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The NMR spectrum of the quasi-one-dimensional easy-plane antiferromagnetic CsMnBr3, which
has trigonal spin lattice, is investigated in detail. The measurements were performed on a
wide-band NMR decimeter microwave-band spectrometer over a wide range of magnetic fields at
temperatures 1.3–4.2 K. All three branches of the NMR spectrum previously found by us
@JETP Lett.64, 225 ~1996!# are severely distorted because of the dynamic interaction with the
Goldstone mode in the antiferromagnetic resonance spectrum. The experimental results in
fields up to 40 kOe are described satisfactorily by an equation obtained by Zaliznyaket al. @JETP
Lett. 64, 473~1996!#. Formulas are obtained in our work that agree very well with experiment
at all fields up to the ‘‘collapse’’ fieldHc of all sublattices. The unbiased NMR
frequency in CsMnBr3 is determined to benn05416 MHz (T51.3 K) in zero external magnetic
field, and in this way the reduction in the spontaneous moment due to the quasi-one-
dimensional nature of the system of Mn21 spins, which according to our data amounts to 28%, is
determined more accurately. The field dependences of the directions of the magnetic
sublattices with respect to the magnetic field are obtained from the NMR spectra, confirming the
equations of Chubukov@J. Phys. Condens. Matter21, 441 ~1988!#. The results on the field
dependence of the width and intensities of the NMR lines are discussed, along with three observed
anomalies: 1! a strong increase in the NMR frequency for nuclei in sublattices that are
perpendicular to the magnetic field; 2! the nonmonotonic temperature dependence of the resonance
field for the lower branch of the spectrum; 3! the presence of two branches of the NMR
spectrum in largeHc fields, in which the CsMnBr3 must be a quasi-one-dimensional
antiferromagnetic. ©1998 American Institute of Physics.@S1063-7761~98!02401-9#

1. INTRODUCTION relatively weak fields at very high frequencies~up to 700
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The quasi-one-dimensional antiferromagnetic CsMn3

(TN58.3 K) has been vigorously investigated in rece
years, both theoretically and experimentally. A number
extremely interesting properties have been found in the e
tron spin system of this material: quasi-one-dimensional
change interaction and trigonal magnetic structure,1 a phase
transition to a quasicollinear structure in a comparativ
weak magnetic field2 Hc, and the electron susceptibilit
anisotropy3,4 associated with the latter, a large reduction
the electron spin moment,1,4 and the presence of the Gold
stone mode in the antiferromagnetic resonance~AFMR!
spectrum,5,6 the frequency of which is proportional to th
cube of the magnetic field. This paper is devoted to an
vestigation of the unique features of the NMR spectrum
the nuclei of 55Mn21 magnetic ions, a brief observation
description of which has been given elsewhere.7

There are several distinctive features of NMR in the n
clei of magnetic ions in antiferromagnetics.8 The NMR fre-
quency of the nuclei of magnetic ions is determined prim
rily by the magnitude of the hyperfine field, which for the 3d
elements is proportional to the average electron spin^S&. In
particular, for55Mn21 ions this field can amount to 600–70
kOe. Accordingly, NMR is observed in55Mn21 nuclei in
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MHz!.
A strong anisotropy of the exchange interaction~the ra-

tio of the exchange integrals along the chains to their va
perpendicular to the chains'500! is preserved in CsMnBr3

despite the establishment of three-dimensional order
Therefore, a considerable reduction must occur in the m
spin ^S& of the Mn21 magnetic ion because of the presen
of large quantum fluctuations induced by the quasi-o
dimensional nature of the exchange interaction. The NM
frequency at the nuclei of the magnetic ions in zero magn
field, as we have pointed out, is determined by^S&. There-
fore, an investigation of the NMR spectrum is one of t
most accurate methods of determining^S& and, accordingly,
the reduction in the spin moment. Determination of the el
tron spin reduction in CsMnBr3 was one of the goals of this
work.

CsMnBr3 is an easy-plane antiferromagnetic with trig
nal magnetic structure. When an external magnetic field
applied in any direction in the easy plane, the NMR spectr
must split into three branches. By investigating the dep
dence of the resonance frequencies of these branches o
applied field, one can trace the transition of the trigonal
tiferromagnetic structure into quasi-collinear. The seco
goal of our work was to investigate this process and to co
pare the data obtained with the prediction of the Chubuk

19709$15.00 © 1998 American Institute of Physics



-

FIG. 1. Magnetic structure of the CsMnBr3 an-
tiferromagnetic ~a—unit magnetic cell; b—
orientation of spins in hexagonal plane with re
spect to the applied fieldH!.
theory.5 It must be pointed out that CsMnBr3 is the first
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antiferromagnetic in which NMR could be observed in t
nuclei of all sublattices forming the trigonal magnetic stru
ture.

