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The spectrum and intensities of NMR lines are investigated experimentally and theoretically for
excitation by an alternating magnetic fieg parallel to a static fieldd in the quasi-one-
dimensional, six-sublattice antiferromagnet CsMnBAccording to theory, two new NMR lines,
which are not excited by a transverse magnetic field are observed near the phase

transition from triangular to collinear structurel EH;) [JETP86, 197 (1998]. © 1999

American Institute of Physic§S1063-776(99)02506-§

1. INTRODUCTION detailed magnetic structure of this compodndiThe princi-
— . _pal distinguishing feature of the lattice is that the distance
The application of NMR methods to studies of the mag between adjacent planes of magnetic ions is half the distance

netic properties of ~quasi-one-dimensional, - multiple-p, .00 nearest-neighbor ions within one plane. As a result,
sublattice antiferromagnets has already helped to produce

L . tiferromagnetic exchange interaction of the magnetic mo-
nontrivial results, such as the phenomenon of suppression g s : ; - .
. ments within chains running along ti@; axis is 1§ times
quantum fluctuations of electron sptnand a new type of

magnetic structure in the easy-axis triangular antiferroma the interchain antiferromagnetic exchange. This quasi-one-
9 2 >asy 9 . .gdimensionality significantly affects the magnetic properties,
net CsMn}.“ Nonetheless, it has become increasingly obvi-

: . : 2 thus accounting for the heightened interest in the study of
ous that the full potential of NMR in such investigations _, . g 1o 9 y
have yet to be fully exploited. In this paper we discuss re this class of materials.
yet [Ty explorted. bap N The easy-axis character of the magnetic anisotropy in
sults obtained in the excitation of NMR by a longitudinal . : : . L .
. e . o conjunction with antiferromagnetic interchain exchange re-
alternating magnetic fielt; parallel to a static magnetic field . . ; . :
sults in the formation of a noncollinear, six-sublattice mag-

H. This method has been successful in disclosing two addlﬁetic structurdFig. 1. Intrachain exchange induces antifer-

tional NMR lines that are not excited by a transverse rf mag, - onetic ordering of the maanetic mome (i=1
netic fieldh, . These lines are intriguing in that they exhibit g9 9 g a5 ()

. . - .—6) of three pairs of electronic sublattices, which is de-
a dynamic frequency shift near the phase transition from tri- ) P

k scribed by the antiferromagnetism vectors
angular to collinear structure.
In Secs. 2 and 3 of the present paper, we describe the
magnetic properties of CsMnBand experiments on the ob-

servation of®Mn NMR for hj. In Sec. 4 we give the results B f th ishinal K tic anisot in th
of calculations of the spectrum and intensities of NMR lines ecause ot the vanishingly weak magnetic anisotropy in the
basal plane, the sublattices in a weak magnetic feldCg

for various excitation techniques. In the Conclusion we dis- iented | h that f the indicated ;

cuss the suppression of steady-state NMR signals in the prei%l[e g;';f € is:npzl;lp():enili\(lzvligr tg-l (()Eiz 01 3 eTlr?e Ig?h’:r t\\j\i;: ors
. . N 1, . 1a.

ence of large dynamic frequency shifts and the pOSSIbIIItIevectors,Lz L, form angles close to 30° and 150° with

inherent in the parametric excitation of nuclear spins. 2= .
P P As H is increased, the angte betweerlL , andL ; varies
according to the lat¥

Li=M;—My, L=M;—Mg, L3z=M3—Ms.

