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Nuclear magnetic resonance of 55Mn in the antiferromagnet CsMnBr 3 in a variable
longitudinal magnetic field
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The spectrum and intensities of NMR lines are investigated experimentally and theoretically for
excitation by an alternating magnetic fieldhi parallel to a static fieldH in the quasi-one-
dimensional, six-sublattice antiferromagnet CsMnBr3 . According to theory, two new NMR lines,
which are not excited by a transverse magnetic fieldh' , are observed near the phase
transition from triangular to collinear structure (H5Hc) @JETP86, 197 ~1998!#. © 1999
American Institute of Physics.@S1063-7761~99!02506-8#
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1. INTRODUCTION

The application of NMR methods to studies of the ma
netic properties of quasi-one-dimensional, multip
sublattice antiferromagnets has already helped to prod
nontrivial results, such as the phenomenon of suppressio
quantum fluctuations of electron spins1 and a new type of
magnetic structure in the easy-axis triangular antiferrom
net CsMnI3.2 Nonetheless, it has become increasingly ob
ous that the full potential of NMR in such investigation
have yet to be fully exploited. In this paper we discuss
sults obtained in the excitation of NMR by a longitudin
alternating magnetic fieldhi parallel to a static magnetic fiel
H. This method has been successful in disclosing two a
tional NMR lines that are not excited by a transverse rf m
netic fieldh' . These lines are intriguing in that they exhib
a dynamic frequency shift near the phase transition from
angular to collinear structure.

In Secs. 2 and 3 of the present paper, we describe
magnetic properties of CsMnBr3 and experiments on the ob
servation of55Mn NMR for hi . In Sec. 4 we give the result
of calculations of the spectrum and intensities of NMR lin
for various excitation techniques. In the Conclusion we d
cuss the suppression of steady-state NMR signals in the p
ence of large dynamic frequency shifts and the possibili
inherent in the parametric excitation of nuclear spins.

2. MAGNETIC PROPERTIES OF CsMnBr 3

The compound CsMnBr3 is one of the family of halides
of the type ABX3, where A denotes an alkali metal, B is a 3d
metal, and X is a halogen. The crystal structure of CsMn3

is described by the spatial symmetry group D6h
4 , the Mn21

ions forming a hexagonal grid in the basal plane~perpen-
dicular to theC6 axis!.4 The crystal lattice determines th
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detailed magnetic structure of this compound.5–9 The princi-
pal distinguishing feature of the lattice is that the distan
between adjacent planes of magnetic ions is half the dista
between nearest-neighbor ions within one plane. As a re
antiferromagnetic exchange interaction of the magnetic m
ments within chains running along theC6 axis is 103 times
the interchain antiferromagnetic exchange. This quasi-o
dimensionality significantly affects the magnetic properti
thus accounting for the heightened interest in the study
this class of materials.

The easy-axis character of the magnetic anisotropy
conjunction with antiferromagnetic interchain exchange
sults in the formation of a noncollinear, six-sublattice ma
netic structure~Fig. 1a!. Intrachain exchange induces antife
romagnetic ordering of the magnetic momentsM j ( j 51
26) of three pairs of electronic sublattices, which is d
scribed by the antiferromagnetism vectors

L15M12M4 , L25M22M6 , L35M32M5 .

Because of the vanishingly weak magnetic anisotropy in
basal plane, the sublattices in a weak magnetic fieldH'C6

are oriented in such a way that one of the indicated vec
L i , sayL1, is perpendicular toH ~Fig. 1a!. The other two
vectors,L2 L3, form angles close to 30° and 150° withH.

As H is increased, the anglea betweenL2 andL3 varies
according to the law10

cos
a

2
5

1

22z
, z5

H2

Hc
2

, ~1!

where Hc5AHEHE8'61 kOe ~at T51.8 K, Ref. 9!, HE

'1500 kOe, andHE8'3 kOe are the effective fields of in
trachain and interchain exchange interactions, respectiv
1 © 1999 American Institute of Physics
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FIG. 1. Schematic representation of the magnetic str
ture of CsMnBr3: a! H!Hc ; b! H.Hc (b.g).
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In a field H5Hc the above-described magnetic structu
changes to a collinear configuration (a50), corresponding
to a second-order phase transition~Fig. 1b!.