Another unique feature of the resonance properties
antiferromagnetics is associated with the strong correla
of the vibrations of the nuclei with the vibrations of th
electron system. The effect of this correlation on the AFM
was first established by Heeger, Portis, Teaney and W9

who found a strong temperature dependence for the loca
of the AFMR line in the KMnF3 antiferromagnetic and ob
served a double electron-nuclear resonance. A thorough
oretical analysis was performed by de Genneset al.10 and it
was shown that the strong dependence of the AFMR on
temperature of the nuclear magnetic system is direct
dence of the interaction of the nuclear and ionic spins, le
ing to a dynamic frequency shift~DFS!: to a pulling of their
spectra.

Since CsMnBr3 is an easy-plane antiferromagnetic, o
could expect the appearance of a pulling effect in this ma
rial too. After we had found the strong distortions of th
NMR spectrum due to the dynamic interaction of the el
tron and nuclear spins~we reported this elsewhere7!, Zal-
iznyak and Zorin11 found that in the AFMR spectrum there
a gap, which is also caused by a pulling of the spec
branches. In this paper we compare the results obtaine
the NMR and AFMR methods.

Greater absorption of a radio-frequency field, associa
with an amplification of the amplitude of the pumping fie
at the nuclei of the magnetic ions because of the dyna
componentHh f of the hyperfine field,8 is observed in mag-
netically ordered crystals. The magnitude of this amplific
tion depends on the form of the AFMR spectrum.

2. CRYSTALLINE AND MAGNETIC STRUCTURE OF THE
ANTIFERROMAGNETIC CsMnBr 3

CsMnBr3 belongs to the large family of binary halides
typeABX3 , whereA is an alkali metal,B is a 3d metal, and
X is a halogen. The crystal structure is described by theD6h

4

spatial symmetry group with lattice parametersa57.61 Å
and c56.52 Å.12 The Mn atoms in the plane perpendicul
to theC6 axis form a hexagonal lattice.

The crystal lattice determines the specific magne
structure of this substance, which is determined in exp
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fact that the distance between adjacent Mn atoms along
C6 axis is one-half that in the plane, the exchange interac
integral J5214 GHz determined in neutron scatterin
experiments,13 which characterizes the energy of the antife
romagnetic exchange interaction along the hexagonal axi
several hundred timesJ8, which characterizes the antiferro
magnetic interaction in the perpendicular plane. The va
J850.46 GHz is obtained from neutron diffraction data13

and J850.5 GHz from AFMR data.6 At TN58.3 K, three-
dimensional antiferromagnetic ordering occurs in the Mn21

spin system. The anisotropy energy, characterized by
constantD ~D52.9 GHz2 and 2.4 GHz6!, establishes the di-
rections of all spins in the chains perpendicular to the six
order symmetry axis. The weak exchange interactionJ8 be-
tween spins lying in one plane leads to the appearanc
trigonal 120-degree magnetic structure. Thus, the magn
structure of CsMnBr3 can be considered a set of on
dimensional antiferromagnetic chains, elongated along
C6 axis and interacting weakly among themselves. The u
magnetic cell is shown in Fig. 1a.

Six sublattices form the magnetic structure. Since anis
ropy is essentially absent in the basis plane, all of the Mn21

magnetic moments are expanded even in a small cons
magnetic fieldH, applied in the plane, so that the magne
field direction coincides with one of the bisectors of the t
angle ~see Fig. 1b and Fig. 2a!, i.e., the magnetizations
M1 ,M4 will be perpendicular to the field while the other tw
pairs of sublattices~M2,6 and M3,5! will form angles of
6p/6 with the field direction. On the whole, however, th
angles between the directions of adjacent Mn21 spins in the
plane will remain close to 120°. Increasing the value ofH
will lead to a decreasing anglea between the sublatticesM2

and M3 ~the same as forM5 and M6!, as shown by
Chubukov:6

cos
a

2
5

1

22z
, z5

H2

Hc
2 , ~1!

with a vanishing in a fieldHc5(48JJ8)1/2S'61 kOe ~ex-
perimental value4 of Hc'64 kOe forT51.8 K!. Moreover,
in each chain a very slight rotation of all spins occurs towa
the directionH, which is due to the finiteness of the magn
tude of the large exchange interaction fieldHE , which is
HE58JS'1500 kOe. Thus, in the magnetic fieldHc a col-
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FIG. 2. Schematic representation of the ma
netic structure of CsMnBr3 ~a—H!Hc ; b—H
.Hc!.
lapse of two pairs of sublattices occurs~a phase transition of
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the second kind!, and the magnetic structure is transform
from six-sublattice to quasi-two-sublattice~Fig. 2b!.