2. MAGNETIC PROPERTIES OF CsMnBr 3

The compound CsMnBris one of the family of halides cos
of the type ABX;, where A denotes an alkali metal, Bis d 3
metal, and X is a halogen. The crystal structure of CsMnBr
is described by the spatial symmetry grouépthe Mr?* where H,=+VHgHg/ ~61kOe (at T=1.8K, Ref. 9, Hg
ions forming a hexagonal grid in the basal plajperpen- ~1500kOe, andHg,~3 kOe are the effective fields of in-
dicular to theCg4 axis).* The crystal lattice determines the trachain and interchain exchange interactions, respectively.
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In a field H=H_ the above-described magnetic structurebranches themselves become observable in excitation by an
changes to a collinear configuration £ 0), corresponding rf field h. These phenomena are the subject of the present
to a second-order phase transitigfig. 1b). article.
The magnetic field of the nuclei of thigh sublattice is
determined by the sum of the external fiéldand the hyper-
fine fieldsH,;: 3. MEASUREMENT PROCEDURE AND DESCRIPTION OF
THE EXPERIMENT

2
H; =|Hnj+ Hl=H, \/1+ H_z _ZHi cosd;, 2 The objects of investigation were CsMnBsingle crys-
HY n tals grown and oriented as in Ref. 3, which also describes the
wide-range continuous NMR spectrometer used to perform
the measurements. The main difference is a modification of
the cavity structure to impart the required polarization to the
rf field h. A block diagram of the resonance circuit is
H shown in Fig. 2. A movable copper plaZewith a dielectric

coating 3 forms with the casing an additional variable ca-

whereH,,= —AMg,, M is the average magnetic moment of
the sublatticeA is the hyperfine interaction constant, afd
is the angle betweeH and M :

COSH:LA:

He pacitance, which is used to tune the cavity frequency. A nar-
« H o H row slot 7 forms the structural capacitance of the loop. The
€0sf6, 5= —sin > hs co§§+o H—) two-headed arrow indicates the directions of motion of the
E E plate. The whole structure is positioned in a superconducting
0 in=+ A 22y A 3
€0S03,6=Sin 5 HEco 5o e 3

Consequently, foH <H_ there must be three twofold degen-
erate NMR branches,;= y,H;.

In weak fieldsH the degeneracy is lifted by interaction
with the Goldstone antiferromagnetic resonari@éd&MR)
mode. The frequencies of the three NMR branches,((s,
and Q) decreasdthis is the so-called dynamic frequency
shift). Their spectrum has been investigated experimentally
and theoretically:® A functional dependendd ,(H) that dif-
fers for spins in sublattices 1, 4 and 2, 3, 5, 6 has also been
reported in the cited papers, owing to the suppression of
guantum fluctuations of the magnetic field and a correspond- H
ing increase iM;(H). The spectrum of all other branches is
described by Egs(2)and (3) with the functionalH,;(H)
taken into account, but NMR signal amplification does not
take place for these branches, and they have not been ob-
served experimentally.

As H—H_, two of these branches begin to interact with
the AFMR modeuws (in the notation OT .Ref.' B whose fre- IG. 2. Block diagram of the resonance circuit) cavity; (2) movable
quency tends to zero as phase transition is approached. Tg@pper plate(3) thin insulating film;(4, 5 coupling loops|6) coaxial leads;
spectrum of these branches is deformed in this case, and th® narrow slot.
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FIG. 3. Experimental absorption signal in CsMgBH_L Cg) at T=1.3K
and 349.6 MHz with excitation by alternating magnetic fielgs(curve 1)

andh, (curve?). experimental and calculated spectra. The observed differ-

ences are attributable to the appreciable width of the AFMR
line near phase transition.

It must be noted that NMR in parallel fields has hereto-
solenoid with an inside diameter of 25 mm, and the rf field iSfore been observed on|y in Superﬂuid helidie and in the
precisely parallel to the field of the solenditl domain walls of ferromagnets. In our case NMR is generated

We used two cavities wittQ~400 at 4.2K. The fre- jn a homogeneous sample, because the signal is observed at
quency tuning range of one cavity was from 390 MHz to3 |arge distance from the phase transition field.

470 MHz, and the range of the other was from 310 MHz to Consequenﬂy, five NMR modes are observed in
380MHz. The cavity containing the investigated single-CsMnBr,. Three of them are excited fdr, , interact with
crystal sample was placed directly in a helium tank. An exthe Goldstone AFMR mode, and are observed in the range of
ternal magnetic field was applied perpendicular to the hexfields 20—80 kO&.Two modes are generated fay, interact

agonal Cg axis of the crystal. In all other respects the wjth the AFMR modews, and are observed in fields of 50—
spectrometer and the measurement procedure were identiggd kOe.

to those in Ref. 3.