The magnetic field of the nuclei of thej th sublattice is
determined by the sum of the external fieldH and the hyper-
fine fieldsHn j :

H j5uHn j1Hu5HnA11
H2

Hn
2

22
H

Hn
cosu j , ~2!

whereHn52AM0 , M0 is the average magnetic moment
the sublattice,A is the hyperfine interaction constant, andu j

is the angle betweenH andM j :

cosu1,45
H

HE
,

cosu2,552sin
a

2
1

H

HE
cos2

a

2
1oS H

HE
D ,

cosu3,65sin
a

2
1

H

HE
cos2

a

2
1oS H

HE
D . ~3!

Consequently, forH,Hc there must be three twofold dege
erate NMR branchesvn j5gnH j .

In weak fieldsH the degeneracy is lifted by interactio
with the Goldstone antiferromagnetic resonance~AFMR!
mode. The frequencies of the three NMR branches (V4 , V5,
and V6) decrease~this is the so-called dynamic frequenc
shift!. Their spectrum has been investigated experiment
and theoretically.1,3 A functional dependenceHn(H) that dif-
fers for spins in sublattices 1, 4 and 2, 3, 5, 6 has also b
reported in the cited papers, owing to the suppression
quantum fluctuations of the magnetic field and a correspo
ing increase inM j (H). The spectrum of all other branches
described by Eqs.~2!and ~3! with the functionalHn j(H)
taken into account, but NMR signal amplification does n
take place for these branches, and they have not been
served experimentally.

As H→Hc , two of these branches begin to interact w
the AFMR modev5 ~in the notation of Ref. 8!, whose fre-
quency tends to zero as phase transition is approached.
spectrum of these branches is deformed in this case, an
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branches themselves become observable in excitation b
rf field hi . These phenomena are the subject of the pres
article.

3. MEASUREMENT PROCEDURE AND DESCRIPTION OF
THE EXPERIMENT

The objects of investigation were CsMnBr3 single crys-
tals grown and oriented as in Ref. 3, which also describes
wide-range continuous NMR spectrometer used to perfo
the measurements. The main difference is a modification
the cavity structure to impart the required polarization to
rf field hi . A block diagram of the resonance circuit
shown in Fig. 2. A movable copper plate2 with a dielectric
coating 3 forms with the casing an additional variable c
pacitance, which is used to tune the cavity frequency. A n
row slot 7 forms the structural capacitance of the loop. T
two-headed arrow indicates the directions of motion of
plate. The whole structure is positioned in a superconduc

FIG. 2. Block diagram of the resonance circuit:~1! cavity; ~2! movable
copper plate;~3! thin insulating film;~4, 5! coupling loops;~6! coaxial leads;
~7! narrow slot.
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solenoid with an inside diameter of 25 mm, and the rf field
precisely parallel to the field of the solenoidH.

We used two cavities withQ'400 at 4.2 K. The fre-
quency tuning range of one cavity was from 390 MHz
470 MHz, and the range of the other was from 310 MHz
380 MHz. The cavity containing the investigated sing
crystal sample was placed directly in a helium tank. An e
ternal magnetic field was applied perpendicular to the h
agonal C6 axis of the crystal. In all other respects th
spectrometer and the measurement procedure were iden
to those in Ref. 3.