The difference between the anglesb andg is negligible.
A further increase in the magnetic field should lead to
rotation of all spins toward the direction of the vectorH until
there is a complete breakdown of the antiferromagn
structure through a spin-flip transition. Measurements of
magnetic moment of CsMnBr3 as a function of the magneti
field ~in fields up to 80 kOe! in Refs. 3 and 4 agree for th
most part with theory.5

The hyperfine interaction energy per 3d Mn21 ion in the
magnetically ordered state can be written in the form~see
Ref. 8!

Hh f5A~^I &,^S&!, ~2!

where ^S& and ^I & are the mean spin of the electron a
nucleus of the55Mn21 ions andA is the hyperfine interaction
constant~A,0 for Mn21!. The static field at the nuclei of th
55Mn21 ion ~in the absence of an external magnetic field! is

Hh f52
A

gnh
^S&, ~3!

gn is the nuclear gyromagnetic ratio~gn51.06 MHz/kOe for
55Mn!.

Assuming the hyperfine constantA is independent of the
sublattice number~and taking into consideration thatA,0!,
the magnitudes of the local fieldsHni0 , which act on the
nuclei of the magnetic ions for all six sublattices, have
form

Hni05uHh f1Hu5Hh fS 11
H2

Hh f
2 22

H

Hh f
cosu i D 1/2

, ~4!

where u i is the angle between the external magnetic fi
vector and the sublattice magnetization. The nuclei of
ions of the sublatticesM1 and M4 correspond toi 51, M2

and M5 to i 52, andM3 and M6 to i 53. Let us write the
cosines of the anglesu i in explicit form:

cosu15
H

HE
,

cosu25sin
a

2
1

H

HE
cos2

a

2
1oS H

HE
D ,
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1oS HE
D . ~5!

Thus, the NMR frequency in CsMnBr3 in the absence of
a dynamic shift is

vni05gnHni0 . ~6!

Figure 3 shows the NMR spectrum in CsMnBr3 ~4! pre-
dicted by theory~ignoring pulling!. For the assumptions
made previously, the NMR spectrum in fieldsH,Hc

(H'C6) will consist of three branches. In a fieldH.Hc the
NMR spectrum should consist of one branch because of
very small difference between the anglesb and g ~the ap-
pearance of the dashed curve 1 in place of the theoretica8
will be explained below!.

3. SAMPLES

The samples were prepared by the Bridgeman meth
Fabrication of the CsMnBr3 crystals has been described
detail elsewhere.4 The CsMnBr3 crystals grown by this
method are transparent and are easily cleaved along pl
perpendicular to the binary axes. TheC6 axis uniquely de-
termines the intersection of the cleavage planes. T

FIG. 3. NMR spectrum of CsMnBr3 ignoring DFS.18, 2, 3—branches of
NMR spectrum according to Chubukov’s angular dependences,5 1—
empirical relationship for unshifted frequency of middle branch~see below!.
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CsMnBr3 crystalline samples are extremely hygroscopic a
are hydrated quite rapidly in open air, turning into a wh
powder that is probably CsMnBr3•2H2O. Therefore, single-
crystal samples cleaved from a large crystal were coated
a resin cement. The protective cladding produced in
manner made it possible to work with one CsMnBr3 single
crystal for a long period of time.

4. NMR APPARATUS AND MEASUREMENT PROCEDURE

In view of the strong dependence of the NMR signal
the magnitude of the fieldH, a wideband cw decimeter spe
trometer of the type described in Ref. 14 with a high-Q cav-
ity was built to investigate nuclear resonance in CsMnB3.
The Q of the resonant section in the frequency range inv
tigated was 300–400.