Figure 3 shows the absorption signal in CsMgBor
T=1.3K, a frequency of 349.6 MHz, and fielti (curvel)
andh, (curve?2). It is evident that different NMR branches

are excited in these two cases. The NMR spectrum in  \ye analyze the intensities of NMR lines excited by vari-

CsMnBg for hyLCe at T=1.3K is represented by light g techniques, using the same equations for the magnetiza-
circles in Fig. 4. NMR is observed close k. over a broad  jong m; (j=1,...,6) of thenuclear sublattices as in Ref. 3.

frequency range, demonstrating the large dynamic frequencyio,, however, in these equations we need to take into ac-
shift of NMR. As [H—H,| increases, the intensity of the nt first, interaction with differently polarized alternating
signal decreases, z_and_lts position approaches the unshlfteﬁgms h and, second, nuclear magnetic relaxation, which
NMR spectrum, which is represented by dashed curves. Thges the oscillations afn; into the steady state. We treat
solid curves represent the NMR spectrum calculated fromgaxation processes in the relaxation time approximation,
Egs.(20) and(21) below. We have not used any fitting con- which corresponds to the Bloch equatibh&ee Appendix
stants here. Satisfactory agreement is observed between the Figure 5 shows the influence of a transverse frelcon

the orientation of the vectavl; when the frequency of the
alternating field is much lower than the AFMR frequeriay
NMR frequencies this condition is easily satisfied at &hy
045 2r—fretgt o eeeeees] owing to the hyperfine gap in the.AFMR spectritfnd. It i;
evident that for h, <H everything reduces to rotation
through the angleSp=h, /H. All other vectorsM; rotate

4. THEORY

IPURPNSRE Lt

040 ;z:—v“ through the same angle, and their variations are therefore
£ described by the equations
5 |
] () sy —n1 s
a0.35- M; ()=M;do=x,h, (1), 4
where
0.30 . ; : x.=M;/H )
50 55 60 gl 65 60
c H, kOe is the magnetic susceptibility in a field, . It follows from

FIG. 4. NMR spectrum in CsMnBrfor HL Cg at T=1.3 K with excitation Fig. 1 tha,‘t a lo,ngltUdmal fleldh” has Scarcely any influence
by alternating magnetic fields; (light circles andh, (heavy dots, from O the orientation of the vectoM,; andM,, but changes the

Ref. 3. angle a by
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4Hhy/\(3HZ—H?)(H—H?), H=H,,

- 6
““lo, hen, O

Equationg6) can be derived from Ed1) by writing the
latter for the fieldH + h; and expanding in powers &f . The
calculation of the variations of the vectols; for such a
variation of the angler leads to the equations

M) = by (o), ™
where
X11=X14=0,  X2=X|6= ~X|3= ~X|5=X| » (8
) Modai2hj, H=H,, "
” 0, H>H,.
We have thus calculated the NMR gains:
7 =Ax.=Hn/H,
7= AX)j - (10

In the Appendix we show that the use of E®—(9) in
the equations fom; permits them to be written in the form
(A12):

i \2 )
w+ T_z — W

mxj(w)

Hp
+ 7nwnjAmzj ? 2 Ajj 'mxj,(w)
E

+ 7’n")njmzj 7. h (w)+ 7’n")njmzj 77”th((1))=0.
11
The Appendix also gives expressions for the quantitigs
(A7) and w,; (A13). The expressions fomxj(w), h, (w),
and hy(w) are related tomxj(t), h,(t), and hy(t) by the

Fourier transform(48).
The determinant of the system of equatigh$) charac-

Dumesh et al.

A 2o= N33= A55= Nge= M pg= N 3s= — A p3= —Agz™ —Aos
=—A5e=0.5[2[1— (H/H/)?]+ €} 1, (13

wheree=2m,/Hg, ~10 2 [see Eq(A5)].

