' to each other in the ab plane
around the commensurate (1/3, 1/3, l) position, preserv-
ing the threefold symmetry.

In this paper we investigate first the phase diagram of
RbMnBr3 in a field applied within the basal plane and
show that there are three distinct ordered phases. The
phase diagram includes both a tetracritical and a bicriti-
cal point. Then spin waves in RbMnBr3 are studied and
spin-wave dispersion curves are used in conjunction with
spin-wave theory to produce values for the Heisenberg
exchange constants along the c axis and in the ab plane.

FIG. 1. The position of the magnetic manganese atoms in the

basal plane of the hexagonal unit cell of RbMnBr3. As well as

the manganese atoms at the cell corners, there are also man-

ganese atoms at (1/3, 2/3, z) and (2/3, 1/3, z) with z =0.1088,
as marked by the crosses in the figure. This lattice is a distor-

tion of the stacked triangular lattice where z =0.
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II. EXPERIMENT

Two experiments were performed on a large cylindrical
single crystal (1.5 cm diam by 3 cm long) of RbMnBr3.
The sample was grown by the Bridgeman technique in a
vacuum ampoule using purified manganese bromide.

For the first experiment, the crystal was oriented with
(hh 1) in the scattering plane and then placed in a helium
cryostat. Measurements were taken between 4.2 and 12
K with the temperature stable to approximately +0.05
K. The crystal gave unstructured nuclear peaks with a
mosaic spread of 0.4'. The measurements were carried
out on the N5 triple-axis spectrometer of the NRU reac-
tor at Chalk River Laboratories. An incident neutron en-

ergy of 3.497 THz was obtained from a silicon (111)
monochromator and a pyrolytic graphite filter was added
to further suppress second- and higher-order contamina-
tion. The horizontal collimation was 0.5' (monochroma-
tor to sample) and 0.25' (sample to analyzer). A silicon
(111)reflection was used as the analyzer.

For the second experiment, the sample was placed in
the same orientation into a vertical field magnetocryostat.
The measurements were carried out on the C5 triple-axis
spectrometer at the NRU reactor at Chalk River Labora-
tories. Data were again measured over the temperature
range 4.2 to 12 K with applied magnetic fields varying
from 0 to 5 T. A silicon (111)monochromator with a py-
rolytic graphite filter was used to produce an incident
neutron beam with energy 3.52 THz. For elastic-
scattering experiments, the horizontal collimation was
0.20' (source to monochromator), 0.477' (monochroma-
tor to sample}, and 0.273' (sample to analyzer). For the
inelastic-scattering measurements no collimation was
used both from source to monochromator and from
monochromator to sample; from sample to analyzer the
horizontal collimation was 0.477'. A silicon (111)
reflection acted as the analyzer.

III. RESULTS

A. Elastic scattering

The elastic-scattering pattern develops new peaks
below about 10 K, the exact temperature depending on
the applied field as we will describe later. We have ob-
served these peaks at (1/3, 1/3, 1), (2/3, 2/3, 1), (4/3, 4/3, 1),
(1/3, 1/3, 3), and (2/3, 2/3, 3) and they correspond to a lat-
tice of either 3a by 3a or V3a by &3a in the basal plane.
We shall show later that we believe these peaks to be non-
magnetic in origin and to be due to a small nuclear dis-
tortion.

On cooling below 8.5 K in zero field an extra set of
Bragg peaks appears in addition to the peaks of type
(1/3, 1/3, 1). These are shown in Fig. 2 for scans (g'I) at
4.2 K. The upper panel shows a pair of peaks that can be
indexed as (1/8+5, 1/8+5, 1} with 5=0.0182+0.0003.
The lower panel shows the scattering pattern between
/=0. 28 and /=0. 42. There are five Bragg peaks. One is
at (1/3, 1/3, 1); the two peaks at higher values of g can be
indexed as (3/8+5, 3/8+5/1) with 5=0.0184+0.0003,
and the two peaks at lower values of g can be indexed
as (5/16+5/2, 5/16+5/2, 1) with 5=0.0184+0.0006.
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FIG. 2. Bragg-peak intensity along the (gl) direction at
T =4.2 K and H =0 T. In (a) incommensurate magnetic Bragg
peaks of the form (1/8+5, 1/8+5, 1) are seen. In (b) incom-
mensurate magnetic Bragg peaks of the form (3/8+5, 3/8+5, 1)
and (5/16+5/2, 5/16+5/2, 1) are seen along with the
(1/3, 1/3, 1) Bragg peak. At this temperature and in this field
the sample is in the low-temperature incommensurate phase
with 5=0.0183+0.0004.

