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Tetracritical Behavior of CsMnBr3
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We have used elastic neutron scattering to determine the magnetic phase diagram of CsMnBr3, an XY
antiferromagnet on a stacked triangular lattice. The application of a field along (100) splits the antifer-

romagnetic transition and results in an intermediate phase of spin-Hop character. This phase is extreme-

ly narrow near the zero-field transition at T& =8.32 K which is shown to be a tetracritical point. This

suggests that the unusual critical properties of the zero-field phase transition may be due to its tetracriti-
cality as opposed to belonging to a new universality class.

PACS numbers: 64.60.Kw, 75.25.+z, 75.30.Kz, 75.40.Cx

Over the years there has been considerable interest,
both experimentally and theoretically, in phase diagrams
exhibiting multicritical points. Bicritical points associat-
ed with a first-order spin-Aop transition have been ob-
served in uniaxial antiferromagnets such as MnF2. Tri-
critical points have been studied in systems including

He- He mixtures and the metamagnet FeC12. Mean-
field and renormalization-group calculations predicted
that A'Y antiferromagnets in tetragonal lattices would

have a tetracritical point at T=T~, H=O. Neutron-
scattering studies of the magnetic phase diagram of
Fe2As failed to reveal the expected tricritical behavior.
This discrepancy was attributed to the presence of local
uniaxial strain. Tetracritical behavior has been observed
in stressed LaA103 and GdA103 in an applied magnetic
field. Recently, Landau-type mean-field theory has
been used to study the magnetic phase diagrams of uni-

axial and planar antiferromagnets in hexagonal crys-
tals. For the planar (2'Y) case, a tetracritical point is

predicted for T=T~, H=O; novel multicritical points
may also occur at nonzero fields depending on the exact
nature of the anisotropies in the system.

CsMn Br3 has a hexagonal lat tice structure, space
group P63/mmc, with a =7.61 A and c =6.52 A. at room
temperature. The magnetic lattice is simple hexagonal
with Mn+ -Mn+ separation of 3.2 A along c and 7.6 A
in the a-b plane. The magnetic properties, in zero field,
of this compound are well described by the Hamiltonian

=2J,QS; S;+p, +2J,b+S; S;+t, , +Dg(Si')
i 1

with J, =0.88 meV, J,g =0.0019 meV, and D=0.014
meV. ' The anisotropy of the antiferromagnetic interac-
tions (J,/J, b-460) leads to quasi-one-dimensional be-
havior above 10 K. '' The A Y-like anisotropy D restricts
the spins to the a-b plane below about 20 K.

In zero field, CsMnBr3 orders three dimensionally at
T/v =8.32 K. ' This transition has unusual criteria ex-
ponents associated ' ' with it. It has been suggested

that the transition belongs to a new universality class due
to the chiral degeneracy present in the triangularly or-
dered phase. ' This critical point (T=Ttv, H=O) is ex-
pected to be a tetracritical point since CsMnBr3 falls into
the category covered by Ref. 8. Previous measurements
have shown that the application of a 3.7-T field along
(100) splits the zero-field transition. ' The nature of the
intermediate phase and the phase diagram in a field were
not determined. Zero-temperature classical calcula-
tions' taking into account quantum renormalization of
the spin- —,

' moment have predicted a transition from the
six-sublattice triangular structure to a four-sublattice
structure at H, =6.1 T (T=O K).

%e have used measurements of the elastic neutron
scattering from CsMnBr3 to determine the nature of the
intermediate phase for H &0 and to map out the magnet-
ic phase diagram. The measurements were carried out
on the H5 triple-axis spectrometer at the Brookhaven
National Laboratory high-Aux beam reactor. The spec-
trometer was operated in elastic mode using the (002)
reAection from pyrolytic graphite to monochromatize
and analyze the neutron energy. All measurements were
made using an incident neutron energy of 13.8 meV; a
pyrolytic graphite filter was placed in the main beam in

order to remove higher-order contamination. Collima-
tion before and after the sample was 20'. The tempera-
ture was monitored by a carbon-glass resistor. The sam-
ple was mounted in an aluminum sample can filled with
helium exchange gas to insure good thermal contact.
Temperature stability was better than 20 mK for 7
K & T & 10 K, and below 7 K it was better than 10 mK.
Magnetic fields between 0 and 6.5 T were applied along
(100) using a split-coil superconducting magnet mounted
in a vertical configuration. The crystal was mounted in
the (hhl) scattering plane and is the same sample used
for zero-field critical-exponent measurements. '

Figure 1 shows the intensity of the ( —,', —,', 1) and

( 3, 3, 1) magnetic Bragg peaks as a function of temper-
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FIG. 1. The temperature dependence of the ( —,', —,', I) and
( 3 3 1 ) magnetic Bragg intensities in a magnetic field of 4.2
T applied in the (100) direction. Successive phase transitions
from the paramagnetic phase to the spin-Aopped phase and
from the spin-Aop to the triangular phase occur at
T» =9.00 ~ 0.10 K and TI =7.15 + 0.10 K respectively. Inset:
Field dependence of the intensity of the (220) and (002) Bragg
peaks for T=7.0 K, indicating the increasing component of the
moment parallel to the field.

ature in an applied field of 4.2 T. Two phase transitions
are evident in the data, one from the paramagnetic to a
long-range ordered state at Ting=9. 00~0.10 K and a
second between two ordered phases at Ti =7.15 ~0.10
K. The inset shows the field dependence of the intensi-
ties of the (220) and (002) reflections at T=7.0 K rela-
tive to the zero-field nuclear intensity. There is a gradu-
al increase with field due to the increasing component of
the moment parallel to the field. There is some evidence
for a kink in the (002) data although the statistics are
rather poor due to the large nuclear component of the in-
tensity.

