
on of
lative

linear
ven

lized
e

th the

JETP LETTERS VOLUME 69, NUMBER 1 10 JANUARY 1999
On the NMR spectrum in antiferromagnetic CsMnI 3
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An explanation is proposed for the spin-reduction anisotropy observed
in an investigation of NMR in the noncollinear six-sublattice antiferro-
magnet CsMnI3. © 1999 American Institute of Physics.
@S0021-3640~99!00901-9#

PACS numbers: 75.50.Ee, 33.25.1k

In exchange-interaction magnets, relativistic effects lead to a definite orientati
the spin structure with respect to the crystal axes and to weak distortions of the re
orientation of the sublattices — weak ferromagnetism1–3 or weak ~additional!
antiferromagnetism2 ~see the case of Cr2O3). In Ref. 4 relativistic distortions of a new
type, which the authors termed spin-reduction anisotropy, were found in the noncol
antiferromagnet CsMnI3. In the present letter, a description of this phenomenon is gi
on the basis of the theory of exchange symmetry.5

The relative orientation of the sublattices in CsMnI3 is shown in Fig. 1. Following
Dzyaloshinski�,2 we introduce instead of the six sublattices their linear combinations
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which transform according to one-dimensionalM , L and two-dimensional
(L1 ,L2),(L3 ,L4) representations of the group of permutations of the sublattices rea
by the crystal transformations of the symmetry groupD6h

4 of the crystal. In the exchang
approximation, in CsMnI3 the antiferromagnetism vectors (L1 ,L2) are nonzero; in addi-
tion, they are equal in modulus and perpendicular to each other, in agreement wi
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general requirements of exchange symmetry.5 Analysis of the quadratic relativistic in
variants shows that the remaining spin vectors do not arise in the structure as an
due to weak ferromagnetismM or weak antiferromagnetismL , (L3 ,L4). It is found that
the distortions of the spin structure that were found in Ref. 4 reduce to breakdown o
exchange condition — the equality of the moduli of the vectors (L1 ,L2). This effect
arises for the following reasons.

The exchange energy of a structure with arbitrary magnitudes and relative or
tion of the spin vectorsL1 ,L2 is a function of the form

E$L1
21L2

2 , 4~L1•L2!21~L1
22L2

2!2%. ~2!

We introduce as the variables characterizing the magnitudes and relative orientat
the vectorsL1 ,L2 the parametersj, z, andf, defined as

L15j cosz, L25j sinz, L1•L25L1L2 cosf. ~3!

The minimum of the exchange energy in CsMnI3 corresponds to the valuej5j0 and

z5p/4, f5p/2. ~4!

Near this minimum the exchange energy is a positive-definite quadratic form with re
to small deviations:

const1C1@4~dz!21~df!2#1C2~dj!2. ~5!

The anisotropy energy of first-order in (v/c)2 reduces to the invariant

2B~L1z
2 1L2z

2 !/2. ~6!

As a result of this term, the vectorsL1,L2 will differ from the valuesL1
0 ,L2

0 of the
exchange approximation~3! and ~4! by some amountdL1 ,dL2. The term in the anisot-
ropy energy~6! that is linear in these deviations has the form

2B~L1z
0 dL1z1L2z

0 dL2z!. ~7!

In CsMnI3 in the ground state the spin plane is perpendicular to the basal pla
the crystal~the anisotropy constantB is positive!. The orientation of the sublattices in th

FIG. 1.
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spin plane and the azimuthal orientation of the spin plane itself are fixed by the s
order anisotropy energy.6 In the presence of a magnetic field directed along a symm
axis of the crystal, the following three orientational states are observed:7,8 In fields below
Hc1539 kOe — the phase I (L1z

0 5L1
0 ,L2z

0 50, Fig. 2a!; in the intervalHc1,H,Hc

552.5 kOe — the phase II (L1z
0 50,L2z

0 5L2
0 , Fig, 2b!; and, forH.Hc — the phase III

(L1z
0 5L2z

0 50, Fig. 1!.

Minimizing the sum of expressions~5! and ~7!, we find that in each phase th
vectors (L1 ,L2) remain orthogonal (df50) and that

phase I: dz52A1 , dj5A2j0 ,

phase II: dz5A1 , dj5A2j0 ,

phase III: dz50, dj50, ~8!

where the constantsA15Bj0
2/16C1 andA15B/4C2 are positive.

