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Resonance fields of the electron paramagnetic resonance 
lines in KCuF,: the effect of the Dzyaloshinsky-Moriya 
exchange interaction and the inequivalent g-tensors 

T Ishii and I Yamada 
Department of Physics, Faculty of Science, Chiba University, Yayoi-cho, Chiba-260, 
Japan 

Received 1 February 1990 

Abstract. We report that the electron paramagnetic resonance field H,,, measured at a 
fixed microwave frequency in KCuF3, a compound having one-dimensional Heisenberg 
antiferromagnetic properties in spite of its pseudocubic crystal structure, is temperature 
independent for the external field H parallel to the chain axis, while H,, for H perpendicular 
to the chain axis shows a very weak decreasing tendency with decreasing temperature to 
TN = 39 K over the wide region of short-range order. Considering the recent discovery that 
this compound has a Dzyaloshinsky-Moriya (DM) antisymmetric exchange interaction which 
overwhelms other perturbation terms such as the dipolar and the anisotropic exchange 
interactions, we suggest that H,,, is governed by the DM interaction; the alternate change 
in the direction of the DM vectors and also the antisymmetric spin-correlation functions 
(S;S;+, - S;S:+,) with (Y # p (a, p = x ,  y ,  2 )  result in the temperature independence of 
H,,,. We also point out that the two inequivalent g-tensors in this compound can be the origin 
of the very weak decreasing tendency of H,,,observed forH perpendicular to the chain axis. 

1. Introduction 

The resonance field HI,, of electron paramagnetic resonance (EPR) lines in conventional 
one-dimensional Heisenberg antiferromagnets ( IDHAFS) shows a characteristic tem- 
perature dependence. That is, with decreasing temperature to TN, HI,, measured at a 
fixed microwave frequency for the external field H parallel to the chain axis, denoted 
&, decreases, while that for H perpendicular to the chain axis, denoted HA,, increases 
and these two fields obey the relation [H!,,(HA,)2]1/3 = constant. These phenomena 
were pointed out theoretically by Nagata and Tazuke [ l ]  for a lDHAF with the dipolar 
interaction as a perturbation term. They used Fisher’s [2] classical spin model in an 
equation for the resonance frequency that is justified in a spin-wave region and derived 
a formula for the shift of the resonance frequency with decreasing temperature over the 
short-range order region; the formula explained well the experimental results observed 
for a representative lDHAF such as TMMC and CsMnC13.2H20 [I]. In their calculation, 
the quantum axis is always assumed to be parallel to the external field, i.e. the magnitude 
of the external field is larger than the anisotropy field. 

On the other hand, Okamoto and Karasudani [3] and Karasudani and Okamoto [4] 
discussed the temperature dependence of the resonance frequency of a iDHAF based on 
Mori’s [5]  theory of generalised Brownian motions and showed a more general formula 
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that can be applicable for a lDHAF having an anisotropy field larger than the external 
field. When the formula given in [3,4] is expanded in powers of the anisotropy field, the 
lowest-order term results in the expression given in [l]. Even when we take account of 
the higher-order terms, i.e. the condition that the external field is larger than the 
anisotropy field is relaxed, the substantial qualitative feature brought about by the 
lowest-order term is maintained. 

As the theories [l, 3,4]  indicate, other symmetric perturbation terms such as the 
anisotropic exchange interaction and the single-ion anisotropy also cause a shift of HI,, 
over the short-range order region similar to the dipolar interaction. Then the question 
arises of how HI,, will behave with temperature over the region of short-range order in 
a 1°F when an antisymmetric interaction is the main perturbation term. 

On the basis of the measurement of the EPR linewidth, we have recently reported 
that KCuF3 with an (a)-type structure, a lDHAF in spite of its pseudoperovskite crystal 
structure, has a Dzyaloshinsky-Moriya (DM) antisymmetric exchange interaction 
Z,(- l ) f ldn, ,+l .  (S, x Snil) between nearest-neighbour spins on the c axis (the chain 
axis) which dominates other perturbation terms such as the dipolar and anisotropic 
exchange interactions and governs the linewidth [ 6 ] .  That is, the EPR linewidth at high 
temperatures shows a (2 + sin2 8)-like angular behaviour (where O is the angle between 
the c axis and H )  which coincides well with the linewidth theory owing to the DM 
perturbation term with d,,,+l I c. We have pointed out that from its crystal symmetry 
the DM vector dn,,+l changes its direction alternately, i.e. d,- l , ,  = -dn,,+l. Further the 
linewidth shows a gradual decrease with decreasing temperature to TN = 39 K, reflecting 
the effect of antisymmetric correlation functions ((StSf+l - SfS~+1)2)  with a # /3 
(a, /3 = x ,  y ,  z )  which arise from the DM interaction as suggested theoretically by Soos 
et a1 [7]. 