Similar patterns are seen about the (1/3, 1/3, 3) and the
(4/3, 4/3, 1) Bragg peaks and inverted patterns are seen
about the (2/3, 2/3, 1) and the (2/3, 2/3, 3) Bragg peaks.

By rocking the crystal and cryostat out of the horizon-
tal plane it was established that the incommensurate
peaks are actually triplets of the form (1/3+q,
1/3+q, 1), (1/3+q, 1/3 —2q, 1), and (1/3 —2q,
1/3+q, 1) where only the first of these peaks is in the
(g'I) plane. The peaks seen at (5/16+5/2, 5/16+5/2, 1)
are the projection of the out of plane contributions of the
peaks forming the triplet surrounding (1/3, 1/3, 1). The
third member of the triplet is (3/8+ 5, 3/8 V 5, 1).

The value of 5 derived from the three pairs of peaks
[I/8+5, 5/16+5/2, 3/8+5] are the same within error,
0.0183+0.0004, confirming our assignments of these
magnetic peaks. Earlier work ' on RbMnBr3 has not
identified this full set of magnetic Bragg peaks.

Data plots by Kawano, Ajiro, and Inami (Ref. 8) indi-
cate that their experiment was performed with
insufBcient resolution to see all of the magnetic Bragg
peaks. Data obtained by Kato et al. (Ref. 9) shows the
existence of all of the incommensurate peaks between
/=0. 3 and /=0. 4 along (g'I ). If the peak at (1/3, 1/3, 1)
is present in this data set, it is of weaker intensity than
for our crystal and is not resolved.

Figure 3 shows scans taken in an applied magnetic field
of H =5 T at T=4.2 K. The crystal has gone entirely
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FIG. 3. Bragg-peak intensity along the (g'1) direction at
T=4.2 K and H=5 T. In (a) a magnetic Bragg peak at
(1/8, 1/8, 1) is seen. In (b) magnetic Bragg peaks are seen at
(3/8, 3/8, 1) and (5/16, 5/16, 1) together with the Bragg peak at
(1/3, 1/3, 1). The sample is now in the high-field phase.

into a new phase which we call the high-Geld phase. Fig-
ure 3(a) shows a peak at (1/8, 1/8, 1) and in Fig. 3(b) only
the (1/3, 1/3, 1) peak together with peaks at (3/8, 3/8, 1)
and (5/16, 5,16,1) are seen. This pattern is the equivalent
of that for the low-temperature phase with 5=0.

Observations of the transition from the low-field state
to the high-Geld state were made by varying the applied
magnetic field at constant temperature. An example of
the results of this type of scan is shown in Fig. 4 for
T=4.2 K. There is a phase transition at H =3.05 T.
The phase transition has an apparent width of about 0.2
T. The transition shows some hysteresis and the mea-
surements shown correspond to increasing field. All
fields for the phase transitions in this work are given for
measurements taken with increasing Geld.

Figures 5-7 show how magnetic Bragg-peak intensities
vary with respect to temperature at constant field. The
plots in the three Gelds, 2.5, 2.75, and 3.25 T, are marked-
ly different.

Figure 5 depicts the data at 2.5 T. There is evidence of
two critical transitions for the peaks at (3/8+5,
3/8+5, 1) and at (1/8+5, 1/8+5, 1): the first at 7.8+0. 1

K and the second at 8.8+0. 1 K. The first transition is
from the low-temperature incommensurate phase to the
high-temperature incommensurate phase. The second
transition is from the high-temperature incommensurate
phase to the paramagnetic phase.