The components ;; and\4; do not have singularities at
H=H_., and their influence can therefore be disregarded. A
second procedure by which it is possible to substantially sim-
plify the system of equation€ll) involves the transforma-
tion to new variablesn,. (k=1,2,3):

Mpe =M EM,,, Mye=Mm *m,, Mz.=m,*=m,.

(14)

As a result, the systertill) is decomposed into four inde-
pendent equations:

i \2
i
o+ T_2 —wﬁl m;_=0,
i 2
( w+ | - w2 M +200mMeyam h, =0, k=1,2,3,
2
(15
and a system of two coupled equations:
i\? 1
2 z
(,L)+T_2 —Wpo m2_+§wn2wpc(H)m—O(m2_

—M3_) +2wny 7, hym,=0,

i\, 1 m,
O+ —| —wy m37+_wn3wpc(H)m_o(m3—

T, 2
—My_)+2wnz ¥, 7 hym,=0, (16
where the two quantities
wpo(He)e
pr(H):[e—i-Z(;Z—((Ij)/HC)z)] (0
and
n=Hn/\H(H.—H), (19

terizes the six NMR frequencies. We note that the frequenhave singularities aH=H,. According to Egs.(15), the
cies of only three of these lines, excited by a transverse fieldomponent in the NMR spectrum correspondingme_ is
h, , were analyzed in Ref. 3. We now look into the feasibil- not excited by the variable field, and ting_ components

ity of exciting all six lines.

are excited by the transverse figld. The spectrum of these

~ Taking the amplification into account, we describe thecomponents is represented by dots in Fig. 4, and their prop-
intensity |l ,(w) of the absorption signal measured in the ex-erties are discussed in Ref. 3. The new results, represented

periments of Ref. 3 by the equation

(@) =25 7 Imm, (), (12)

where Immxj(w) is the imaginary part of the solution of the
system(11) for the frequencyw. These equations have the

simplest form in the casdd<H., H~H_., andH>H.. An
analysis of the cased<H; andH>H, yields results that

agree with the curves in Refs. 1 and 3 to within the experi
mental errors. We therefore confine our discussion to th
caseH~H, only, as it is associated with new experimenta

results described in the preceding section of the article.
For H~H, the following expressions fok; can be
obtained from Eq(A7):

I%onentsmz, and mz_, which are the roots of the secular

03=0.9 w2,(H) + w5(H)],

by the open circles in Fig. 4, are described by the solutions
of Eqgs. (16). Their form depends strongly on the ratio be-

tween the difference in the frequencies, and w,3 (45),

A=wn— wy3=2H sin(a/2), (19

and the quantityo,. (17). For A> wthe frequencies of the
componentsn, _ andmg_ differ from the frequencies of the
componentsn,, andms, excited by the fieldh, , consis-

tent with the results shown in Fig. 4. FAr< 0, the follow-

ing equations can be obtained for the frequencies of the com-

equation for(16):

03=0,[Q5— wp(H)].
(20)
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) FIG. 7. Experimental low-frequency NMR bran€ly(H) at T=1.3K and
FIG. 6. Experimental traces of the low-frequency NMR brasi(H) at various frequenciestl) 220.1 MHz;(2) 273.7 MHz; (3) 350.1 MHz; (4)
T=1.3K and several frequencies. The arrows indicate the midpoints of thgygz 5 MHz; (5) 370.0 MHz; (6) 3752 MHz ' '
NMR lines at 379.7 MHz. ' ' ' ' ' '

shift has been analyzed previouslyt3>-8If the equations

As H—H., the frequency Q, approachesw(H, 9iven in the cited papers are used, the following relation

=y,AM, (45), and Q5 (taking (17) into account tends to betweenl ,({23) and(); can be obtained in the investigated
zero: frequency range of 310—380 MHz:

In(Q3)xQF?, (26)

which agrees qualitatively with the results in Fig. 6. To make
) a quantitative comparison, the influence of inhomogeneities
The spectra calculated from these equations are representgfihe sample must also be taken into account in the theory,

by solid curves in Fig. 4. . because we are now in the vicinity of the phase transition.
Equations for the intensitids,(w) of the NMR lines at

the frequencieg), and ()5 can be obtained by substituting
the corresponding solutions of the systél6) into Eq. (12):

1—(H/H)?
€/2+1—(H/H)?

