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Following Yamada and Kato [J. Phys. Soc. Japan 63 (1994) 289], we have calculated the frequency—field diagram

of antiferromagnetic resonance of KCuF3 using an eight-sublattice model and mean field approximation. A spin flop is

found to take place from the [110], to a direction perpendicular to [110]p in the c-plane at H ~ 42172A /m, which is in

good agreement with the data obtained by measuring magnetic susceptibility.
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1. Introduction

The research for the ferro- and antiferromagnetic
materials has attracted much attention due to its in-
dustrial and fundamental importance.['=6 Generally,
in order to clarify the magnetic structure of crystals,
it is important to analyse the frequency—field diagram
by solving the equations of motion, especially when
the crystal has a multi-sublattice magnetic structure:
e.g., non-collinear spin ordering which was discovered
in KMan?] and CuCly-2D50,8] etc. Moreover, two
or four or eight sublattices were found based on the
presence of Dzyaloshinsky—Moriya (DM) antisymmet-
ric exchange interaction, Zdij - (Si x §;) by com-
paring experimental resultzs>i)f antiferromagnetic res-
onance (AFMR) with the calculated frequency-field

[9-11] AFMR measurement performed on the

diagram.
high-quality single crystal KCuF3 and analyses of the
AFMR field H,s have revealed that the compound
KCuF3 is a representative one-dimensional Heisen-
berg antiferromagnet at temperatures below Tny=39K;
it has an eight-sublattice magnetic structure.[9:12=15]
Linear antiferromagnetic chains are known to be along
the c-axis with the intrachain exchange interaction
J.=—190K, and the very weak interchain exchange in-
teraction in the c-plane estimated to be J, ~ 0.01|J,| .

The substantial easy direction is along [110], and its

equivalent axes, where [ ], represents an axis in a unit
cell of a perovskite structure. However, an important
phenomenon called spin flop observed in the experi-
ments of neutron diffraction ['8l and measurement of
magnetic susceptibility [13] has never been reported by
the experiment of AFMR. Furthermore, the external
field g, H/2 ~ 62860 A/m (where g, = 2.27), where
the spin flop occurs from the [110], axis to a direc-
tion perpendicular to [110], in the c-plane predicted
by numerical calculation for the frequency—field dia-
gram only taken into account the simplified models of
two- or four-sublattice systems,® is not in accordance
with the value measured by magnetic susceptibility.[14
The purpose of the present study is to calculate the
frequency—field diagram of AFMR of KCuF3 using the
eight-sublattices model based on the results of Ya-
mada and Kato 3! with the classical method,[17:18]

and determine the condition for spin flop occurrence.
2.Frequency—field relationship of

AFMR for eight-sublattices
The Hamiltonian relevant to AFMR of KCuF'5 is

H=-2)  (JS:i-S;j+D.S;-S;)

- 22i>mJaSl : Sm + Zi>jdij . (Sz X S])

+ .UBZkSk “ga-H+ NBZk,Sk’ ~gp - H.(1)
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Fig.1. The directions of the DM vectors and the po-

sitions of eight sublattices 1-8.111]

In Eq.(1), J. represents the intrachain exchange
interaction among nearest-neighbour (nn) ions in the
c-axis, J, means the ferromagnetic interchain ex-
change interaction among nn ions in the c-plane, and
D_.=0.04K produces an XY -like anisotropy field which
forces the spins to lie in the c-plane.'® The third term
represents DM interaction between nn spins in the c-
axis. The last two terms are Zeeman interactions for
the spins having inequivalent g-tensors, g4 and gp,

where the two summations Z and Z represent spins

having g4 and gg, respectively. Because of these g
factors, the spins are canted and divided into eight
sublattices as shown in Fig.1.

Applying the mean field approximation to the
Hamiltonian given by Eq.(1), the free energy F' is for-
mulated as follows:

F =AMy - M5+ M, - Mg + M3 - My + My - Mg)
— A'(M; - My + My - My + My - M,
+ M3 - My + Ms - Mg + Me - M7
+ My - Mg + My - Mg)
+ Bldys - (M1 X Ms) + dag - (M2 x Mg)
+dg7 - (M3 x My) +dyg - (Mg x My)]

8
K g
2 N My — H- 94 (My+Ms + Mg+ M,
+2M2; iz o+ (MM + MotM)
—H. %B - (M + My+Ms+My), (2)

where each M; = —Ngup(S;) (i=1,2,..., 8) is the
magnetization of the ith sublattice, in which N is the
number of magnetic ions in the ith sublattice, g the
g-factor of a free electron, and { ) a thermal average.
The coordinate axes (z, y and z) are taken parallel to
the [100],, [010], and [001], axes, respectively. The

parameters in Eq.(2) are determined by

AL 4
N’Y2 h2 ’ N’Y2 h2 ’
4 4D,

where v = —gup/h. Using the mean field theory, H;
that acts on the sublattice magnetization M; is given
by OF

Hi=—gop (=12....8), (4)

and every H; has a similar structure as the following:

k K’

