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The NMR of Mn55 nuclei is measured in the quasi-one-dimensional
antiferromagnets CsMnBr3, RbMnBr3, and CsMnI3 in magnetic fields
up to 8 T attemperatures in the range 1.3–4.2 K. The average moments
of the magnetic sublattices and their field dependences, which turned
out to be comparatively strong and different for magnetically non-
equivalent Mn21 ions, are determined from the hyperfine-field data
obtained. As a result, the magnetizations of separate sublattices in an
external magnetic field;8 T differ by more than 5%. The results
obtained agree qualitatively with the theory of the suppression of quan-
tum fluctuations by a magnetic field. ©1997 American Institute of
Physics.@S0021-3640~97!01123-7#

PACS numbers: 75.25.1z, 76.60.2k, 75.50.Ee

The investigation of the deviation of the average moments^S& of magnetic sublat-
tices in antiferromagnets~AFs! from the nominal valuesS as a result of quantum fluc
tuations is one of the standard problems of the physics of antiferromagnetism. Alth
the general theory of this phenomenon was constructed quite long ago,1 comparatively
few reliable experiments have been performed. The problem is that in 3D antiferro
nets the reduction (^S&2S)/S'225% is small and difficult to measure.b! The accuracy
of the amplitude measurements is, as a rule, inadequate because of the need t
allowance for extinction effects in neutron diffraction. The other well-known metho
measurement of the hyperfine fields at the nuclei of the magnetic ions. Thus, in io
3d elements

Hn52
A

gnh
^S&, ~1!

whereA is the hyperfine constant,gn is the nuclear gyromagnetic ratio (gn510.6 MHz/T
for Mn21), andh is Planck’s constant. However, the reduction effect is masked by
uncertainty in the hyperfine constantA, determined from ESR on the same ions in
isomorphic nonmagnetic matrix.
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Calculations2 have shown that the hyperfine constantA in substances with a low
concentration of magnetic ions is smaller than in pure magnets because of effects
the transfer of an unpaired electron spin from one manganese ion to a neighborin
Making allowance for covalence effects for the Mn21 ion with six nearest neighbors gav
a 2–4% increase in the hyperfine field, which limits the accuracy with which^S& in 3D
magnets can be determined.

The situation is much better in the case of the investigation of quasi-
dimensional magnets, where the expected spin reduction can reach 30% and
measured by different methods. Moreover, in quasi-1D magnets the Mn21 ion has only
two nearest neighbors and therefore the contribution of the indirect hyperfine intera
to the local field at the nucleus of this ion should be less than the estimate indi
above.

Data on the magnitude of the average spins of Mn21 ions in some quasi-1D AFs
with triangular magnetic structure are given in Table I.c! One can see that the agreeme
of the results with one another and with the theoretical predictions is good. Moreov
a result of the large spin reduction, it is now possible to study the suppression of qua
spin fluctuations~correspondingly, a decrease of the reduction! by an external magnetic
field. Several recently published theoretical works are devoted to this question.6,10,12,13It
was possible to explain some features of the field dependences of the magnetiza
these substances by the mechanism of suppression of quantum fluctuations: the
nonlinearity of the increase in magnetization in magnetic fields perpendicular to the
of the triangle and the magnetization anisotropy above the reorientational p
transition.6,12 The increase, associated with suppression of quantum fluctuations, o
average spin of the magnetic ions, which was found to be fully measurable6,13 even in
fields H,0.1 HE , was calculated.

On this basis, we undertook an investigation of Mn55 NMR in these substances. Th
makes it possible to measure directly the values and field dependences of the micro
magnetic moments of Mn21 ions.

All three substances~CsMnBr3, CsMnI3, RbMnBr3) possess a closely similar crys
tal structure.14 The Mn21 ions are surrounded by octahedra of halogen atoms, and t
octahedra, joined at a common face, form chains along theC6 axis. These chains ar
packed hexagonally in the basal plane of the crystal, and the voids thus arising are
with alkali-metal atoms. The unit cells in CsMnBr3 and CsMnI3 contain two formula
units and possessesD6h

4 symmetry. All Mn21 ions are crystallographically equivalent.d!

The distance between neighboring Mn21 ions along the chains is approximately half th
distance between neighbors in the plane. Correspondingly, the value of the exc

TABLE I.