Figure 3 shows the absorption signal in CsMnBr3 for
T51.3 K, a frequency of 349.6 MHz, and fieldshi ~curve1!
andh' ~curve2!. It is evident that different NMR branche
are excited in these two cases. The NMR spectrum
CsMnBr3 for hi'C6 at T51.3 K is represented by ligh
circles in Fig. 4. NMR is observed close toHc over a broad
frequency range, demonstrating the large dynamic freque
shift of NMR. As uH2Hcu increases, the intensity of th
signal decreases, and its position approaches the unsh
NMR spectrum, which is represented by dashed curves.
solid curves represent the NMR spectrum calculated fr
Eqs.~20! and~21! below. We have not used any fitting con
stants here. Satisfactory agreement is observed betwee

FIG. 3. Experimental absorption signal in CsMnBr3 (H'C6) at T51.3 K
and 349.6 MHz with excitation by alternating magnetic fieldshi ~curve 1!
andh' ~curve2!.

FIG. 4. NMR spectrum in CsMnBr3 for H'C6 at T51.3 K with excitation
by alternating magnetic fieldshi ~light circles! and h' ~heavy dots, from
Ref. 3!.
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experimental and calculated spectra. The observed dif
ences are attributable to the appreciable width of the AFM
line near phase transition.

It must be noted that NMR in parallel fields has here
fore been observed only in superfluid helium3He and in the
domain walls of ferromagnets. In our case NMR is genera
in a homogeneous sample, because the signal is observ
a large distance from the phase transition field.

Consequently, five NMR modes are observed
CsMnBr3. Three of them are excited forh' , interact with
the Goldstone AFMR mode, and are observed in the rang
fields 20–80 kOe.3 Two modes are generated forhi , interact
with the AFMR modev5, and are observed in fields of 50
65 kOe.

4. THEORY

We analyze the intensities of NMR lines excited by va
ous techniques, using the same equations for the magne
tionsmj ( j 51, . . . ,6) of thenuclear sublattices as in Ref. 3
Now, however, in these equations we need to take into
count, first, interaction with differently polarized alternatin
fields h and, second, nuclear magnetic relaxation, wh
takes the oscillations ofmj into the steady state. We trea
relaxation processes in the relaxation time approximati
which corresponds to the Bloch equations11 ~see Appendix!.

Figure 5 shows the influence of a transverse fieldh' on
the orientation of the vectorM1 when the frequency of the
alternating field is much lower than the AFMR frequency~at
NMR frequencies this condition is easily satisfied at anyH,
owing to the hyperfine gap in the AFMR spectrum12,13!. It is
evident that for h'!H everything reduces to rotatio
through the angledw5h' /H. All other vectorsM j rotate
through the same angle, and their variations are there
described by the equations

M j
(h')

~ t !5M jdw5x'h'~ t !, ~4!

where

x'5M j /H ~5!

is the magnetic susceptibility in a fieldh' . It follows from
Fig. 1 that a longitudinal fieldhi has scarcely any influenc
on the orientation of the vectorsM1 andM4, but changes the
angle a by

FIG. 5. Influence ofh' on the orientation ofM .
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da5H 4Hhi /A~3Hc
22H2!~Hc

22H2!, H<Hc ,

0, H.Hc .
~6!

Equations~6! can be derived from Eq.~1! by writing the
latter for the fieldH1hi and expanding in powers ofhi . The
calculation of the variations of the vectorsM j for such a
variation of the anglea leads to the equations

M j
(hi)~ t !5x i jhi~ t !, ~7!

where

x i15x i450, x i25x i652x i352x i55x i , ~8!

x i~H !5H M0da/2hi , H<Hc ,

0, H.Hc .
~9!

We have thus calculated the NMR gains:

h'5Ax'5Hn /H,

h i j5Ax i j . ~10!

In the Appendix we show that the use of Eqs.~6!–~9! in
the equations formj permits them to be written in the form
~A12!:

F S v1
i

T2
D 2

2vn j
2 Gmxj

~v!

1gnvn jAmzj

Hn

HE8
(

j
l j j 8mxj 8

~v!

1gnvn jmzj
h'h'~v!1gnvn jmzj

h i jhi~v!50.

~11!

The Appendix also gives expressions for the quantitiesl j j 8
~A7! and vn j ~A13!. The expressions formxj

(v), h'(v),
and hi(v) are related tomxj

(t), h'(t), and hi(t) by the
Fourier transform~48!.