H, :%A “H — AM; + A (My + My) — B(Ms % dis) + Hay,

H, :%B H — AMg + A'(My + Ms) — B(Mg x dsg) + Has,

H, :%“ “H — AM; + A'(My + My) — B(My x ds7) + Has,

H, :%B H — AMg + A'(My + M) — B(Mg x dus) + Haa,

Hy %‘ - H — AM; + A'(Mg + Mg) — B(M; x d15) + Has,

Hg Zg?B «H — AMy + A'(Ms + My) — B(M; X dag) + H 6,

Hy ng - H — AM3 + A'(Mg + Mg) — B(M3 X d37) + Har,

Hy =22 . H — AM, + A'(Ms + My) — B(My x dag) + Has, (5)
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. . K . dgoz-
in which Hy4; = <O,O,—WMZ-Z) (1=1,2,...,8) are En

the XY-like anisotropy fields. The equations of mo-

= dio(p:), (i=1,2,...,8), (11)

and putting them in Eq.(9), then we integrate the
tion for the eight-sublattices can be written by

dM;
dt

In order to obtain the resonance frequency w we

equations with respect to ¢;, and we obtain

= _'Y[Mi X Hi]a (1: 1,2,...,8)- (6) %[ai(ﬁio(@i)Sin(@i)F :’Ui(ai+bi)_Ui(aiCOS(SDi)+bi),

change Eq.(6) into the following expressions: (i=1,2,...,8). (12)
d oF M; )
d2M; dM; dH; OF M, v (M;) = / gi(z)dz, (i=1,2,...,8). (13)
=—x X =v°| M; x s 0
dt? dt dt OM; dt
OF In addition, we assume the solutions of Eq.(8) are
d
oM; dM; dMsg
dt _F<M1""’M8’?"“’ dt ) M; =a; cos(p;) + b; + x;1 (a1 cos(p1)
:F(Ml, e ,Mg, —’)’[Ml X Hl], ey + bl, ...,ag COS((pg) + bg),
— ~[Mg x Hg)) (i=1,2,...,8). (14)
. OF
=F{M,..., Ms,—y{ My % oMy ) In fact, we can use a complementary function to
SF describe the general solution. Using the asymptotic
-7 <M8 X Mg )) method, we finally have
SF(My,.. M), (=128,  (7) .
; = '-i-ZL(C' sinnp; — ¢in sinneg;)
then, we have the nonlinear autonomous vibration vi=9; = ncio I ¥ o vi
equations + Ci_(]l (ri —7;), (15)
d2M;
dt2 +9:(Mi) = f(My,..., M1, Miya, ..., My), where the Fourier coefficient is
i=1,2,...,8). 8 1 [ 1
( ) ® Cin = — cosnp;dp;, (n=0,1,2,...).
In order to solve Eq.(8), we first consider 2w Jo  dio

the homogeneous equations, and let f(Mjy,...,

The nonhomogeneous term f in Eq.(8) is de-
M;_1,M;41,...,Mg) =0, then, we have

scribed by a periodic solution

d2 M .
d2 +9i(Mi)=0,(i=12,....8). (9) fio(ax, ..., as,¢;)
Supposing the results being in the following form: =fi(aicos(p1) + b1, ..., ascos(ps) +bs); (16)
M; =a;cos(p;)+b;, (1=1,2,...,8), (10)  then we have the function of first-order approximation
Pi Pi O ; )
- fio(a1, ..., as,¢;) sinp;dp; — Ai / <2¢i0 +a; ¢ 0) sin? p;dep;
by = 0 0 O (17)
“ a;dio sin® ; ’
where
2w 2w
. 0¢io \ .
A = — fio(ai, ..., as,p;)sin %d%// <2¢z‘0 +a; ¢ 0) sin? p;de;,
0 0 da;
so the period of the system is given by
2m
dep;
T; = Ld w; = 21/ (18)

o i+ b’
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3. Calculated results and discus-

sion

Using the experimental data J. = —190K,
J,=0.01]J,| and D,=0.04K,[19:20] and adjusting the
value of d, the angular dependence of resonance field
H,es is firstly calculated using Eq.(18).
seen from Fig.2 that H,.s has a fourfold symmetry
and reaches its higher peak for H//[100],
lower peak for H//[110], The result is
in good agreement with the experimental data [*3] if

d=0.027|J.| is used.

It can be

and its

directions.
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Fig.2. The calculated angular dependence of res-

onance field Hres at the lowest-frequency mode, in
which the external field H is fixed at 795700A /m and
rotated in the c-plane.

The frequency—field diagram (w—H) of AFMR cal-
culated for the lowest-frequency mode and H//[110],
is shown in Fig.3. When the w—H diagram is scaled
up for the lower H,.s as shown in Fig.4, a change of
H,es ends at Hys=|g,,,- H/g|=42172A /m for H//[110],.
According to the conventional AFMR theory, such a
change of H,.s indicates the spin flop taking place from
[110], to the direction perpendicular to [110], in the
c-plane. Our calculated results about H,es is in good
agreement with H,.s=43764A/m, which is measured
for magnetic susceptibility.['4] We also propose to per-

form the AFMR experiment to parallel and validate

our calculated result about Hg.
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Fig.3. Frequency—field diagram of the lowest-

frequency mode.
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Fig.4.
lowest-frequency mode. Spin flop is predicted to occur
at Hep=|gm - H/g|=42172A /m.

Scaled-up frequency—field diagram of the
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