The data at 2.75 T (Figure 6) very clearly shows transi-
tions from the low-temperature phase to the high-field
phase and from the high-field phase to the high-

FIG. 4. Constant temperature scan of (3/8 —5, 3/8 —5, 1) and
(3/8, 3/8, 1) at 4.2 K. The low-field and high-field phases cross
over at about 3.05 T. Both scans were taken with field increas-
ing.
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FIG. 5. Variation of magnetic Bragg-peak intensities with
temperature in a magnetic field of 2.5 T. Two phase transitions
are seen at 7.8+0.1 K and at 8.8+0. 1 K.

temperature phase. The peaks at (3/8+5, 3/825, 1) and
at (1/8+5, 1/8+5, 1) disappear at 7.3+0.1 K and reap-
pear at 8.0+0. 1 K. These peaks are finally gone above
8.75+0. 1 K. Between 7.0+0.1 K and 8.2+0. 1 K the
(1/8, 1/8, 1) peak is seen, corresponding to the high-field
phase.
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FIG. 6. Variation of magnetic Bragg-peak intensities with

temperature in a magnetic field of 2.75 T. The incommensurate
peaks undergo a first-order phase transition into the high-field

phase around 7.3 K. Above 8 K the incommensurate peaks re-
turn.

Figure 7 shows data at 3 25 T where the low-
temperature incommensurate phase is not seen. Below
8.2+0. 1 K the high-field phase is present as evidenced by
the presence of peaks at (1/8, 1/8, 1) and (3/8, 3/8, 1). The
phase transition at 8.2 K to the high-temperature phase is
first order, though again somewhat broadened. From
8.2+0. 1 K to 8.9+0. 1 K the high-temperature incom-
mensurate phase is seen, represented by peaks at
(1/8+5, 1/8+5, 1) and at (3/8 —5, 3/8 —5, 1).

In Fig. 8 the intensity of the (1/3, 1/3, 1) peak is shown
as a function of temperature in various applied fields. The
behavior of this peak is very similar in each applied field
which indicates that the commensurate peak is only
weakly affected by the applied magnetic field. A compar-
ison of Fig. 8 with Figs. 5—7 shows that there is no evi-
dence that the magnetic phase transitions have any effect
on the intensity of the commensurate peak. Figure 9 is a
phase diagram for the phase in which Bragg peaks such
as (1/3, 1/3, 1) are present. Its behavior is markedly
different from that of similar peaks arising from a tri-
angular magnetic ordering as is found in similar com-
pound, CsMnBr3. We believe that it is unlikely that this
peak is magnetic in origin, since if it were magnetic it
would imply the simultaneous existence of two indepen-
dent magnetic structures with large magnetic moments in
the same crystal. The (1/3, 1/3, 1) Bragg peak does come
from the whole crystal volume. We conclude that it is
more likely that the peak arises from a nuclear distortion.

Using temperature scans of the incommensurate peaks
at constant field and field scans at constant temperature
we were able to map out the magnetic phase diagram for
RbMnBr3 (Fig. 10). In this figure the crosses ( X )
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FIG. 10. Magnetic phase diagram for RbMnBr3. Critical
phase transitions are represented by crosses (x). All other tran-
sitions are first order either from constant temperature scans of
(3/8, 3/8, 1) (closed circles) or (3/8 —5, 3/8 —6, 1) (stars) or
from constant field scans (open circles). Phase I is the lom-

temperature incommensurate phase, phase II is the high-field
phase, phase III is the high-temperature incommensurate phase,
and phase IV the paramagnetic phase. The broken lines are the
results of least-squares fits of the critical temperatures at finite
field according to Eq. (6). The continuous lines are guides to the
eye that mark first-order phase transitions.

represent critical temperatures derived from constant
field scans, hence we have lines of critical points from (7.8
K, 2.55 T) to (8.5 K, 0 T) and from (8.5 K, 0 T) to (9.3 K,
5 T). The other points on the diagram are all first-order
points taken from constant temperature scans of either
(3/8, 3/8, 1) or {3/8—5, 3/8 —5, 1) {closed circles, stars) or
from constant field scans (open circles). Lines of first-
order points extend from (3.8 K, 2.97 T) to (7.8 K, 2.55
T) and from (7.8 K, 2.55 T) to (8.8 K, 5 T). The point at
T =7.8+0. 1 K and H =2.55+0.05 T exists where a line
of critical phase transitions meets two lines of first-order
transitions, thus it is a bicritical point. ' The point at
T =8.5+0. 1 K and 8 =0 T is a tetracritical point (i.e.
the point at which four critical lines meet). A similar
tetracritical point has been observed in CsMnBr3.