The determinant of the system of equations~11! charac-
terizes the six NMR frequencies. We note that the frequ
cies of only three of these lines, excited by a transverse fi
h' , were analyzed in Ref. 3. We now look into the feasib
ity of exciting all six lines.

Taking the amplification into account, we describe t
intensity I n(v) of the absorption signal measured in the e
periments of Ref. 3 by the equation

I n~v!5(
j

h j Im mxj
~v!, ~12!

where Immxj
(v) is the imaginary part of the solution of th

system~11! for the frequencyv. These equations have th
simplest form in the casesH!Hc , H'Hc , andH.Hc . An
analysis of the casesH!Hc and H.Hc yields results that
agree with the curves in Refs. 1 and 3 to within the expe
mental errors. We therefore confine our discussion to
caseH'Hc only, as it is associated with new experimen
results described in the preceding section of the article.

For H'Hc the following expressions forl j j 8 can be
obtained from Eq.~A7!:
-
ld

-

i-
e
l

l225l335l555l665l265l3552l2352l6352l25

52l5650.5$2@12~H/Hc!
2#1e%21, ~13!

wheree52m0 /HE8'1022 @see Eq.~A5!#.
The componentsl1 j andl4 j do not have singularities a

H5Hc , and their influence can therefore be disregarded
second procedure by which it is possible to substantially s
plify the system of equations~11! involves the transforma-
tion to new variablesmk6 (k51,2,3):

m165mx1
6mx4

, m265mx2
6mx5

, m365mx3
6mx6

.
~14!

As a result, the system~11! is decomposed into four inde
pendent equations:

F S v1
i

T2
D 2

2vn1
2 Gm1250,

F S v1
i

T2
D 2

2vnk
2 Gmk112vnkm0gnh'h'50, k51,2,3,

~15!

and a system of two coupled equations:

F S v1
i

T2
D 2

2vn2
2 Gm221

1

2
vn2vpc~H !

mz

m0
~m22

2m32!12vn2gnh ihimz50,

F S v1
i

T2
D 2

2vn3
2 Gm321

1

2
vn3vpc~H !

mz

m0
~m32

2m22!12vn3gnh ihimz50, ~16!

where the two quantities

vpc~H !5
vn2~Hc!e

@e12~12~H/Hc!
2!#

~17!

and

h i5Hn /AHc~Hc2H !, ~18!

have singularities atH5Hc . According to Eqs.~15!, the
component in the NMR spectrum corresponding tom12 is
not excited by the variable field, and themk1 components
are excited by the transverse fieldh' . The spectrum of these
components is represented by dots in Fig. 4, and their p
erties are discussed in Ref. 3. The new results, represe
by the open circles in Fig. 4, are described by the soluti
of Eqs. ~16!. Their form depends strongly on the ratio b
tween the difference in the frequenciesvn2 andvn3 ~45!,

D5vn22vn352H sin~a/2!, ~19!

and the quantityvpc ~17!. For D@vpcthe frequencies of the
componentsm22 andm32 differ from the frequencies of the
componentsm21 and m31 excited by the fieldh' , consis-
tent with the results shown in Fig. 4. ForD!vpc the follow-
ing equations can be obtained for the frequencies of the c
ponentsm22 and m32 , which are the roots of the secula
equation for~16!:

V2
250.5@vn2

2 ~H !1vn3
2 ~H !#, V3

25V2@V22vpc~H !#.
~20!
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As H→Hc , the frequency V2 approaches vn2(Hc)
5gnAM0 ~45!, and V3 ~taking ~17! into account! tends to
zero:

V3
2~H !5V2

2~Hc!
12~H/Hc!

2

e/2112~H/Hc!
2

. ~21!

The spectra calculated from these equations are represe
by solid curves in Fig. 4.

Equations for the intensitiesI n(v) of the NMR lines at
the frequenciesV2 and V3 can be obtained by substitutin
the corresponding solutions of the system~16! into Eq. ~12!:

I n~V3!52m0h i
2gnhiT2 , ~22!