The copper cavity~1 in Fig. 4! was a modified version o
a tunable cavity of the ‘‘split-ring’’ type.15 Three cavities

FIG. 4. Resonant circuit:1—cavity; 2—plate; 3—thin PETE film; 4,5—
coupling loops;6—coaxial feed lines;7—sample;8—narrow slot.
d

th
is

-

is ;0.09 mm!, in which mica plates were placed to redu
the frequency, were used to cover the range from 500 to
MHz. By moving plate 2 one can change the capacita
between plate 2 and cavity 1~the insulator 3 is a 5–10mm
thick film of polyethylene terephthalate~trade-named
Lavsan!, thereby changing the resonant frequency. Mic
wave power is supplied by the coaxial line 6. Coupling to t
resonator is accomplished by means of single-turn coils,
of which is the transmitting loop 4, while the other is th
receiving loop 5. The diameter of the coupling loops is
mm. The direction of the external magnetic fieldH, pro-
duced by a superconducting solenoid, is indicated in Fig
TheC6 axis of the CsMnBr3 single crystal 7 was perpendicu
lar to H. The alignment accuracy of theC6 axis with respect
to the solenoid axis was;63°, which did not greatly in-
crease the error in determining the resonant field. The sam
was mounted on a special fluoroplastic substrate. The en
system was immersed in a helium bath.

Figure 5 is a block diagram of the spectrometer. T
frequency of the microwave oscillatorG ~a Kh1-43 instru-
ment for studying frequency response! was modulated by the
low-frequency (f 545 kHz) reference oscillator of the syn
chronous detector SD2~PAR 5110 lock-in amplifier!. This
occurred by mixing the low-frequency signal with the co
trol voltageUcont that sets the frequency of the microwav
oscillator. An automatic frequency control~AFC! system,
tuned to the first harmonic of the modulation signal, w
used to maintain the oscillator frequency at the resona
peak. The AFC system consists of synchronous detector
and a cavity resonance tracker~ETC! with proportional and
integral feedback channels.

The output power of the microwave oscillator was le
than 3 mW. Absorption in the resonance channel was
corded at the second modulation harmonicUs2 f by means of
SD2. The depth of the frequency modulation~0.3–3 MHz!
was chosen so that it did not greatly broaden the reson
absorption line; it was typically;1.5 MHz.

Attenuators At1~10 dB! and At2 ~10 or 3 dB! were
it;
e-

k-
FIG. 5. Block diagram of spectrometer: RC—resonant circu
G—microwave oscillator; D—detector; SD1—synchronous d
tector ~UNIPAN 232B!; SD2—synchronous detector~lock-in
PAR 5110!; F—Ch3-63/1 frequency meter; At1, At2—
attenuators; DC—directional coupler; ETC—electronic trac
ing circuit; Ucont—control voltage;UHD—signal from Hall de-
tector;Us2 f —second harmonic signal.
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tion of the spectrometer in order to smooth its amplitud
frequency characteristic~AFC!. The frequency of the oscil
lator G was monitored by the frequency meterF ~Ch3-63/1!,
which was connected to the transmitter channel via the
rectional coupler DC~attenuation of the reflected wave wa
at least 25 dB!.

Thus, the NMR spectrum could be measured in t
modes: by scanning the magnetic field at fixed oscillator
quency, or by scanning the frequency at fixed magnetic fi
Unfortunately, because of the nonlinearity and poor repe
ability of the input line frequency response, this operat
mode of the spectrometer could not be fully utilized. Mor
over, the sensitivity of the spectrometer turned out to
perfectly adequate in the field-scanning mode. For the
operating mode the error in frequency measurement du
frequency instability of the resonant circuit~Fig. 4! was no
greater than 0.1 MHz. The temperature was monitored
means of the resistance of a germanium resistor and the e
librium saturated vapor pressure of4He. Its stability was no
worse than60.05 K.

The magnetic field intensity was measured with a H
detector~UHD in Fig. 5!, which together with the CsMnBr3

sample were located at equivalent positions inside a su
conducting solenoid. The error in determining the magne
field intensity did not exceed 1%.

To excite resonance and to obtain the maximum NM
amplification, the sample was oriented so that the fieldH of
the solenoid and the radio frequency fieldh were mutually
perpendicular in the hexagonal plane.

The mass of the CsMnBr3 single crystals investigate
ranged from 50 to 100 mg.

5. SPECTRUM OF COUPLED VIBRATIONS IN CsMnBr 3

Until recently the effect of dynamic interaction of th
electron and nuclear systems of the Mn21 ions on the AFMR
spectrum was completely ignored during the investigation
the low-frequency resonance properties of the electron
tem in small-size noncollinear CsMnBr3, RbMnBr3 and
CsMnI3 antiferromagnetics. It was only after the experime
tal discovery of the pulling of the spectra in CsMnBr3 ~se-
verely distorted NMR spectrum7 and gap in the Goldston
branch of the AFMR spectrum11! in Ref. 11 that the spec
trum of joint nuclear–electron vibrations was calculated u
der the assumption that the exchange trigonal structure is
distorted by the field. This condition is satisfied in fields
to ;40 kOe. In these fields the formulas of Ref. 11 descr
our experimental results satisfactorily.

