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55Mn NMR spectrum in a noncollinear antiferromagnet RbMnBr 3
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The NMR spectrum of55Mn in an easy-plane noncollinear antiferromagnet RbMnBr3 was investigated in
the frequency range from 380 MHz to 470 MHz under applied magnetic fieldH up to 85 kOe atT51.3 K. The
NMR spectrum in the noncollinear commensurate phase can be explained by a plane magnetic structure with
eight manganese spins per magnetic unit cell. In the collinear phase the NMR frequencies are strongly field
dependent. In the vicinity of the critical fields, we observed NMR signals when the radio-frequency field was
parallel to the applied magnetic field.
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Early neutron diffraction experiments of Glinkaet al.
~Ref. 1! have established that the compound RbMnBr3 is a
noncollinear antiferromagnet at temperatures belowTN

58.5 K. More recent neutron scattering studies2,3 showed
that the magnetic (H-T) phase diagram consists of seve
collinear and noncollinear phases. The analyses of the
fraction data were based on the assumption that
RbMnBr3 crystal has hexagonal symmetry. The results w
not unambiguous. For example, according to Ref. 3, at t
peraturesT!TN and in magnetic fields from 30 kOe to 4
kOe the antiferromagnet has a noncollinear commensu
structure similar to the six-sublattice structure of the hexa
nal antiferromagnet CsMnBr3.4 For the same region of th
phase diagram in Ref. 2 RbMnBr3 was proposed to have
spin structure with a very large unit cell.

An incommensurate spin structure in RbMnBr3 in the ab-
sence of the field has been attributed to uniform orthorho
bic distortions in RbMnBr3 ~Refs. 5 and 6!. The row model
used by Zhitomirskyet al. ~Refs. 7 and 8! explained the
transition from an incommensurate to a commensurate 1
structure. Nevertheless, it did not explain entirely the diffra
tion pattern observed in the high-resolution neutron scat
ing experiments~Refs. 2 and 3!.

Recently, Petrenkoet al. ~Ref. 9! had carried out an x-ray
investigation of a crystallographic structure of RbMnBr3 at
low temperatures. The study showed that the crystal lat
has orthorhombic symmetry in the magnetically orde
state. The symmetry of the charge density distribution
stricts the possible variety of magnetic structures that can
realized in the crystal~see, for instance, Ref. 10!. Obviously,
spin structures with hexagonal space symmetry cannot
pear in RbMnBr3. Recognizing this fundamental fact, w
decided to learn more about the magnetic ordering
RbMnBr3 and carried out a55Mn NMR investigation of the
antiferromagnet.

The NMR spectrum of55Mn in an applied magnetic field
in a magnetically ordered state of the crystal contains di
information about the number of sublattices in the mag
and orientation of the sublattices relative to each other an
the external field. Using the NMR method in55Mn nuclei,
PRB 610163-1829/2000/61~14!/9629~4!/$15.00
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we have already observed the distortions in the triangu
spin lattice of the noncollinear antiferromagnet CsMnB3

~Ref. 11! induced by the magnetic field and a new type
relativistic distortion in a spin structure of the noncolline
antiferromagnet CsMnI3.12,13Here we are present our resul
about the fine details of the magnetic structures in RbMn3

at low temperatures (T!TN).
RbMnBr3 crystallizes in a lattice with hexagonal spa

symmetryP63 /mmc. In the crystal lattice ions Mn21 are
surrounded by octahedra of halogen Br31, and these octahe
dra, joined at a common face, form chains along the cry
axisC6 ~directionz). The packing of the chains is hexagon
in the basal plane of the crystal. Voids between the cha
are filled by Rb1. As the temperature decreases, the crys
lattice undergoes structural transformations that are ass
ated mostly with shifts of the chains with respect to ea
other along thez direction. At temperatureTc15470 K,14 the
crystal lattice undergoes a second-order phase transitio
the hexagonal structureP63cm with the unit cell increased
by a factor ofA33A3 in the basal plane. In this phase on
third of the chains is shifted along thez direction by a small
fraction of the crystal period. The first-order phase transit
at Tc25220 K ~Ref. 15! destroys the hexagonal symmetr
According to Ref. 9, the ion chains are sinusoidally mod
lated perpendicular to the basal plane. The amplitude of
atomic modulation is small in comparison with interatom
distances in the crystal. Due to distortions of the hexago
lattice one-fourth of the chains of Mn21 is shifting ‘‘up-
ward’’ along the c axis while another one-fourth shift
‘‘downward,’’ and the rest remains in the basal plane. T
lattice space symmetry is orthorhombic~the space group wa
not established exactly! with four manganese ions Mn21 per
crystal unit cell.