I n~V2!54I n~V3!F gnH

vpc~H !G
2

sin2
a

2
. ~23!

It follows from Eqs.~18!, ~21!, and~22! that the intensity

I n~V3!}h i
2}

1

Hc2H
}

1

V3~H !
~24!

should increase asV3(H) decreases. It is evident from Fig.
that it decreases in the experiment. The reason for this
parity is that Eqs.~22! and~23! have been obtained from th
solution of the system~16! in the approximationmz5m0. If
this is not done, Eq.~20! has the form

V3
25V2@V22vpc~H !mz /m0#. ~25!

Inasmuch asm0
25mx

21my
21mz

2 , the dependence ofV3 on
mz implies a dependence ofV3 on the amplitude of the
oscillations of the magnetizations of the nuclear sublatti
mj . In other words, whereas the oscillations ofmj are in
resonance with the alternating field at small amplitudes,
resonance conditions begin to break down as this amplit
increases, doing so more rapidly the higher the freque
vpc(H) and, accordingly, the lower the frequencyV3.
Hence it follows that for sufficiently highvpc(H) the inten-
sity I n(V3) begins to decrease asV3 decreases.

The influence of various nonlinear effects on the stea
state NMR signals in the presence of a dynamic freque

FIG. 6. Experimental traces of the low-frequency NMR branchV3(H) at
T51.3 K and several frequencies. The arrows indicate the midpoints o
NMR lines at 379.7 MHz.
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shift has been analyzed previously.11,13–18 If the equations
given in the cited papers are used, the following relat
betweenI n(V3) andV3 can be obtained in the investigate
frequency range of 310–380 MHz:

I n~V3!}V3
1/3, ~26!

which agrees qualitatively with the results in Fig. 6. To ma
a quantitative comparison, the influence of inhomogenei
of the sample must also be taken into account in the the
because we are now in the vicinity of the phase transitio

5. CONCLUSION

It follows from Fig. 6 that the decrease in the intensity
the steady-state NMR signals due to nonlinear effe
strongly limits the frequency range in which such signals c
be observed nearHc . A similar difficulty is encountered in
weak fieldsH!Hc .1,3 In this case the dynamic frequenc
shift is observed over a far broader range of fieldsH than
merely in the vicinity ofHc , so that the NMR signals show
in Fig. 7 exhibit not only the values of the frequenciesV, but
also the fieldsH. It is evident from Fig. 7 that asH andV
decrease~i.e., as the dynamic frequency shift increases!, the
signal intensity first increases and then decreases. If E
~11!, with nonlinear effects taken into account, are used
describe these signals, the following relation can be obtai
for their intensitiesI n(V) ~12!:

I n~V!}h'
2 }H22, ~27!

whereh'
2 is given by Eq.~10!. Like Eq. ~24!, this relation

describes the increase inI n(V) as V decreases. For large
dynamic frequency shifts, such that nonlinear effects beco
appreciable, it is necessary to use the same expressionsI n

as those from which the relation~26! is obtained. Then in
place of~27! we can obtain a dependence of the form

I n~V4!}H10/3, ~28!

which dictates thatI n decreases asH decreases.
There are three ways to approach the investigation of

nuclear spin properties at lower frequencies~for larger dy-
namic frequency shifts!. First, the amplitude of the exciting

e

FIG. 7. Experimental low-frequency NMR branchV4(H) at T51.3 K and
various frequencies:~1! 220.1 MHz; ~2! 273.7 MHz; ~3! 350.1 MHz; ~4!
363.0 MHz;~5! 370.0 MHz;~6! 375.2 MHz.
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field can be raised to levels such that hysteresis effects b
to set in as a result of the nonlinearity of the dynamic f
quency shift.13–16 Tulin17 investigated these effects expe
mentally for three-dimensional antiferromagnets (MnC3
and CsMnF3), but he worked with weak fieldsH of the order
of 1 kOe or less, for which the gainh' ~10! is large. At
H'20 kOe,h' is much smaller, so that the investigation
hysteresis effects in the case of CsMnBr3 requires more pow-
erful rf field generators.