For a comprehensive description of the results obtai
by us over the entire field range up toHc564 kOe, we cal-
culated the NMR spectrum using the low-frequency~Gold-
stone! AFMR mode ve1(H) calculated by Chubukov,5

which is

ve1~H !→geA3

4

H3

Hc
2 . ~7!

asH→0.
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known that its low-frequency vibration occurs with esse
tially no escape of spin magnetic moments from the e
plane: the ratio of the amplitude of the magnetization vib
tions of the sublattices perpendicular to the plane to the
plitude in the plane isH/HE . A similar relationship must be
satisfied in the case of CsMnBr3. Limiting consideration to
only this vibration, the Lagrangian of the electron spinsze0

can be written in the form16

Le05
1

2

x i

ge
2 ~f22ve1

2 ~H !f2!, ~8!

wheref is the small deviation of each spin in the basis pla
from the equilibrium direction, andx i is the susceptibility
along theC6 axis. The quantityve1(H) cannot be given in
analytic form. It is the solution of a 6th-degree equatio
which can be solved numerically. The form of the give
Lagrangian, strictly speaking, is valid as long as no seri
deformation of the trigonal magnetic structure occurs. W
return to a discussion of this question below.

Typical longitudinal (T1) and transverse (T2) relaxation
times for the nuclei of the Mn21 ions areT1;1 – 10 msec
andT2;10msec. These values are clearly several orders
magnitude greater than the period of the natural vibration
the nuclear magnetization of55Mn21, which is;2 nsec. For
this reason the magnetizations of the nuclear sublattices
be considered as conserving the magnetic moments, and
Lagrangian corresponding to their precession in the fieldHeff

can be represented in the form proposed for ferromagne
in the theory of the macroscopic dynamics of magne
substances.17 In this case the Lagrangian for the nuclei
one subsystem becomes

Ln5
1

gn
~^m&3V1gnHeff!, ~9!

where^m& is the paramagnetic moment of the sublattice n
clei, Heff5H1Hh f according to Eq.~4! ~the dipole field,
which does not exceed 2 kOe as a calculation has shown~see
below!, is ignored here, andV is the angular velocity in spin
rotation space.

By adding Eq.~8! and the sum of Eq.~9! for all six
sublattices, we obtained the Lagrangian of the system
electron and nuclear spins of the antiferromagnetic be
considered with the hyperfine interaction taken into accou

Len5Le01(
i 51

6

Lni . ~10!

The characteristic equation of the linearized system~in
terms of the small angle of deviation of the spins from eq
librium! of Lagrange equations determines the spectrum
joint vibrations. This equation has the following form for th
CsMnBr3 magnetic structure:

ve1
2 2v25

1

3

vT0
2

vn0
2 (

i 51

3
~v21vni

2 2vni0
2 !vni

2

~vni0
2 2v2!

,

vni0
2 5gn

2~Hh f! i
2S 11

H2

~Hh f! i
222

H

~Hh f! i
cosu i D ,
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2 5gn

2~Hh f! i
2S 12

H

~Hh f! i
cosu i D , ~11!

where the indexi of the spin orientation of the Mn21 ion
with respect to the applied field runs through values from
to 3, (Hh f) i is the value of the hyperfine field for nuclei a
the i th position, which at some points, as an experiment
shown, depends on the magnitude of the applied magn
field, vn05vni0(H)uH50 is the unbiased NMR frequency fo
any i 51, 2, 3, andvT05geHh fAxn /x i is the gap in the
AFMR spectrum~the formula is exactly the same as in Re
11!.

As already indicated, the Lagrangian of the electrons
apply rigorously only below 40–45 kOe. However, as will
seen from our experimental results, in fields greater than
kOe the dynamical interaction of the electron and nucl
systems almost completely vanishes, and it makes no co
bution whatsoever to the solution of Eq.~11!. Accordingly,
the form of the electron Lagrangian exerts no influence wh
soever on these solutions in strong fields. Thus, the exp
sions for the NMR frequencies calculated from Eqs.~11! are
rigorous in fields below 40 kOe and in fields greater than
kOe, but between these values they must be considered
pirical approximations.