We have performed similar temperature scans at vari-
ous field values and, at lower temperatures, field scans at
constant temperature in order to map out the phase dia-
gram of CsMnBr3 in an applied field. The results are
shown in Fig. 2. The intensities of the magnetic peaks
observed in both phases [(—,', —,', 1) ( —', ,

—', , 1) ( —', ,
—', , I)

and ( —,', —,',3)], along with the field dependence of the
ferromagnetic component (inset, Fig. I), are consistent
with the zero-temperature predictions for the two
phases. ' The low-field, low-temperature phase (I) is the
triangular phase with an increasing cant toward the field
direction and an increasing component perpendicular to
the field that alternates antiferromagnetically from layer
to layer. At the transition from phase I to phase II, the
six sublattices collapse to four and the spins continue to
cant toward the field and the perpendicular component
decreases upon increasing the field. These magnetic
structures are shown schematically in Fig. 2 for both

FIG. 2. The phase diagram of CsMnBr3 in a magnetic field
applied along (100). P denotes the paramagnetic phase, II the
spin-Aop phase, and I the triangular phase. Representative
spin configurations (see text) for a triad of nearest-neighbor
spins within the basal plane in each of the ordered phases are
shown on the phase diagram. The lines are the results of
least-squares fits by power laws near the tetracritical point de-
scribed in the text.

phases. The structures shown are for a field applied
along the positive y axis of the graph and the spin
configurations represent those taken up by a triad of
nearest-neighbor spins within the basal plane.

All the data suggest that both phase boundaries are
continuous over the measured range. Temperature scans
were carried out by increasing and decreasing the tem-
peratures, and no hysteresis was observed. The lines in
the phase diagram correspond to the least-squares fits of
the critical temperatures at finite field by the power-law
behavior that is predicted to hold near the tetracritical
point appropriate to the tetragonal LY-like antifer-
romagnets:

T;(H') —T~ ~ H'
TN

We find yp ii =1.21 ~ 0.07 and pic i =0.75 ~ 0.05
where the y s are crossover exponents appropriate to the
phase boundaries. The second of these exponents does
not agree with the prediction, a result which may be ex-
pected because of the diA'erent physical origins of the
tetracriticality. In the case of CsMnBr3, the tetracriti-
cality is due to the symmetry of the lattice, while for the
tetragonal XY-like antiferromagnets, the tetracriticality
arises due to anisotropic terms in the Hamiltonian. The
fact that both exponents are less than 2 means both
phase boundaries cross the H=O T line at 90'. This
reAects the fact that the intermediate spin-Aop phase
(II) is extremely narrow near the tetracritical point. The
nature of the phase diagram around the tetracritical
point is qualitatively quite diA'erent from previously ob-
served cases '; it more closely resembles the behavior
predicted but not observed for FeqAs. The triangle
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FIG. 3. Log-log plot of the ( —, , —,', 1) magnetic Bragg peak
intensity (ec square of the sublattice magnetization) vs the re-
duced temperature for the spin-fiop phase (H=4.0 T) and the
tetracritical point (H=0.O T). The lines are the results of
least-squares fits by power laws with the critical exponents P as
indicated.

plotted on the T=O K line of Fig. 2 corresponds to the
predicted zero-temperature transition field of 6. 1 T. '

Extrapolating the measured transition field results in an
estimated zero-temperature transition field of 6.2+ 0.5
T.

The measured magnetic Bragg peak intensity is pro-
portional to the square of the sublattice magnetization.
We have used the measured intensities to determine the
critical exponent p for H=4. 0 T which we find to be
0.29 0.02. This value is consistent with the 3D Ising
order parameter expected for the spin-flop phase. The
zero-field value was found to be p=0.24+0.02 con-
sistent with previously determined values' ' and the
theoretical predictions. '

The application of the magnetic field within the basal
plane is expected to have a pronounced efI'ect on the crit-
ical properties of the material. First, it breaks the LY-
like symmetry within the basal plane. Second, the spin-
flop phase does not possess the chiral degeneracy present
in the triangular antiferromagnetic phase. Consequent-
ly, three-dimensional Ising-type critical behavior is ex-
pected on physical grounds for the paramagnetic to
spin-flop phase transition.

The data and the results of the least-squares fits by
power laws in reduced temperature for the ( —,', 3, 1)
peak are shown in Fig. 3. The values of P were deter-
mined using data from the ( —,', —,', 1) and ( —,', —,', 1) mag-
netic Bragg peaks and no systematic diff'erences were ob-
served for the two peaks. The previous determination of
p in zero field' made use of the ( —,', —,', 1), ( 3, y3, 1),
and ( —,', —,', 3) peaks and no systematic diAerences due to

extinction were observed in that case, so we do not be-
lieve extinction is a significant source of error for this
crystal.

It has been suggested that the zero-field transition of
CsMnBr3 belongs to a new universality class character-
ized by the symmetry of the order parameter, Z2X 5 ~.

'

This diA'ers from the standard A'Ymodel (S~) due to the
presence of a chiral degeneracy (Z2) in the triangular
phase. The present work permits an alternate explana-
tion for the unusual critical exponents' ' observed in

this system. The fact that the transition at T= T&
=8.32 K, 0=0 is a tetracritical point is perhaps
sufficient to explain the anomalous critical exponents
without the need for extending the concept of universali-

ty to include the symmetry of the order parameter in-

stead of just its dimensionality.
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