Second, NMR pulse techniques can be used, and e
signals in particular. Owing to the mechanism by which su
signals are generated as a result of modulation of the N
frequency, a certain reserve is available for increasing t
amplitude in the presence of a large dynamic frequency s
The feasibility of using NMR pulse signals to study the pro
erties of nuclear spins with a large dynamic frequency s
has been discussed in detail.18

The third possibility for the investigation of NMR sig
nals in the presence of a large dynamic frequency shift
volves the parametric excitation of nuclear spins by para
pumping.19 This method is based on the fact that under
conditions of a dynamic frequency shift, the precession
the nuclear magnetic moments normally becomes ellipti
with an eccentricity that depends on the magnetic field. A
result, an alternating magnetic fieldhi at twice the NMR
frequency imparts parametric instability to such precessio
the amplitudeh(t) exceeds the threshold levelh0. Equations
~11! then lead to an expression forh0,

h0~v!5
2

T2u]vp /]Hu
, ~29!

where vp is the dynamic frequency shift parameter.
CsMnBr3 a large dynamic frequency shift occurs in tw
cases: a! for H'Hc . when vp(Hc)5vpc ~17!; b! for H
!Hc , whenvp(H) is given by

vp5
12evn1

9~H/Hc!
6112e

. ~30!

Equation~29! is transformed as follows for these two case
a! for H'Hc ande!u12(H/Hc)

2u

h05
Hcu12~H/Hc!

2u
vpc~Hc!T2

; ~31!

b! for H!Hc ande!H/Hc

h05
H

3vp~H !T2
. ~32!

Equations~31! and ~32! can also be used to analyze th
threshold amplitude in the parametric pumping of nucl
spin waves.20–22 It is sufficient here to replaceT2 andvp by
T2(q) andvp(q), whereq is the wave vector.

It is clear from these equations that the threshold am
tude h0 drops asvp increases. This means that when t
dynamic frequency shift increases, the conditions for the
servation of parametric NMR improve, rather than deter
rating as in the case of steady-state NMR.

In closing, the authors wish to extend their since
thanks to N. M. Kre�nes, L. A. Prozorov, A. I. Smirnov, and
in
-

ho
h
R
ir
ft.
-
ft

-
l

e
f
l,
a

if

:

r

i-

-
-

I. A. Fomin for a productive discussion and critical remark
This work received financial support from the Russian Fu
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APPENDIX

As mentioned in the Introduction, the equations used
Ref. 3 to analyze the spectrum of NMR frequencies can
applied to the calculation of the intensities of steady-st
NMR signals. To do so, however, the equations must
modified to account for interactions with the external alt
nating magnetic field and with the fluctuating fields respo
sible for nuclear magnetic relaxation. If direct interaction
the magnetizationsmj of the nuclear sublattices with th
alternating field is ignored~by virtue of amplitude effects11!
and if interaction with the fluctuating fields is taken in
account in the relaxation time approximation, it is possible
obtain a system of equations that coincides with the us
Bloch equations23 in the external magnetic fieldH and the
hyperfine fieldHn j5AM j ~Ref. 11!:

dmxj

dt
5gn~AMzj

1Hzj
!myj

2
mxj

T2
,

dmyj

dt
52gn~AMzj

1Hzj
!mxj

1gnmzj
AMxj

2
myj

T2
, ~A1!

where (xj ,yj ,zj ) denotes the coordinate systems associa
with equilibrium orientations of the vectorsmj iHn jiM j ~we
disregard the deviation of the orientation of the fieldHn j

1H from the hyperfine fieldHn j ,sinceHn j@H!, A is the
hyperfine interaction constant,gn is the nuclear gyromag
netic ratio, andT2 is the transverse nuclear magnetic rela
ation time.