6. EXPERIMENTAL RESULTS AND DISCUSSION

We observed the NMR lines in a CsMnBr3 single crystal
over the very wide frequency range;200– 450 MHz, in
magnetic fields from 20 to 80 kOe. The basic experimen
data were obtained at temperatures of 1.3 and 1.75 K.~Ob-
servations of the lower branch were also made atT52.5, 3.0,
3.5 and 4.2 K.! The spectrum atT51.3 K is shown by the
points in Figs. 6 and 7.

a! Shape of NMR spectrum at T51.3 and 1.7 K.In the
existence region of the trigonal structure the NMR spectr
splits into three branches, which agrees qualitatively with
form of the spectrum assumed above~see Fig. 3!. In fields
below 45 kOe, the experimental points indicate that all th
branches are severely distorted by the dynamical interac
with the low-frequency AFMR mode. At fields above 5
kOe, where the dynamical shift can be ignored, the up
and lower branches of the spectrum convincingly desc
the collapse of the trigonal structure, which is complet
according to other authors, at a field ofHc564 kOe.

FIG. 6. NMR spectrum of CsMnBr3: points—experimental NMR spectrum
at T51.3 K, lines—result of calculation using Eq.~11!.
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The behavior of the middle branch clearly does not ag
with the expression forvn10 ~6!, represented by curve18 in
Fig. 3. In order to describe the behavior of this branch it
necessary to assume thatHh f for ions of the sublattices per
pendicular to the applied field depends on the magnitude
this field. Best agreement with experiment is obtained if t
dependence is represented in the form

Hh f
1 5Hh f~11cH2!, ~12!

wherec51.931025 kOe22. In Figs. 3 and 7 this empirica
dependence is represented by curve1. It agrees with experi-
ment only up toH5Hc . We return to a discussion of pos
sible reasons for this anomaly below.

Below 45 kOe the NMR spectrum is distorted by stro
dynamical interaction. Our experimental data for all thr
branches of the spectrum are described very well by the
oretical curves calculated from Eqs.~11! and depicted in
Figs. 6 and 7 by the solid curves. Equation~11! contains two
parametersvn0 and

vT05ge

vn0

gn
Axn

x i
. ~13!

In this formulaxn is easily calculated by using the Curie la
for nuclear moments. Using the valuex i5(1.260.1)
31022 cgs units/mole from Ref. 4, we see that just one u
known, vn0, remains in the formula forvT0. This single
parameter was determined from the best fit of the theoret
curves for all three branches of the spectrum~11! to the
experimental results. As a result, we obtainedvn05416
64 MHz at T51.3 K; this frequency corresponds toHh f

539264 kOe. Using the value of the hyperfine constantA
52(1.5360.04)310218 erg obtained in Ref. 20 from the
value of the hyperfine splitting of the EPR line of the Mn21

ion introduced into CsMgBr3, we determined the mean spi
of the Mn21, ^S&5uhvn0 /Au51.8060.05. Uncertainty in
the value ofA, makes the major contribution to the erro
From magnetization measurements4 at T51.8 K, ^S&51.7
60.1, which agrees well with our data. From neutron sc

FIG. 7. NMR spectrum of CsMnBr3 ~high frequencies!: points—
experimental NMR spectrum atT51.3 K, solid lines—result of calculation
using Eq.~11!, dashed lines—unbiased NMR spectrum~6! and ~12!.
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tering work,1 ^S&51.560.15 atT54.2 K; this also agrees
satisfactorily with our value if the difference in temperatur
is taken into account.

Using Eq.~13! and our value ofvn0, we have the fol-
lowing relationship for the temperature dependence:vT0

5(7.960.4)/AT GHz ~temperatureT in K!. Note that the
value of vT0 calculated in this manner agrees satisfacto
with the experimental AFMR gap forT51.2 and T
52.0 K.11

The lower branch 2 undergoes the greatest distortion
to dynamical coupling. The frequency of this branch in t
20–35 kOe interval of magnetic fields varies drastically~of
the order of 10 MHz/kOe!. The pulling effect is much less
evident on the two upper branches, but it is still quite noti
able. This result agrees qualitatively with the results obtai
in Refs. 18 and 19, in which collinear antiferromagnet
with two pairs of Mn21 ions located at crystallographicall
nonequivalent positions were investigated.

The experimental points forT51.7 K for all branches of
the spectrum are essentially identical to the data forT
51.3 K. Only the lower branch at fields below 30 kOe~up to
0.4 kOe! is shifted slightly toward weaker fields; this is
consequence of the temperature dependence ofvT0.

b! Width and intensity of NMR lines.The intensity of the
absorption lines depends strongly on the magnetic field
all NMR branches.