The phase diagram contains four distinct phases num-
bered I, II, III, and IV in Fig. 10. Phase I is the low-
temperature incommensurate phase, phase II is the high-
field phase, phase III is the high-temperature incommens-
urate phase, and phase IV is the paramagnetic phase. In
all of phases I, II, and III the crystal has trigonal or hex-
agonal symmetry; the scattering pattern never corre-
sponds to orthorhombic or lower symmetry.

Bhazan et al. " used measurements of magnetization
to infer the phase diagram of RbMnBr3. Their data indi-
cates anomalies in the magnetization corresponding to
the phase boundaries that we see with the exception that
there is no anomaly at the boundary between phases II
and III. Because of this they are unable to locate this
boundary or the bicritical point. Except for this their
general picture is in agreement with Fig. 9, though they
locate t'.ie transition from phases I to II at a field of 3.75
T at 4.5 K, while we locate it at 3.05+0.l T. Kato et al.
used neutron-diffraction methods to locate this boundary
and find a first-order phase transition at 2.9 T, which is
close to the value that we find. Kato et al. also suggest
that there is another phase transition at 4.0 T and 4.2 K
corresponding to the weak minimum that we see in the
intensity of (3/8, 3/8, 1) in Fig. 4 at 3.7 T. Although the
two experiments both show ill-defined minimum in the
intensity of the (3/8, 3/8, 1) magnetic peak, we have no
reason to associate this with a phase transition. At all
fields above 3.0 T our low-temperature Bragg profiles are
centered at the commensurate positions (n /8, n /8, 1) with
n and I odd. A scan along (g'I ) taken at 4.2 K in a field

of 3.25 T showed a scattering pattern identical to Fig. 3,
a scan of the sample in a field of 5 T. Figure 1 of Kato
et al. seems to be in accord with out observations and we
do not understand their assignment of an extra phase in
the phase diagram.

The high-field phase shows some of the characteristics
of a spin-Aop phase but it is a surprise that it should be
commensurate based on such a large cell (Sa by Sa). The
low-temperature and the high-temperature phases resem-
ble each other in that both contain peaks at
(3/8+6, 3/8+5, 1) and (1/8+6, 1/8+5, 1). Figure 11
shows how the value of 25 changes with temperature in
the various applied fields.

In the low-temperature phase at low fields (0, 2, and 2.5
T) the value of 25 is constant until we near the phase
boundary where 26 begins to drop off. This dropoff is
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FIG. 11. Plot of 25 versus temperature for various fields. 25
is defined in Fig. 12. In phase III (high temperature) the value
of 25 increases rapidly with temperature, while in phase I (low
temperature) the value of 25 only varies weakly with tempera-
ture. The lines drawn are meant to serve as guides to the eye.

B. Inelastic scattering

Spin waves were measured both along the c axis and in
the easy plane. All measurements taken along c were in
zero field. Some spin waves along c are shown in Fig. 12
at 4.2 and 9.4 K for q=( —1/3, —1/3, 1.1). At both
temperatures the spin waves are well defined with fre-
quency 0.61+0.01 THz at 4.2 K and 0.60+0.01 THz at
9.4 K. At 4.2 K the full width at half maximum is 0.18
THz and at 9.4 K this width has increased to 0.24 THz.
The dispersion relation along the c direction at 4.2 K is
given in Fig. 13. The line drawn in the figure is given by
the following expression:

small at low fields but becomes pronounced at higher
fields. The data at 2.5 T shows a decrease in 25 followed
by an increase after the high-temperature phase is en-
tered. At 2.75 T the value of 25 is low at low tempera-
tures and then plateaus before the crystal enters the
high-field phase. Upon entering the high-temperature
phase 25 increases rapidly with increasing temperature.
Similar behavior is observed in the high-temperature
phase at 4 and 5 T. %e conclude that in the low-
temperature phase 25 is only weakly dependent on tem-
perature, while in the high-temperature phase the tem-
perature dependence is more pronounced.