For small oscillations ofmj the componentsmz j can
almost always be replaced by the equilibrium valuem0. An
exception is encountered for oscillations with a large d
namic frequency shift, when nonlinear effects become s
nificant, and the variation of the componentsmzj

must be
taken into account. In CsMnBr3, however, as opposed t
two-sublattice, three-dimensional antiferromagnets, these
fects do not exhibit any specific attributes, so that the eq
tions derived in Refs. 13–18 can be used.

In the description of NMR experiments the magnetiz
tion componentsMzj

of the electronic sublattices can alway
be replaced by the equilibrium valuesM j ~by virtue of the
weak influence of hyperfine interaction on the oscillations
M j ).

The componentsM yj
do not occur in Eqs.~A1!. As in

Ref. 3, they are disregarded, because strong uniaxial an
ropy prevents the sublattices from leaving the basal pl
(M yj

!Mxj
). The componentsMxj

in Eq. ~A1! can be written
as a three-term sum

Mxj
5Mxj

(h')
1Mxj

(hi)1Mxj

(m) , ~A2!

whereM (h') andM (hi) are attributable to interaction with th
transverse (h') and longitudinal (hi) alternating magnetic
fields, and the componentsMxj

(m) are attributable to hyperfine
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interaction with the oscillations ofmj . The equations used t
calculateMxj

(m) in Ref. 3 take into account only one low

frequency AFMR branch. Here we have made use of the
that the NMR frequencies are very much lower than
AFMR frequencies~with allowance for the hyperfine gap i
the spectrum of magnons12!, so that the kinetic energy can b
neglected in the expression for the Lagrangian describing
behavior ofM j ~Ref. 24!. In this approximation, equation
for Mxj

can be obtained by minimizing the potential ener
with hyperfine interaction taken into account. We can n
obtain equations that are valid for any fieldsH, despite the
difference in the symmetries of the soft modes forH50 and
H5Hc :

a1Mx1

(m)2b1~Mx2

(m)1Mx3

(m)!5~Hn /HE8!~mx11mx4!,

2b1Mx1

(m)1a2Mx2

(m)1b2Mx3

(m)5~Hn /HE8!~mx21mx6!,

2b1Mx1

(m)1b2Mx2

(m)1a2Mx3

(m)5~Hn /HE8!~mx31mx6!,

~A3!

Mx1

(m)5Mx4

(m) , Mx2

(m)5Mx6

(m) , Mx3

(m)5Mx5

(m) , ~A4!

whereHn5AM0,

b15cos
a

2
5

1

22~H/Hc!
2

, b25cosa52b1
221,

a15S H

Hc
D 2

12b11e, a25b12F12S H

Hc
D 2Gb21e,

e5
2Am0

HE8

, ~A5!

Am0 is the static hyperfine field, which is conveyed by t
nuclei to the electrons and is responsible for the hyper
gap in the AFMR spectrum,11, HE853 kOe is the effective
in-plane exchange field,a is the angle between the vecto
M2 andM3 ~Fig. 1!, andHc is the critical field for transition
to the collinear phase. AtT.1 K we have

e5
2Am0

HE8

5
2Hn

HE8

gn

ge

\gnHn

kT
<1022,

so that only linear corrections ine will be taken into account
below. The solution of the system~A3!, ~A4! has the form

Mxj

(m)5
Hn

HE8
(
j 8

l j j 8mxj 8
, ~A6!

where

l115l445~a2
22b2

2!/D , l1 j5l4 j5b1~a22b2!/D ,

l225l335l555l665l265l355~a1a22b1
2!/D ,

l235l635l255l655~b1
22a1b2!/D , l j j 85l j 8 j ;

~A7!

and

D5~a22b2!@a1~a21b2!22b1
2# ~A8!
ct
e

e

e

is the determinant of the system~A3!. For H<Hc , on the
basis of~A5! and ~A8!, we have

D~H !5@b1~H !11#@12~H/Hc!
21e#@3b1~H !e

1~H/Hc!
6b1~H !~b1~H !11!2#, ~A9!

and forH>Hc

D5@~H/Hc!
2211e#~H/Hc!