The compound KCuF3 with an (a)-type structure has one more factor that should be 
taken into account when we consider the temperature dependence of HI,,, i.e. two 
inequivalent g-tensors. Owing to the cooperative Jahn-Teller effect, each F- octa- 
hedron surrounding a Cu2+ ion is elongated along one of the principal axes in the c plane 
and the elongated axes are orthogonal to each other along the c axis. There then arises 
two inequivalent sites of Cu2+, each accompanying a g-tensor different from each other 
as shown in figure 1. Such different g-tensors can be one of the origins of the shift of HI,, 
as pointed out theoretically [SI. 

To investigate the effects of the DM interaction and the inequivalent g-tensors on the 
resonance frequency in KCuF3, we have measured resonance fields at a fixed microwave 
frequency as a function of temperature. We shall show our experimental results in the 
next section and discuss it following the theories developed in [l, 81. 

2. Experimental results and discussion 

The sample employed in the present experiment was the same as used in the previous 
study [SI. That is, the sample has the (a)-type structure and hence the Cu2+ ions are 
located at two inequivalent sites. As is well known, this compound has astrong exchange 
interaction between the nearest-neighbour spins on the c axis owing to the orbital order- 
ing of 3d holes. We thus carried out experiments for H 11 c and H I c.  

Since the linewidth at high temperatures is broadened to 4 kOe, we used a K-band 
spectrometer rather than an X-band spectrometer to determine the resonance field 
more precisely. Owing to its strong exchange interaction (J/k,  = -200 K) between the 
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Figure 1. Crystal structure of (a)-type 
KCuF3. The thin arrows indicate the direc- 
tion of the shift of F sites from the centre 
between the adjacent Cu sites, while the 
bold arrows show elongated axes of F- 
octahedra, the axes along which gl, is 
defined. Inequivalent Cu sites are indi- 
cated as A and B. 
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nearest-neighbour spins on the c axis, the magnetic short-range order develops over 
a tremendously wide range of temperatures including even room temperature. The 
dependence of the shift of resonance field on temperature observed at 24.46 GHz is 
shown in figure 2 for 8 = 0" and 90" where 8 is the angle between the c axis and the 
external field H .  As can be seen in this figure, we find that the shift for 8 = 0" is almost 
temperature independent , while that for 6 = 90" shows avery weak decreasing tendency 
with decreasing temperature. These results are completely different from the theoretical 
prediction [l, 31 and the experimental results in several iDHAFs introduced in section 1. 
As explained in the previous paper [6 ] ,  the DM interaction dominates the dipolar and 
anisotropic exchange interactions, and hence the linewidth is governed by the DM 
interaction. A temperature dependence of the resonance field, if it exists, also arises 
from the spin-correlation functions coming from the perturbation terms. To interpret 
the present results, we employ the simple theory established earlier [l]. 

We now take the coordinates [ x ,  y ,  21 with zllc and the Hamiltonian 
X = X e x  + xz + X' (1) 

where the terms are given by 
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X' = E d,,n+l * ( S n  x S n + l ) .  (4) 
n 

When the microwave frequency is larger than that corresponding to the perturbation 
term, the resonance frequency o is given [l] as 

= (IS- > [S+ 5 "aeIl)/2(~') ( 5 )  
where S' are the transverse components of the total spin S = &S,. Since [S+,  Xex] = 0 
and the Xz part in equation (5) results in gyBH, the temperature-dependent part of tio, 
given by ti Ao(T) ,  arises from the X' part in equation (5). When dn,n+l llx, we obtain 

- 

and 

1 
~ A O ~ ( T )  = - 7 E  (-l)ndi,n+l((SY,Si+l - ~ i ~ ~ n + l ) ) H l l x .  (7) ( S  ) n 

Similar results are obtained for dn,n+l Ily withHllx. The alternate change in the direction 
of dn,n+l, i.e. dn.-l,n = -dn,n+l, results in Zn(-l)fld;,n+l(. . . )  = 0 in equations (6) and 
(7). Even if dn-l,n = dn,n+l,  the average (SfS{+, - SfS;,,) with CY # (CY, p = x ,  y ,  z )  
is zero for the Hamiltonian X = X e x  + Xz, contrary to the symmetric correlation func- 
tion such as (SfSf,, - S{S{+l) which is produced when X' consists of symmetric terms. 
As a result, we can say that the DM perturbation term does not produce a change in the 
resonance frequency with temperature. 