Q3(H)=Q3(H,) 21)

5. CONCLUSION

It follows from Fig. 6 that the decrease in the intensity of

_ 2
n(Q23)=2mo77] yohy T2, 22 e steady-state NMR signals due to nonlinear effects
yvoH 1?2 .« strongly limits the frequency range in which such signals can
In(Q2)=41,(Q3) o (H) stE. (23)  pe observed neat. A similar difficulty is encountered in
pc

weak fieldsH<H,."® In this case the dynamic frequency
It follows from Egs.(18), (21), and(22) that the intensity  shift is observed over a far broader range of fiettithan

1 1 merely in the vicinity ofH., so that the NMR signals shown
moc m (29 in Fig. 7 exhibit not only the values of the frequencie@sbut

¢ 3 also the fielddH. It is evident from Fig. 7 that akl and ()
should increase &3;(H) decreases. It is evident from Fig. 6 decreasdi.e., as the dynamic frequency shift increaséise
that it decreases in the experiment. The reason for this disignal intensity first increases and then decreases. If Egs.
parity is that Eqs(22) and(23) have been obtained from the (11), with nonlinear effects taken into account, are used to
solution of the systemil6) in the approximatiorm,=my. If  describe these signals, the following relation can be obtained
this is not done, Eq(20) has the form for their intensitied ,(Q) (12):

02=0,[Q,— wyo(H)m, /mg]. (25) In(Q) pfocH 2, @7

Inasmuch agnj=mZ+ mf,+ mZ, the dependence dd; on  where 7? is given by Eq.(10). Like Eq. (24), this relation
m, implies a dependence dd; on the amplitude of the describes the increase IR() as() decreases. For larger
oscillations of the magnetizations of the nuclear sublatticeglynamic frequency shifts, such that nonlinear effects become
m; . In other words, whereas the oscillations rof are in  appreciable, it is necessary to use the same expressiohs for
resonance with the alternating field at small amplitudes, thas those from which the relatiof26) is obtained. Then in
resonance conditions begin to break down as this amplitudplace of(27) we can obtain a dependence of the form
increases, doing so more rapidly the higher the frequency | (€)1 28
wp(H) and, accordingly, the lower the frequendys. nito4 '
Hence it follows that for sufficiently higlw,.(H) the inten-  which dictates that, decreases ad decreases.
sity 1,(€23) begins to decrease &5; decreases. There are three ways to approach the investigation of the
The influence of various nonlinear effects on the steadynuclear spin properties at lower frequenciés larger dy-
state NMR signals in the presence of a dynamic frequencyamic frequency shifis First, the amplitude of the exciting

[n(Q23) e ﬂﬁ“
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field can be raised to levels such that hysteresis effects beginA. Fomin for a productive discussion and critical remarks.
to set in as a result of the nonlinearity of the dynamic fre-This work received financial support from the Russian Fund
quency shift®~1® Tulin!” investigated these effects experi- for Fundamental Resear¢Rrojects 96-02-16489 and 98-02-
mentally for three-dimensional antiferromagnets (MnrCO 16572.

and CsMnk), but he worked with weak fieldd of the order
of 1kOe or less, for which the gaim, (10) is large. At

H~20kOe,n, is much smaller, so that the investigation of APPENDIX
hysteresis effects in the case of CsMgBquires more pow- As mentioned in the Introduction, the equations used in
erful rf field generators. Ref. 3 to analyze the spectrum of NMR frequencies can be