The signal of the middle branch falls off abruptly wit
decreasing magnetic field, and at;25 kOe it completely dis-
appears; the same thing also occurs with the upper bra
but at fields below;35 kOe. Such an abrupt falloff in NMR
intensity was observed earlier for the upper NMR branch
CsMnF3

18 and CsMnCl3.
19 This can be explained by the fac

that the nuclear magnetizations precess in antiphase in
different magnetic sublattices. It is quite possible that
same thing also occurs in CsMnBr3.

Figure 8 shows an example of the spectrum at 41

FIG. 8. Example of NMR spectrum at frequency of 418.1 MHz atT
51.3 K. The numbers denote the centers of absorption lines:1—middle
branch,2—upper branch,3—signal from collapsing sublattices.
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MHz. The left line corresponds to the middle branch of t
spectrum near maximum intensity. The middle line is t
absorption signal of the upper branch near the phase tra
tion. The right line is the signal from two pairs of collapse
sublattices. Note the abrupt increase in absorption inten
for this branch at a field;Hc .

The lower limit of observations of the low-frequenc
branch was 197 MHz~the low-frequency limit of the spec
trometer!; this corresponds to a resonant field of about
kOe (T51.7 K). Figure 9 shows a set of experimental sca
of the low-frequency branch at different frequencies. A
measurements were made at a fixed modulation amplit
'0.4 MHz and Q ;400. Figure 9 convincingly demon
strates the sharp increase in absorption~by more than a factor
of 10! of this branch with frequency. Our analysis of th
experimental data withdv/dH taken into account shows
strong frequency dependence of the width of the resona
line: at about 210 MHz, the width of the absorption line
;4 MHz, and at about 360 MHz it drops to approximate
0.5 MHz.

Note that no peculiarities in the line intensities were o
served at the intersection point of the upper and mid
branches.

7. ANOMALOUS NMR FEATURES IN CsMnBr 3

a! Difference in hyperfine fields for different sublattice
We have already pointed out that in sublattices oriented p
pendicular to the applied field, the behavior of the hyperfi
field differs from that in other sublattices, even in relative
weak fields. A similar effect in strong fields is even mo
surprising. According to the existing theory,5 in fields greater
than Hc CsMnBr3 is transformed into the quasicollinea
state, in which all six sublattices are perpendicular to
applied magnetic field, albeit tilted very slightly toward th
latter~cosine of the tilt angle;H/HE!. Therefore, one might
expect that the resonant frequency of the nuclei would be
same in all sublattices. Our results show that this is not

FIG. 9. Experimental low-frequency branch of NMR atT51.3 K at several
frequencies.
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fields aboveHc . The lower branch lies in the frequenc
range in which one should expect it~nearvn10!, extending,
as it were, the nonexistent branch18, although a tendency
toward an excess increase beyondHc is also evident. The
upper branch is located 30 MHz above18. It extends curve1
but with a much smaller slope. The presence of two branc
means that aboveHc, the productA^S& is 10% higher for
ions in sublattices 1, 4 than in sublattices 2, 6 and 3, 5. T
possible reasons for a change inA^S& can be considered:

1. ^S& can increase with the field because of a decre
in spin reduction, as shown elsewhere.21 It is difficult to ex-
plain, however, why the effect of the field on spin reducti
is different for different sublattice groups, even though th
all lie in the same plane and are perpendicular to the app
field.

2. A change inA may be due to a change in the symm
try of the positions of the magnetic ions of sublattices 1, 4
fields aboveHc in each hexagonal layer the spins of one
these sublattices belong to 1/3 of the magnetic ions and
directed opposite the spins of 2/3 of the magnetic ions, wh
belong to the other two sublattice pairs. As a result, the sp
of the first third of the ions are directed opposite the spins
all adjacent ions. For the other two thirds of the ions, the s
directions of adjacent ions alternate~and sum to zero!. More-
over, each of the layers has nonzero magnetization. Thus
hexagonal symmetry of each layer~and of the crystal as a
whole! breaks down, and this should be accompanied
magnetostriction. However, at the present time it is diffic
to assess the magnitude of this effect and its influence on
constantA. These symmetry considerations might in pri
ciple also explain the anomalous behavior of the freque
of the middle branch at fields less thanHc .