We next discuss the effect of the inequivalent g-tensors. Let us denote the two 
inequivalent sites as A and B, and hence the total spin at each site as SA and SB, while 
the g-tensors are gA and gB. The Hamiltonian for such a spin system is expressed as X = 
Xex - pBH (g,S, + g$&). For this Hamiltonian, equation (5) gives the resonance 
frequency as 

h o ( T )  = pBgH[I + (AgH/g~)2((~'~')/(~Z~Z))] (8) 
where S' and s' are the z components of S = SA + SB and s = SA - SB, respectively, 
while Ag = (9, - gB)/2 and g = (9, + gB)/2 [8]. Since the thermal average (SzSz )  
decreases, while (szsz) increases with decreasing temperature for the antiferromagnetic 
coupling between the nearest-neighbour spins located at the inequivalent sites, the 
resonance frequency increases with decreasing temperature. For the classical model of 
spins, the ratio of these correlation functions for zero field is given as 

(s's')/(S'S') = [ ( l  - U ) / ( l  + U)] '  (9) 
where+) = x - cot(l/x)andx = (kBT/2)IJIS(S + 1). Atafixedmicrowavefrequency, 
H,,, for both H parallel to the chain axis and H perpendicular to the chain axis decrease 
with decreasing temperature to TN when A g H  is not zero. The classical model is 
inadequate for S = 4 as in the present case, but we think that the qualitative behaviour 
expected for S = 2 should be similar to that obtained for the classical model. Indeed, 
several compounds with S = 4 such as C U ( C ~ H , C O O ) ~ . ~ H ~ O  and C U ( N H ~ ) ~ S O , . H ~ O  
have been found to show a decreasing tendency of H,,, regafdless of the direction of the 
external field with respect to the chain axis [9], indicating qualitative agreement with the 
theory. 
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We now apply equations (8) and (9) to KCuF3. The g-tensors in this compound are 
given in [ x ,  y, z ]  coordinates as 

gA = rL 811 g.-$ g l  1 (10) 

g,  g1 
where gil and g, are the g-values parallel and perpendicular to the elongated axis of 
the F- octahedron and they were determined as gll= 2.39 and g, = 2.15 from the 
experimental values g, = 2.27 and g, = 2.15 which have the relations g, = (gii + gl)/2 
and g, = g,t [6]. We thus obtain 

(11) 

g1 -gii 811 + g l  

g11-81 1 , = i (  gll+gL 

0 2g 1 

A g = i  

When Hllz, i.e. H = (O,O, H),  we have Ag H = 0 and hence, from equation (8), 
hw(T)  = yBgH so that the resonance frequency is equal to the Zeeman frequency, 
independent of temperature. However, for H I z, the expression for ho(T)  is 

= i(81 + 811)pBH + ikl +811) 
x E”BH[(gJ. --gI~)/(gl~ +gL)12((szsz) / (~z~z) )  for H I  z. (12) 

The second term in equation (12) causes a shift of w to higher values, i.e. a downward 
shift of H,,, at a fixed microwave frequency. It follows as a consequence that the 
inequivalent g-tensors in KCuF3 have no effect for Hllc because Ag H = 0, while they 
cause the shift to decrease as the temperature falls for H I c.  Using equations (9) and 
(12) with the parameters S = 4 and J/kB = -200 K for KCuF, and o = 24.46 GHz, we 
have calculated the shift for 8 = go”, the result of which is shown in figure 2. Of course, 
we cannot expect quantitative agreement between the present experimental results and 
the calculation based on the classical model, but we think that the decreasing tendency 
of the shift for 8 = 90” observed in the present compound surely reflects the effect of the 
inequivalent g-tensors. 

In conclusion, we can explain the temperature behaviour of the resonance field 
observed in KCuF3 well by taking account of the DM interaction and the inequivalent g-  
tensors. That is, the DM interaction does not contribute to the shift of resonance field, 
while the inequivalent g-tensors can be the origin of a very weak downward shift of H,,, 
for H I c.  
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