^S& Neutron diffraction NMR Other methods Theory

CsMnBr3 1.65 @Ref. 3# 1.8 @Ref. 4# 1.7 @Ref. 5# 1.82 @Ref. 6#
RbMnBr3 1.8 @Ref. 7# 1.8 present
CsMnI3 1.85 @Ref. 8# 1.74 work 1.8@Ref. 9# 1.8; 2 @Ref. 10#
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integral J between them is several hundreds of times larger. Nonetheless, magne
dering withTN'10 K arises on account of interchain exchangeJ8. The Mn spins in the
chains are ordered antiferromagnetically and the mutual polarization of the cha
determined byJ8 and the anisotropy. Triangular ordering occurs in all substances —
weak fields the spins of neighboring ions in the plane lie on the sides of isos
triangles~in RbMnBr3 in fields H.3 T!.

The NMR of Mn55 was measured at temperatures 1.3–4.2 K with a cw N
spectrometer, similar to the one employed in Ref. 15, in the frequency range 200
MHz and in magnetic fields 0.5–8 T. All measurements were performed on sin
crystalline samples, placed in a helium bath and oriented so that the external and
frequency magnetic fields were mutually perpendicular and lay in the basal plane.
rule, the absorption line was recorded by scanning the magnetic field. Preliminary r
on NMR in CsMnBr3 were published in Ref. 4; a more complete article is published
Ref. 16.

The anisotropy in CsMnI3 is of the easy-axis type. For this reason, the triangles
Mn21 spins lie in a plane passing through theC6 axis. When a magnetic field perpen
dicular to theC6 axis is switched on, the planes of the triangles rotate so that the spin
perpendicular toH. The Mn55 NMR spectrum is presented in Fig. 1. To a first appro
mation, it should be described by the formula

vn

gn
5uHn1Hu5HnF11

H2

Hn
2S 12

2Hn

HE
D G 1/2

. ~2!

HereHE is the exchange field andH is the external magnetic field. We took account
the fact that the Mn21 spins are tilted with respect to the external field by the small an
;H/HE (HE'140 T). This dependence withHn5 const is presented in Fig. 1~solid
line!.

FIG. 1. Mn55 NMR spectrum of CsMnI3 at T51.3 K and with H'C6. Solid line — ‘‘unshifted’’ NMR
spectrum withHn5 const; dashed line — allowance for the DFS of NMR. Inset: Arrangement of Mn21 spins
with H'C6.
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In weak fields the spectrum is deformed by the interaction with the Golds
branch of the AFMR~so-called dynamic frequency shift~DFS! of NMR!. The NMR
spectrum under the conditionvn

2!ve
2 is described well by the expression17

vn
2

gn
2

5Hn
2S 11

vT
2

ve
2D 21

. ~3!

Here ve is the unshifted AFMR frequency andvT is the coupling frequency. The fre
quenciesve andvT were taken from the AFMR data presented in Ref. 9. Although
~3! was introduced for two-sublattice AFs, the calculation performed in Ref. 9 sho
that for CsMnI3 it holds up to terms'1025Hn

2 . However, in strong fields, where the DF
is negligibly small, a substantial increase of the NMR frequency is observed. Thi
crease can be interpreted, in accordance with Eq.~2!, as an increase in the hyperfine fiel
The field dependenceHn(H) obtained is presented in Fig. 3~see below!.

In CsMnBr3 the spins lie in the basal plane. When an external field is applied
spins become oriented in a manner so that the field lies in the direction of the bisec
the triangle on whose sides the spins lie. As the field increases, the angles at the b
the triangle start to decrease as18

cos~a!5
1

22H2/HC
2

, ~4!

whereHC56.4 T is the reorientational phase transition field. A collinear structure c
sisting of antiferromagnetically ordered ferrimagnetic planes~with spin ratio 2:1! arises
above the transition. To within the tilt angles;H/HE (HE'150 T),all spins are perpen
dicular to the magnetic field.

The NMR spectrum in CsMnBr3 is presented in Fig. 2. It consists of three branch

FIG. 2. Mn55 NMR spectrum of CsMnBr3 with H'C6, T51.3 K (d), T53.0 K (s) ~only the middle branch
is shown!. Solid line — ‘‘unshifted’’ NMR spectrum withHn5 const; dashed line — allowance for DFS o
NMR.
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v1,2

gn
5HnF11

H2

Hn
2

12
H

Hn
S 6sin~a!2

H

HE
cos2~a! D G 1/2

, ~5!

v3

gn
5HnF11

H2

Hn
2S 12

2Hn

HE
D G 1/2

, ~6!