In zero magnetic field (T!TN) the magnetically ordered
state of the crystal is caused by the spins of Mn21 that are
coplanar to a spin plane. The field of the crystal anisotro
orients the spin plane perpendicular to the crystalc axis,
which coincides with or is very close toz. The spins form
antifferomagnetic chains alongc. The exchange interaction
between Mn21 ions in the plane is antiferromagnetic. Th
9629 ©2000 The American Physical Society



pi

-

ne
re
ti

he

e

io
x-
-
n

ta
e
n
en

R
-
qu
nt
.
an
0
in

r
y
e

e
th

su

e
e
a

d
t.

te-
in
e
ic

the
ns.
er-
mp-
als

tic
-
f

to
o-
t
su-

g. In
e

’

se
in
in

to
nti-

. 2,
uc-

ith
n at
R

his

ro-

9630 PRB 61ALEKSEY M. TIKHONOV AND SERGEI V. PETROV
spins form a helicoidal structure whose periods in the s
plane are incommensurate with the crystal lattice~Ref. 1!.
The anisotropy in the spin plane is small~Ref. 16!.

If the external magnetic field (H'c) is smaller than the
exchange field and ifT!TN , then there are two reorienta
tional phenomena in theH-T diagram of RbMnBr3. In a
critical magnetic field,Hc1'30 kOe,2,3,16 the incommensu-
rate spin phase transforms into a commensurate noncolli
phase. This phase transition is accompanied by a hyste
in the intensity and the shape of the antiferromagne
resonance17 and simultaneously with small hysteresis in t
magnetization curve16 and birefringence.18 The commensu-
rate noncollinear phase collapses into the collinear phas
the second critical fieldHc2, for which Hc2'40 kOe.16

Stationary signals of NMR have been excited by a rad
frequency fieldh either parallel or perpendicular to the e
ternal magnetic fieldH. We will show that the NMR spec
trum (h'H) in the commensurate magnetic phase does
correspond to the six-sublattice spin lattice.

Monocrystal samples of RbMnBr3 were grown using
Bridgeman method. This procedure was described in de
in Ref. 16. The RbMnBr3 crystals grown by this method ar
transparent and can be easily cleaved along binary pla
We have studied five monocrystals prepared at differ
times.

Experiments were conducted with a wide-range cw NM
spectrometer with a high-Q reentrant resonator and fre
quency modulation. The design and experimental techni
are described in detail in Ref. 11. Most of all the experime
were carried out atT51.3 K in a field range up to 85 kOe
The magnetic field was applied in the spin plane of the
tiferromagnet RbMnBr3. The frequency range from 38
MHz to 470 MHz was covered by one split-ring resonator
which polarization of the radio-frequency field~rf field! h
was perpendicular with respect toH and by one resonato
with the polarizationhiH. The spectra were obtained b
passing through a resonance with respect to the magn
field.

In magnetically ordered state of the crystal, the mean fi
approximation predicts the following dependence of
NMR frequencyvn of nuclei 55Mn belonging to the same
sublattice upon the effective field:

vn

gn
5uHh f1Hu5Hh fS 11

H2

Hh f
2

22
H

Hh f
cosu D 1/2

,

~1!

Hh f52
A

\gn
^S&,

whereA,0 is the hyperfine interaction constant,^S& is the
average ion spin,\ is Planck’s constant,gn/2p51.06 MHz/
kOe is the gyromagnetic ratio for nucleus55Mn, andu is the
angle between the external magnetic field vector and the
lattice magnetization.

At liquid helium temperatures the correlations betwe
nuclear and electron motions may become significant du
low-frequency electron spin resonance modes. In this c
the NMR spectrum deviates from Eq.~1! and has a strong
dependence upon the temperature. This effect is referre
as pulling~Refs. 19 and 20! or as a dynamic frequency shif
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Intensities of NMR signals in magnetically ordered ma
rials are determined by the coefficients of the rf-field ga
~see, for instance, Ref. 21!. Thus, the quantum resonanc
transitions of nuclear spins are mostly induced by dynam
components of hyperfine fields.

In the vicinity of the critical fieldHc2 of the collapse of
sublattices, even a weak longitudinal rf component in
applied magnetic field is capable of swinging electron spi
As a result, strong perpendicular components of the hyp
fine fields appear at the same frequency as that of the pu
ing rf field. Therefore we were able to observe NMR sign
in RbMnBr3 at rather exotic conditions whenh was parallel
to the applied magnetic field. A recording of the magne
field scan (hiH) at pumping frequency 390.3 MHz is pre
sented in Fig. 1~a!. Absorption was detected in the vicinity o
both critical fieldsHc1 and Hc2. At these conditions the
NMR spectrum in the range of frequencies from 380 MHz
460 MHz consists of two almost field-independent res
nances nearHc1 and Hc2. In the small range of fields tha
corresponds to the collapse of the noncollinear commen
rate phase, the nuclear resonance was especially stron
CsMnBr3, at the same experimental conditions, w
observed22 NMR in the interval of fields from 0.8Hc to Hc
(Hc'64 kOe is the field of collapse of the ‘‘triangular’
phase23!.

Whenh'H, the rf-field gain coefficient appears becau
of the joint rotation of the electron spin system in the sp
plane. The spectrum of antiferromagnetic resonance
RbMnBr3 was studied in Refs. 17 and 7. Corresponding
these spin motions, the frequency of the branch of the a
ferromagnetic resonance is too high~more then 45 GHz! to
distort significantly the NMR frequencies,24 and the spec-
trum is described by the approximation~1!. The experimen-
tal spectrum at these conditions is represented in Fig
which contains direct information about the magnetic str
ture.