Second, NMR pulse techniques can be used, and echapplied to the calculation of the intensities of steady-state
signals in particular. Owing to the mechanism by which suclNMR signals. To do so, however, the equations must be
signals are generated as a result of modulation of the NMRnodified to account for interactions with the external alter-
frequency, a certain reserve is available for increasing theinating magnetic field and with the fluctuating fields respon-
amplitude in the presence of a large dynamic frequency shiftsible for nuclear magnetic relaxation. If direct interaction of
The feasibility of using NMR pulse signals to study the prop-the magnetizationsn; of the nuclear sublattices with the
erties of nuclear spins with a large dynamic frequency shiftalternating field is ignoredby virtue of amplitude effectd)
has been discussed in detXil. and if interaction with the fluctuating fields is taken into

The third possibility for the investigation of NMR sig- account in the relaxation time approximation, it is possible to
nals in the presence of a large dynamic frequency shift inebtain a system of equations that coincides with the usual
volves the parametric excitation of nuclear spins by paralleBloch equation® in the external magnetic fiel#l and the
pumping:® This method is based on the fact that under thehyperfine fieldH ;=AM (Ref. 11:
conditions of a dynamic frequency shift, the precession of
the nuclear magnetic moments normally becomes elliptical dm"j My,

! :'yn(Asz+HZj)myj_T_21

with an eccentricity that depends on the magnetic field. As a dt

result, an alternating magnetic fielg at twice the NMR dm, m,.

frequency imparts parametric instability to such precessionif —-X=_, (AM, +H,)m, +y,m,AM, — —, (Al)

the amplitudeh(t) exceeds the threshold levej. Equations dt oo P T

(11) then lead to an expression fbg, where ;,y;,z;) denotes the coordinate systems associated

with equilibrium orientations of the vectorsj||H;[M; (we
ho(w):m, (29 disregard the deviation of the orientation of the fi¢ld;
2l7%p +H from the hyperfine fieldH,;,sinceH,;>H), A is the
where w, is the dynamic frequency shift parameter. In hyperfine interaction constan, is the nuclear gyromag-
CsMnBr; a large dynamic frequency shift occurs in two netic ratio, andT, is the transverse nuclear magnetic relax-
cases: pfor H~H.. when w,(Hc)=wpc (17); b) for H ation time.

<H., whenwy(H) is given by For small oscillations ofm; the componentsn,; can
almost always be replaced by the equilibrium vaiog An
12ewn; exception is encountered for oscillations with a large dy-
Wym—————————. (30 P , : ge dy
P 9(H/H,)8+12€ namic frequency shift, when nonlinear effects become sig-

nificant, and the variation of the componemtrgj must be
‘taken into account. In CsMnBr however, as opposed to
two-sublattice, three-dimensional antiferromagnets, these ef-
H¢l1—(H/H? _ fects do not exhibit any specific attributes, so that the equa-
OZW’ (3D tions derived in Refs. 13-18 can be used.
In the description of NMR experiments the magnetiza-
b) for H<H. ande<H/H, tion components/, of the electronic sublattices can always
H be replaced by the equilibrium valués; (by virtue of the
ho—m- (32 \weak influence of hyperfine interaction on the oscillations of

Equation(29) is transformed as follows for these two cases
a) for H~H_ and e<|1— (H/H)?|

. M;j).
Equations(31) and (32) can also be used to analyze the ! The componentd!, do not occur in Eqs(A1). As in
J

threshold amplitude in the parametric pumping of nUCIearRef. 3, they are disregarded, because strong uniaxial anisot-

spin waves?"**Itis sufficient here to replace, andwp by ropy prevents the sublattices from leaving the basal plane

T»(q) andwp(q), whereq is the wave vector. . )
. . . < . .
It is clear from these equations that the threshold amp||-(Myj MXJ) The components! x; 1N Eq. (A1) can be written

tude hy drops asw,, increases. This means that when the3S @ three-term sum

dynamic frequency shift increases, the conditions for the ob-  p. =M M) 4 MmO p (M (A2)
. . . . X; X; X Xi 7
servation of parametric NMR improve, rather than deterio- ! ] ] !
rating as in the case of steady-state NMR. whereM (") andM (") are attributable to interaction with the