2@~H/Hc!
213#. ~A10!

At the pointsH50 andH5Hc the determinantD(H) at-
tains the minimum values

D~0!59e/4, D~Hc!54e, ~A11!

and the componentsMxj

(m) attain maxima.

Taking Eqs.~A2!, ~A6!, ~7!, ~9!, and ~10! into account,
we can write Eq.~A1! in the form

F S v1
i

T2
D 2

2vn j
2 Gmxj

~v!

1gnvn jAmzj

Hn

HE8
(
j 8

l j j 8mxj
~v!

1gnvn jmzj
h'h'~v!1gnvn jmzj

h i j
hi~v!50,

~A12!

where

vn15vn45gnAM1 ,

vn25vn55gnAM21H sin~a/2!,

vn35vn65gnAM22H sin~a/2!, ~A13!

are the unshifted~not perturbed by dynamic frequency shif!
NMR frequencies, while

h'5Ax'5Hn /H ~A14!

and

h i25h i652h i352h i55h i5Ax i , h i15h i450
~A15!

are the gains for the fieldh' andhi ; the variablesmxj
(v),

h'(v), andhi(v) are related tomxj
(t), h'(t), andhi(t) by

the Fourier transform

mxj
~v!5E

2`

1`

exp~ ivt ! mxj
~ t ! dt. ~A16!

Analogous relations hold forh'(v) andhi(v).

* !E-mail: dumesh@isan.troitsk.ru
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Tikhonov, Zh. Éksp. Teor. Fiz.113, 352 ~1998! @JETP86, 197 ~1998!#.

4J. Goodyear and D. J. Kennedy, Acta Crystallogr. Sect. B28, 1640~1974!.
5M. Eibischutz, R. C. Sherwood, F. S. L. Hsu, and D. E. Cox, inProceed-
ings of the 18th Annual Conference on Magnetism and Magnetic Mat
als, AIP Conf. Proc., No. 10, American Institute of Physics, New Yo
~1973!, p. 684.



ev

J.

ti-

te

z.

1228 JETP 88 (6), June 1999 Dumesh et al.
6B. D. Gaulin, T. E. Mason, M. F. Collins, and J. Z. Larese, Phys. R
Lett. 62, 1380~1989!.

7B. D. Gaulin, M. F. Collins, and W. J. L. Buyers, J. Appl. Phys.61, 3409
~1987!.

8I. A. Zaliznyak, L. A. Prozorova, and S. V. Petrov, Zh. E´ ksp. Teor. Fiz.
97, 359 ~1989! @Sov. Phys. JETP70, 203 ~1989!#.

9S. I. Abarzhi, A. N. Bazhan, L. A. Prozorova, and I. A. Zaliznyak,
Phys.: Condens. Matter4, 3307~1992!.

10A. V. Chubukov, J. Phys. C Solid State Phys.21, 441 ~1988!.
11M. I. Kurkin and E. A. Turov,Nuclear Magnetic Resonance in Magne

cally Ordered Materials and Its Applications@in Russian#, Nauka, Mos-
cow ~1990!.

12I. A. Zaliznyak, N. N. Zorin, and S. V. Petrov, JETP Lett.64, 473~1996!.
13P. G. De Gennes, P. Pincus, F. Hartmann-Bourtron, and J. M. Win

Phys. Rev.129, 1105~1963!.
14M. I. Kurkin, JETP Lett.28, 628 ~1978!.
15M. I. Kurkin, Yu. G. Ra�dugin, V. N. Sedyshkin, and F. P. Tankeev, Fi

Tverd. Tela~Leningrad! 32, 1577~1990! @Sov. Phys. Solid State32, 923
~1990!#.
.

r,

16M. I. Kurkin, Fiz. Tverd. Tela~Leningrad! 33, 1805 ~1991! @Sov. Phys.
Solid State33, 1014~1991!#.
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