for H.HC and constantHn a single branch, described by Eq.~6! ~solid curve3 in Fig.
2!, remains. The dashed lines indicate the NMR spectrum with allowance for the
calculated in Ref. 16. One can see that up toHC the branches1 and2 agree satisfactorily
with the calculation, while the frequency of the branch perpendicular to the mag
field increases with field similarly to CsMnI3. AboveHC the increase in the frequency o
this branch slows down, though appreciable growth of the bottom branch is observ
spins which in weak fields comprised the lateral faces of the triangle. The correspo
field dependencesHn(H) are presented in Fig. 3. This figure also shows the depende
Hn(H) on Mn55 nuclei for the collinear phase of RbMnBr3 in fields H.HC'4 T. This
is also an easy-plane AF, in which a complicated spin structure, incommensurate w
lattice, is realized in weak fields, but inH'3 T it transforms into a commensurate pha
with triangular spin ordering and subsequently behaves just as in CsMnBr3.11 One can
see that similarly to CsMnBr3 the nonequivalent Mn21 spins in the magnetic plane ar
characterized by different values ofHn , which depend quite strongly on the extern
field.

In summary, strong growth of the hyperfine field on Mn55 nuclei is observed in all
three materials with the application of an external magnetic field. This dependen
different for magnetically nonequivalent ions and leads to splitting of the NMR in
collinear magnetic phase. Such a growth cannot be explained by a change in the
fine constant of the ion itself on account of magnetostriction, since the orbital cont
tion to it AL;(g22)'0.004 is very small (g is theg factor of the ion! and the contri-

FIG. 3. Field dependences of the hyperfine field at Mn55 nuclei with H'C6 , T51.3 K in CsMnBr3 (D),
RbMnBr3 (h), and CsMnI3 (d). Dashed line —^S&(H/HC) in CsMnBr3 with HiC6;6 solid line —
^S&(H/HC) for CsNiCl3 with H'C6.13
763 763JETP Lett., Vol. 66, No. 11, 10 Dec. 1997 Borovik-Romanov et al.



o the
nds

ighbor
rfine
. For
ne
t can

re

iddle
t it
-

eory
ed for
e

in
ent.

axis
l field,

Mn

od but
n

. I.
to
the

d for
Devel-
bution due to core polarization depends extremely weakly on the distance up t
ligands.19 The well-known instability arising in the crystal structure of these compou
as a result of the shift in the neighboring octahedral chains relative to theC6 axis also has
a weak effect on the hyperfine constant, since it does not change the nearest ne
environment of the magnetic ions. The nature of the contribution of the indirect hype
interaction of neighboring magnetic ions is close to that of the exchange interaction
this reason, the change inA due to reorientation of neighboring Mn spins in the pla
should beJ8/J times less than the correction calculated in Ref. 2. For this reason, i
be asserted that the change in the average spins^S& of the Mn21 ions makes the main
contribution to the change in the hyperfine fields.

Thermal fluctuations of the spins also make a definite contribution to^S&. However,
they are small at temperaturesT'1.3 K. According to our data on the temperatu
dependence ofHn in CsMnBr3 at H50, ^S&(0)2^S&(1.3 K)<0.01̂ S&(0) ~Ref. 16!.
Moreover, temperature fluctuations become frozen out when\ve(H).kT, i.e., in com-
paratively weak magnetic fields. The field dependence of the frequency of the m
branch of Mn55 NMR in CsMnBr3 at T'3 K is presented in Fig. 2. One can see tha
is appreciably steeper in weak fields, and forH.6.0 T the temperature correction be
comes very small.

It is difficult to make a quantitative comparison between our results and the th
of the suppression of quantum fluctuations, since no calculations have been perform
our experimental situation. The dashed curve in Fig. 3 shows the dependenc^S&
3(H/HC) calculated in Ref. 6 for CsMnBr3 but with HiC6 ~in this geometry all Mn21

spins are equivalent and there is no splitting!. The solid curve shows thêS&(H/HC)
(H'C6)for CsNiCl3 ~analog of CsMnI3) from Ref. 13. One can see that the increase
magnetization of the sublattices corresponds in order of magnitude to our experim

In Ref. 10, it was pointed out that in quasi-one-dimensional AFs with easy-
anisotropy the magnetic ions are nonequivalent even in the absence of an externa
since only one third of them are oriented parallel to the easy axisC6 ~spinsA) and the
remaining spins are tilted from the axis by an angle;50° ~spinsB) ~see inset in Fig. 1!.
In consequence the average spins are different, the difference^SA&2^SB&'0.2 for
CsMnI3. The corresponding splitting of Mn55 NMR '50 MHz is close in order of
magnitude to the splitting we observed in CsMnBr3 and RbMnBr3. Unfortunately, the
NMR line corresponding toA spins in CsMnI3 is very weak and we could not detect it.e!