We also estimated the possible effect of a change in
dipole field at the nuclei. As numerical calculations show
the dipole field at the nuclei is nearly unchanged during
collapse of the sublattices. Its total value amounts to ab
1.7 kOe, whereas a field of the order of 30 kOe is required
explain the anomaly being considered.

b! Temperature dependence.We also found an ex-
tremely unusual change in the behavior of the lower bra
of the NMR spectrum with increasing temperature. If, for
temperature increase from 1.3 to 1.7 K, the lower branc
shifted, albeit slightly, but in the ‘‘required’’ direction, th
lower branch will accordingly be displaced toward weak
fields in accordance with the general prediction that
amount of pulling should decrease with increasing tempe
ture. This effect was observed in all previously investiga
collinear antiferromagnetics.

We investigated the behavior of the lower branch of
spectrum at 1.3, 1.7, 2.5, 3.0, 3.5 and 4.2 K. As an exam
Fig. 10 shows the experimental data at three temperature
is seen that together with the reduction of the NMR f
quency at 25 MHz, associated with a 6% decrease in
spontaneous magnetic moment of Mn21, the lower branch is
shifted by about 3 kOe toward larger fields with a tempe
ture increase from 1.7 to 3.5 K. Moreover, the intensity
the NMR signal decreased appreciably, and the resona
line was broadened.
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The results indicate that besides the free parametervn0

~which depends weakly on temperature! and the quantityvT0

~the temperature dependence of which is rigorously defi
and shifts the lower NMR branch in the opposite directio!,
only one quantity—the AFMR frequencyve1—which
should depend on the temperature, remains in Eq.~11!, from
which the shape of the branches of the NMR spectrum w
calculated. We have proposed the following temperature
pendence for it:

ve1~H,T!5
ve1~H !

F~T!
, ~14!

whereF(T) is an empirical function. Then, looking for th
best agreement with the experimental curves obtained for
six temperatures stated above using iterative methods,
obtainedvn0 and F(T) for these temperatures. Figure 1
shows the functionF(T) for various temperatures from 4.
to 1.3 K. As a result, we have

F~T!51.010.1T2.

The equation forve1(H,T), of course, is only valid for fields
in which pulling is strong. The temperature at which t
NMR line is located at the minimum field isTmin'1.8 K.
This is thoroughly confirmed by experiment.

FIG. 10. Temperature dependence of lower NMR branch. Solid line
result of calculation using Eq.~11! with empiricalF(T) function taken into
account.

FIG. 11. EmpiricalF(T) function. Dark points—experimental NMR data
open triangles—fit to AFMR data from Ref. 11.
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Figure 12 shows the behavior ofvn0, demonstrating the
temperature dependence that we derived for the magne
tion of antiferromagnetic sublattices. The data of two neut
diffraction investigations1,22 are shown for comparison.

Absolute values are given in Ref. 1, but only relati
values in Ref. 22. In the latter case we normalized them
our data at 1.7 K. All results agree to within the error limi

8. CONCLUSION

In summarizing our work we can point to the followin
main results:

1. The NMR spectrum in an antiferromagnetic with
trigonal magnetic structure has been investigated for the
time. It has been shown that it is split into three branches
it graphically demonstrates the deformation process of
magnetic triangles with the transition to the quasicolline
structure in a fieldHc564 kOe.

2. The experimental results have made it possible to
termine the NMR frequencyvn05416 MHz for zero field,
and to obtain by means of this value the mean spin of
Mn21 magnetic ion,̂ S&51.8060.05. This means that spi
reduction is 28% in quasi-one-dimensional CsMnBr3 be-
cause of quantum fluctuations.

3. At fields below 45 kOe, all three branches of the sp
trum experience strong frequency shifts~or pulling! due to
the dynamical interaction of the electron and nuclear s
systems. The lower branch is displaced by a particula
large amount~nearly 200 MHz!.

4. An equation has been obtained that describes the
dependence of all four modes of the spectrum~three quasi-
nuclear and one quasielectronic!, in very good agreemen
with experiment.

5. Despite expectations, in fields aboveHc , where
CsMnBr3 in a first approximation should behave like a co
linear two-sublattice antiferromagnetic with one NMR fr
quency, we found two NMR branches differing by 30 MH
This can be explained by a disruption of hexagonal symm
try by the field.

FIG. 12. Temperature dependence of the mean magnetic moment of M21

in CsMnBr3. Dark points—NMR; squares—from Ref. 1, open points—fro
Ref. 22.
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resonant frequency with magnetic field at the nuclei of t
pair of sublattices, which is perpendicular to the field,
related to the anomaly described in the previous paragra

7. The temperature dependence of the location of
low-frequency branch of the spectrum turned out to be m
complicated than in three-dimensional magnetic materi
We were able to explain it only by assuming the existence
a rather strong temperature dependence of the frequenc
the low-frequency AFMR branch~cubic in the field!.
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