In closing, the authors wish to extend their sinceretransverse If,) and longitudinal fy) alternating magnetic
thanks to N. M. Krénes, L. A. Prozorov, A. |. Smirnov, and fields, and the componerMQj“) are attributable to hyperfine
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interaction with the oscillations afi;. The equations used to is the determinant of the systefA3). For H<H., on the
caIcuIateM('J“) in Ref. 3 take into account only one low- basis of(A5) and(A8), we have

frequency AFMR branch. Here we have made use of the fact  (H)=[b,(H)+ 1][1_(|-|/|-|c)2+ €][3by(H)e
that the NMR frequencies are very much lower than the

AFMR frequenciegwith allowance for the hyperfine gap in +(H/H)®by(H) (by(H) +1)%], (A9)
the spectrum of magnotfs, so that the kinetic energy can be and forH= He

neglected in the expression for the Lagrangian describing the ) ) )

behavior ofM; (Ref. 24. In this approximation, equations Z=[(HIH) =1+ €el(H/H)T(H/H)*+3].  (AL0)

for ij can be obtained by minimizing the potential energyAt the pointsH=0 andH=H, the determinantz(H) at-
with hyperfine interaction taken into account. We can nowtains the minimum values
obtain equations that are valid for any fields despite the HOV=9¢l4. T _
) ) . 92(0)= , Y(H.)=4e,
difference in the symmetries of the soft modesHkbr 0 and (0)=%¢ (Ho)=4e
and the componentsl (™ attain maxima.

H=H.:
Taking Egs.(A2), (A6), (7), (9), and(10) into account,
we can write Eq(A1l) in the form

(A11)

a ;M by (M + M) = (Hy /He ) (Mg +myy),

_ (m) (m) (m) _ 2
blMxl +a2MX2 +b2MX3 (Hn/HEr)(mX2+mx6)y w+T|_ _wﬁj}le(w)
2
—by M +b, M +a,M{ = (H, /He ) (Myg+Myg),
A3
(A3) +7nwn]Amz 2 )\Jj’mx(w)
MP =MD, MP=MD, MD=M,  (A4)
whereH =AM, + ')’nwnjmzj 7]J_hJ_(w)+ ')’nwnjmzj 77Hjh||(w):0a
(A12)

o 1 9
b;=cos;=———, by=cosa=2bi—1, where

2 2—(H/Hy)?

®n1= ©0na= YnAMy,
2 H 2

a;= H_ +2b1+ €, a2:bl—{l—(H—) b2+ €, wn2=wn5='ynAM2+H Sin(a/Z),

C Cc

Wp3= Wpg= ’ynAMZ_H Sin(CY/Z), (A13)
2A
€= mo' (A5) are the unshiftednot perturbed by dynamic frequency shift
Hes NMR frequencies, while

Am, is the static hyperfine field, which is conveyed by the =Ay,=H,/H (A14)
nuclei to the electrons and is responsible for the hyperfine

gap in the AFMR spectrurtt, Hg, =3 kOe is the effective

in-plane exchange fieldy is the angle between the vectors N2=Ne= — M3=— Ns=7=AX|, 71=7s=0

M, andM; (Fig. 1), andH_. is the critical field for transition (A15)

to the collinear phase. AL>1K we have are the gains for the field, andh;; the variablesm, (w),

h, (), andh|(w) are related tonxj(t), h, (t), andh(t) by

2AmMy  2H, vy, hyH
= = - the Fourier transform

HE/ HE' 7e kT

1<10°2

so that only linear corrections inwill be taken into account
below. The solution of the systefA3), (A4) has the form

M(m)_

Xj JJ’mXM

(A6)
He j

where

N11=Ngq= (85— b3)/ 7, N1j=Ngj=bi(az—by)/ 7,

Moo= N33= Ns5= A ge= A 26= N 35= (a8, — b3)/ ¥,

N23=Nez=Nos=Ags= (DI—asb,)/ &, A r=Njrj;

(A7)

il
and
[/: (az_

by)[ai(az+by) —2b3] (A8)

mxj(w)z J'jxexp(iwt) mxj(t) dt. (Alo6)

Analogous relations hold fan, (w) andhj(w).
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