In summary, we have measured the field dependences of the average spins of21

ions in quasi-one-dimensional AFs CsMnI3, CsMnBr3, and RbMnBr3. These depen-
dences were found to be not only strong enough to be observed by the NMR meth
also different for magnetically nonequivalent Mn21 ions. The results obtained are i
qualitative agreement with the theory.6,10,13

In closing, we wish to express our heartfelt gratitude to I. A. Zaliznyak, M
Kurkin, L. A. Prozorov, S. S. Sosin, and I. A. Fomin for fruitful discussions. We wish
thank especially A. I. Smirnov, whose helpful remarks were taken into account in
final variant of the manuscript.
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a!Deceased.
b!The reduction in AFs with spin 1/2 should be much greater, but experiments with such ions (Cu21) are

difficult to interpret because of the difficulty of taking into account accurately the effect of the large o
magnetic momentL52. For this reason, in what follows, we shall discuss substances with Mn21 ions (6S5/2

state!.
c!The magnetic properties of these compounds are discussed in greater detail in Ref. 11.
d!The structure in RbMnBr3 is more complicated because of orthorhombic distortions.11

e!While this paper was being prepared for publication, we observed this NMR branch. Its frequency
absence of a magnetic field equals 417 MHz.

1P. W. Anderson, Phys. Rev. Lett.86, 694 ~1952!.
2J. Owen and D. R. Taylor, Phys. Rev. Lett.16, 1164~1966!; Nai Li Huang, R. Orbach, and E. Simanek, Phy
Rev. Lett.17, 134 ~1966!.

3M. Eibshutz, R. C. Sherwood, F. S. L. Hsu, and D. E. Cox, AIP Conf. Proc.17, 864 ~1972!.
4A. S. Borovik-Romanov, B. S. Dumesh, S. V. Petrov, and A. M. Tikhonov, JETP Lett.64, 225 ~1996!.
5S. I. Abarzhi, A. N. Bazhan, L. A. Prozorova, and I. A. Zaliznyak, J. Phys.: Condens. Matter4, 3307~1992!.
6M. Zhitomirski� and I. Zaliznyak, Phys. Rev. B53, 3428~1996!.
7C. J. Glinka, V. J. Minkiewicz, D. E. Cox, and C. P. Khattak, inMagnetism and Magnetic Materials, 1972
~Denver!, edited by C. D. Graham and J. J. Rhyne, AIP Conf. Proc. No. 10, AIP, New York, 1973, p.

8H. W. Zandbergen, J. Solid State Chem.35, 367 ~1980!.
9L. A. Prozorova, S. S. Sosin, D. V. Efremov, and S. V. Petrov, Zh. E´ ksp. Teor. Fiz.112, 11 ~1997! @sic#.

10Y. Watabe, T. Suzuki, and Y. Natsume, Phys. Rev. B52, 3400~1995!.
11M. Zhitomirsky, O. Petrenko, and L. Prosorova, Phys. Rev. B52, 3511~1995!.
12A. G. Abanov and O. A. Petrenko, Phys. Rev. B50, 6271 ~1994!; P. Santini, G. Fa´th, Z. Doman´ski,

and P. Erds, Phys. Rev. B56, 5373~1997!.
13T. Ohyama and Hiroyuki Shiba, J. Phys. Soc. Jpn.63, 3454~1994!.
14K. S. Aleksandrov, N. F. Fedoseev, and I. P. Spevakova,Magnetic Phase Transitions in Halide Crystals@in

Russian#, Nauka, Novosibirsk, 1983.
15B. S. Dumsh, Prib. Tekh. E´ ksp., No. 1, 135~1986!.
16A. S. Borovik-Romanov, B. S. Dumesh, S. V. Petrov, and A. M. Tikhonov, Zh. E´ ksp. Teor. Fiz.113, No. 1–2

~1998! @JETP86, No. 1–2~1998!# ~in press!.
17E. A. Turov and M. P. Petrov,Nuclear Magnetic Resonance in Ferro- and Antiferromagnets, Halsted Press,

New York, 1972@Russian original, Nauka, Moscow, 1963#.
18A. V. Chubukov, J. Phys. C: Solid State Phys.21, L441 ~1988!.
19S. Ogava, J. Phys. Soc. Jpn.15, 1475 ~1960!; S. Geschwind, inHyperfine Interaction, edited by A. J.

Freeman, Academic Press, N. Y, 1967, No. 9, p. 103.

Translated by M. E. Alferieff
765 765JETP Lett., Vol. 66, No. 11, 10 Dec. 1997 Borovik-Romanov et al.