Using a method of passing through the resonance w
respect to the magnetic field we did not detect absorptio
H,Hc1. Two regions of the rearrangement of the NM
spectrum (h'H) correspond to the critical fieldsHc1527
kOe andHc2542 kOe. The absorption nearHc1 has hyster-
esis both in intensity and position of the resonance. T
phenomena is demonstrated in Fig. 1~b!.

FIG. 1. Examples of recordings of absorption in the antifer
magnet RbMnBr3 at T51.3 K: ~a! at frequency 390.3 MHz,hiH;
~b! at frequency 439.0 MHz,h'H.
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PRB 61 963155Mn NMR SPECTRUM IN A NONCOLLINEAR . . .
The NMR spectrum in the noncollinear commensur
phase consists of two pairs of branches~1,2! and ~3,4! that
merge pairwise in the critical fieldHc2. In the collinear phase
(H.Hc2), the NMR spectrum consists of two branchesA
andB that both have a strong dependence of the frequencn
on the magnitude of the applied magnetic field. The va
dn/dH'0.5 MHz/kOe is much greater than follows from
Eq. ~1! at fixed hyperfine fieldHh f . The integral intensity of
theA branch is approximately the same as the intensity of
B branch.

The magnitudes ofHc1 and Hc2 are very well in agree-
ment with the values known from measurements
magnetization,16 neutron diffraction,2,3 and the recent study
of the specific heat.25 All samples of RbMnBr3 had the same
NMR spectrum.

The destruction of triangular spin structure on a hexa
nal lattice by magnetic field in the mean field approximati
was considered by Chubukov~Ref. 26!. This rough model
qualitatively describes NMR in the hexagonal antiferroma
net CsMnBr3. To demonstrate the dramatic difference b
tween the magnetic structure of the commensurate non
linear phase of RbMnBr3 and the triangular spin structure w
draw in Fig. 2 by solid lines the spectrum for the latter stru
ture. We used formulas from Ref. 11 with the value of e
change fieldHE51200 kOe,16 critical field Hc542 kOe, and
NMR frequency in zero fieldvn0/2p5418 MHz. The ex-
perimental spectrum of the noncollinear commensur
phase of RbMnBr3 is qualitatively different from these de
pendencies since it contains four branches instead of thr

This discrepancy can be explained by the more com
cated spin structure in this phase of RbMnBr3. It is repre-
sented by a plane structure in Fig. 3 and consists of e
sublattices. In this picture, the magnetic field is applied alo
the axiso. When the value ofH increases, anglesa and b
decrease to zero, and the collinear phase is realized atHc2.
The critical fieldHc1 is very close toHc2, and the angles
a,b depend strongly upon the external magnetic field.

FIG. 2. The NMR spectrum of the antiferromagnet RbMnBr3 at
T51.3 K ~dots!. Solid lines illustrate the collapse of the triangul
spin structure in the mean field approximation~see text!.
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The dynamic interaction between nuclei and electro
lifts the double degeneration of the NMR spectrum branch
which is present in the approximation~1!, for the proposed
structure. The dependence of rf-field coefficients values
the relative orientationh and H imposes constraints on th
observation of the NMR modes. Four of them we have o
served whenh'H; the others should be seen athiH. Unfor-
tunately, since the gain coefficient drops down too fast w
decreasingH/Hc2, we failed to separate all branches at t
latter case.

The value ofb can be estimated from the difference
NMR frequencies for nuclei of the branches 1 and 2, that
Dvn/2p'15 MHz at H535 kOe. From the expression~1!
b'Dvn /Hgn'20°. The same analysis for branches 3 an
shows thata at 35 kOe is approximately 120°. Angleb is
small and the spin configuration is close to the 120° trian
lar spin structure.

In addition, using Eq.~1! (A521.51310218 erg from
Ref. 27!, we have found the average spin of Mn21 for sub-
lattices 1–4 to bêS&8'1.9 and for 5–8 to bêS&9'1.8. All
these values are strongly reduced in comparison with qu
tum numberS52.5 for a free Mn21 ion.

Spin structure in the collinear phase can be described
two types of magnetically nonequivalent chains of Mn21

spins. The strong dependence of the NMR frequencies u
the applied field can be associated with quasi-o
dimensional nature of the exchange interaction in RbMn3
~Ref. 1!. From the point of view of the microscopica
model,28,29 the increase of the NMR frequencies can be
terpreted as a suppression of quantum fluctuations by a m
netic field.30

The appearance of the spin structure with eight sublatt
in the noncollinear commensurate phase corresponds c
pletely to the crystal structure of RbMnBr3 at low tempera-
tures. In the commensurate noncollinear phase the magn
unit cell is two times larger than that of a crystal. In th
collinear phase the size of the magnetic unit cell reduce
the crystallographic one.

In closing, we sincerely thank Professor L. A. Prozoro
and Professor V. I. Marchenko for numerous fruitful discu
sions. The authors also thank Alexander Roitman.

FIG. 3. The magnetic structure in the noncollinear commen
rate phase of the antiferromagnet RbMnBr3.
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