II

Le0
~&
C0

400—

where J3 is the Heisenberg exchange constant between
second-nearest-neighbor manganese atoms along c. En

CsMnBr3, Collins and Gaulin have found J&= 0.213
+0.003 THz. ' At q, =0 we have a spin-wave energy of
0.22+0.01 THz.

Figure 14 shows spin waves in the easy plane at 4.2 K
and in zero field. The scans at q=(0.780,0.780, 1) and at
q=(0. 820,0.820, 1) show two spin waves superimposed
on a large background. The spin-wave dispersion curve
for the easy plane of RbMnBr3 at 0 T and 4.2 K is shown
in Fig. 15. The fits to the curves were drawn using the
expressions for the spin-wave energies given by Ka-
dowaki, Hirakawa, and Ubukoshi' for the stacked tri-
angular lattice with a ground state that is a triangular ar-
rangement of moments in the xy plane. The three
branches are defined using the following equations:

hto& =4S(~JI ~ [~J2[ t 3+2f (h, k)] +D])I~2,

hcoq =4S [JIJ2 [3 f (h +1/—3,k +I/3)] ]'~

hcoq 4S[JIJ2I 3 f (h 1/3 k 1/3)] ]

(2)

(3)

I
'

I
f

I
f

I

200—8
0

~ ~ ~ ~

0 I I » I » I I I » I I « I

0 0.2 0.4 0.6 0.8 1

Energy(THz)

FIG. 12. Spin waves in RbMnBr3 at 4.2 and 9.4 K with no
magnetic field applied. Both spin waves were measured at
q=( —1/3, —1/3, 1.1).

E = [[1.99 sin(mq )+0.04sin(2mq)] +0.22 ]
'~2 THz .

0
0

I I s

0 O.S
f I I I

0.4 0.5

Hence we find that J& =—0. 199+0.003 THz, where J& is
the Heisenberg exchange constant between neighboring
manganese atoms along c and J3=0.004+0.003 THz

FIG. 13. Spin-wave dispersion relation along the c axis at 4.2
K. The line fitted to the curve is given in Eq. (1).
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FIG. 14. Spin waves in the easy plane of RbMnBr3 at 4.2 K
with no magnetic field applied. Two spin waves are apparent at
both q=(0. 820,0.820, 1) and at q=(0.780,0.780, 1).

where

f (h, k) =cos(2mh )+cos(2nk)+cos(2n )(h +k)) (5)

for a spin wave vector q=(h, k, l). J2 is the exchange
constant between nearest-neighbor manganese atoms in
the plane and D is the single-ion anisotropy parameter.

In this model, J3 is assumed to be zero. Jz is
—0.000 54+0.000 05 THz and D is 0.0022+0.0001 THz.

The Hamiltonian for the distorted triangular antifer-
romagnet RbMnBr3 is unknown. The fit shown is a
crude attempt to represent the spin-wave energy by ener-
gies developed from a Hamiltonian for an undistorted lat-
tice with commensurate structure. The fit to the data is
reasonably good, though there is evidence that the upper-
most mode may actually be split into two branches.

In the undistorted commensurate triangular structure
CsMnBr3 a similar fit done by Gaulin, Collins, and
Buyers' shows good agreement with theory. In that pa-
per the uppermost mode is identified as the out-of-plane
fluctuation (zz) and the two lower modes are identified as
the in-plane and out-of-plane rotations within the easy
plane [(xy) modes].

As predicted, the interactions along t.. are much
stronger than those in the easy plane. J, /J2=368 as
compared to J, /J2=463 for CsMnBr3 (Ref. 13) and

J, /Jz =200 in CsMnI3 (Ref. 2).
A comparison of the energies of the spin waves in the

easy plane at the Neel temperature ( Tz ) with those at 4.2
K showed that the low-temperature spin waves occurred
in all cases at a higher energy than those viewed at the
same q at T~. This is unlike what was seen in CsMnBr3
in which the spin-wave energies at Tz were the same or
slightly higher than those at low temperatures. '

Figure 16 shows the dispersion curve for the spin
waves in the easy plane at 4 T. The lines drawn on the
figure serve as guides to the eye. The plot is similar to
the data in zero field (Fig. 15) with the upper branch re-
duced in frequency by about 20% and the lower branch
by about 10%.