Therefore the easy-axis anisotropy can lead toL1
2ÞL2

2 and to an increase in th
squared order parameterL1

21L2
2. In the general case, evidently, relativistic effects c

also destroy the orthogonality of the antiferromagnetism vectors. In CsMnI3 the exchange
interaction between the nearest neighbors along thez axis is much greater than exchang
in the basal plane.9 It is easy to show that this leads toC2@C1 /j0

2, so that when com-
paring with experiment we neglect the contribution ofA2.

Inverting the system~1! with respect to the magnetizations of the sublattices w
allowance for the uniform magnetization in the external magnetic field, we obtain

M j5
1

6
M1

1

3
$L1 cos~Q–r j !1L2 sin~Q–r j !%, Q5S 4p

3a
, 0,

p

c D , ~9!

wherea and c are the periods of the crystal lattice. Up to terms linear in the magn
field, we obtain in the phase I

M15M0S 11A11
H

HE8
D , cosa151,

FIG. 2. Distortions of the exchange structure by anisotropy in CsMnI3.
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whereHE85M0(NA /x')'43103 kOe, NA is Avogadro’s number,x' is the magnetic
susceptibility in the spin plane; we used the valuex'50.7531022 cgs units/mole from
Ref. 9;a j is the angle between the magnetization of thej th sublattice and thez axis. In
the phase II
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The structural distortions under discussion are shown schematically in Fig. 2. In pha
the magnetizations of all sublattices areM0, and cosaj5H/HE , where HE

5M0(NA /x i )2'23103 kOe andx i is the electronic magnetic susceptibility along t
normaln to the spin plane.

Neglecting relaxation, the dynamics of the nuclear sublattice reduces10,11 to the
dynamics of a ferromagnet in an effective field. Therefore the Lagrangian of the
frequency spin dynamics of the antiferromagnet CsMnI3 will be the sum of the
Lagrangian of a noncollinear antiferromagnet5 and six Lagrangians of the nuclear su
lattices coupled by the hyperfine interaction:

x'

2g2
~V1gH!21

x i2x'

2g2
~n•~V1gH!!22Ua1

1

6 (
j 51

6

mj•S Vn j

gn
2AM j1HD , ~12!

where V is the angular velocity of the electronic spin rotations;Vn j is the angular
velocity of the spin rotations of the nuclei in thejth sublattice;xn is the susceptibility of
the nuclei;g andgn are the electronic and nuclear gyromagnetic ratios;A is the hyperfine
interaction constant;mj is the magnetization of thejth nuclear sublattice, and its equ
librium value isxn(2AM j1H).

When the spin plane is normal to the basal plane of the crystal, the energUa

reduces to the expressionf (H)cos6w, f (H)5b11b3H21b4H41b5H6, wherew is the
angle between the vectorL1 and thez axis. Since the functionf (H) changes sign in the
field Hc1,8 it is convenient to introduce a different representation
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f ~H !5b1F12S H

Hc1
D 2GF11k1S H

Hc
D 2

1k2S H

Hc
D 4G . ~13!

This function determines the field dependence of the AFMR frequency associated
oscillations of the anglew. The constantsb1 ~associated with the zero-field frequenc!
andk1521.7 can be determined from the experimental data of Ref. 6; the contribu
of the term}k2 is small in the frequency range investigated in Ref. 6. The constanA1

determines the zero-field splitting of the NMR frequencies:

v12v2

v1
5

M12M2

M1
'

3

2
A1 . ~14!

According to the experimental data of Ref. 4,v1/2p5417 MHz andv2/2p5390 MHz,
whenceA150.045.

The magnetic resonance spectrum described by the Lagrangian~12! consists of three
AFMR branches~see Refs. 6 and 10! and six NMR branches. Five NMR branches for t
values taken above for the parameters of the theory and for the two remaining adju
parametersgnAM0/2p5v0/2p5400 MHz andk250.71 are presented in Fig. 3. Th
frequency of the sixth branch neglecting in-plane anisotropy is zero.

We note that the functionf (H) for the indicated values of the parametersk1 andk2

vanishes in a field slightly aboveHc , i.e., the system is accidentally close to a spin-fl
transition from the phase II to the phase I asHc is approached.
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FIG. 3. NMR spectrum in CsMnI3. The experimental data are taken from Ref. 7 at temperature 1.3 K.



49JETP Lett., Vol. 69, No. 1, 10 January 1999 V. I. Marchenko and A. M. Tikhonov
6S. I. Abarzhi, M. E. Zhitomirski�, O. A. Petrenkoet al., Zh. Éksp. Teor. Fiz.104, 3232~1993! @JETP77, 521
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