In Fig. 17 we see a spin wave present at 4.2 K in zero
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FIG. 15. Spin-wave dispersion relation in the easy plane at
T =4.2 K with no applied magnetic field. The lines are the pre-
diction of a model with nearest-neighbor exchange in the plane,
J2 =0.00054+0.00005 THz and single-ion anisotropy parame-
ter D =0.0022+0.0001 THz.
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FIG. 16. Spin-wave dispersion relation in the easy plane at
T=4.2 K and in a magnetic field of 4 T. Two branches are
seen. The lines drawn are guides to the eye.
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FIG. 17. Spin waves with q=(0.6,D. 6, 1) in RbMnBr3. The
spin wave at 4.2 K disappears at 9.3 K, a temperature at which
the (1/3, 1/3, 1) peak is still present.

applied field for q= (0.6,0.6, 1). At 9.3 K the spin wave
has disappeared. The same result was found at a number
of other wave vectors within the basal plane (hh 1}.
Below 9.8 K in zero field the (1/3, 1/3, 1) peak is present
but the excitations within the basal plane correspond to
what is expected for a paramagnet. This supports our
thesis that the (1/3, 1/3, 1) refiection is nonmagnetic.

IV. CONCLUSIONS

Elastic-scattering measurements in applied magnetic
fields revealed that there are four magnetic phases of
RbMnBr3. a low-temperature incommensurate phase, a
high-field commensurate phase, a high-temperature in-
commensurate phase, and a paramagnetic phase. The
commensurate phase involves a lattice of size 8a by 8a in
the ab plane. Both incommensurate phases show triplets
of magnetic Bragg peaks centered on positions in the re-
ciprocal lattice with h =k =n/8, where n is an odd in-
teger. The high-field phase shows some characteristics of
a spin-flop phase. There is a bicritical point in the phase
diagram at T =7.8 K and H =2.55 T and a tetracritical
point at T =8.5 K and H =0 T. Lines of both first order
and critical points exist.

Plumer, Caille, and Hood' have used Landau theory
to investigate the phase diagram of antiferromagnets on a
stacked triangular lattice. They show that a rich variety
of phase diagrams may be possible, one of which is ob-

served for RbMnBr3 [Fig. 5(a) of Ref. 15]. The one
difference is that the phase transition from the high-field
to the high-temperature phase is predicted to be critical
rather than first order. Loison and Diep' have predicted
that phase transitions from a low-temperature phase to
an intermediate phase are first order, though possibly
only very weakly so. We have no evidence that the phase
transition from the low-temperature incommensurate
phase to the high-temperature incommensurate phase
(phase I to III in Fig. 10) is anything but critical, however
the high-field phase transition (phase II to III in Fig. 10)
is first order as is that from phase I to III.

The broken lines drawn in the phase diagram (Fig. 10)
are the results of least-squares fits of the critical tempera-
tures at finite field according to the power-law behavior
predicted near the tetracritical point:

(6)
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The 4 s are the crossover exponents appropriate to the
phase boundaries. The fit gives V, i«=1.00+0.35 and

%«, ,v=1.07&0.25, so that within experimental error
qt, «, =%«i,v=/=1. 0. Kawamura, Caille, and Plumer'
predicted for the similar compounds CsMnBr3 and
CswiC13 that /=1. 04 and 1.06, respectively. RbMnBr3
agrees with the hypothesis that both critical lines near
the tetracritical point are scaled by a common exponent

This was not found to be the case experimentally for
CsMnBr3. Zhang, Saslow, Gabay, and Benakli' and
Kawamura have looked at the effects of the lattice dis-
tortion, as shown in Fig. 1, on the magnetic structure.
They show that for nearest-neighbor interactions the
structure will correspond to a magnetic unit cell
+3a X+3a. Extra terms are needed in the Hamiltonian
to give the observed incommensurate structures.

Spin waves were measured along c and in the easy
plane. A fit to the dispersion relation along c gave
J& = —0.199+0.003 THz and J2=0.004+0.003 THz. A
fit to the data in the easy plane which collapses the in-
commensurate structure to a commensurate triangular
structure gives J& = 0 000 5—4+0. 000 05 .THz and
D =0.0022+0.0001 THz.
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