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Abstract. A study of the quasi-twodimensional antiferronmget KFeF4 below the a s i t i o n  
temperature. TN = 13 K, has been undemken using neutron scattering techniques. The 
dispersion relation of the spin excitations is well described by a model Hamiltonian incorporating 
Heisenberg exchange interactions and uniaxial anisotropy. The anisotropy controls the energy 
of the zone centre mode whose frequency varies in the same way with temperature as the square 
of the staggered magnetization which is described by the two-dimensional king model. Dipole- 
dipolecontributions are too small to account fnlly for the anisotropy. Different nearest-neighbour 
exchange enersies are found along the a and b directions due to different superexchange paths, 
with Jl = -2.18 meV along a, and Jz = -2.73 meV along b. 

1. Introduction 

The magnetic behaviour of a system depends on the dimensionality and the nature of the 
magnetic interactions. Layered antiferromagnets with the KiMnF4 shucture are excellent 
examples of two-dimensional systems with relatively simple magnetic interactions. Linear 
spin-wave theory has proved to be a very successful model for the spin-wave energies, 
incorporating a Heisenberg exchange interaction between nearest neighbours within the 
planes and a small Isins anisotropy to simulat6the effect of dipolar interactions or crystal 
field effects 111. The critical properties close to the phase transition are dominated by the 
king behaviour and two-dimensional king model exponents are obtained [2]. At higher 
temperatures this is not the case and the systems are found to have a crossover from the 
King model to behaviour dominated by the two-dimensional Heisenberg interactions [3]. 

The two-dimensional Heisenberg model has recently attracted considerable theoretical 
attention because it is found to be an appropriate model for the undoped cuprate systems. 
Chakravmty etnl [4] have developed a theory for the two-dimensional quantum Heisenberg 
antiferromagnet (QHAF) based on a re normalization^ of 'the classical model developed by 
Shenker and Tobochnik [5].  This QHAF successfully describes the experimental results from 
both LazCu04 (S = In) [4] and KZNiF4 (S = 1) [31. 

The purpose of this study is to characterize the magnetic properties of the analogous 
system KFeF4, which has S = 5/2 and so approximates more closely the classical spin 
model. In the next section we describe the structure of KFeF4 and discuss the linear 
spin-wave model used to describe the interactions. Section 3 details the experimental 
arrangement and in section 4 the neutron scattering measurements of the spin waves are 

0953-8984m4/336667+12$19.50 @ 1994 IOP Publishing Ltd 6667 



6668 S Fulton et a1 

outlined, and the strength of the magnetic interactions deduced. These interactions are 
used to calculate the form of the twwnagnon Raman scattering and this is compared to 
experimental measurements in section 5. 

After the magnetic interactions had been characterized a study of the critical behaviour 
was undertaken. Section 6 describes measurements of the temperature dependence of the 
sub-lattice magnetization and of the spin-wave gap frequency. The results show that both 
have behaviour which is characteristic of the two-dimensional king model. In a forthcoming 
paper (paper II, [U]) we describe the nature. of the critical fluctuations above i '~ ,  and 
compare the results with those predicted by the various two-dimensional models. 

A brief preliminary account of these neutron scattering results has already been presented 
[6]. The results for the spin-wave spectrum are consistent with those of Desert et al [7], in 
so far as they overlap, but the results in this paper extend the knowledge of the magnetic 
interactions. 

2. Structure and magnetism 

KFeF4 has a layered structure in which the Fe3+ ions lie in the ab-planes and each Fe3+ 
is surrounded by six F- ions forming an octahedron [8]. Unlike the tetragonal KzMnF4 
structures KFeF4 is orthorhombic, due to the tilting of the fluorine octahedra out of the plane 
along the a direction at angle of 11.64" to the horizontal [SI; see figure 1. This leads to a 
doubling of the unit cell along the a-axis. Below 360 K there is a further distortion of the 
system caused by a rotation of the octahedra about the c-axis by 8" with the consequence 
of doubling the unit cell along the b-axis and leading to a space group of Pcmn and lattice 
constants at 50 K of a = 7.564 A, b = 7.750 A, c = 12.27 A. The details of the structure 
have been determined by x-ray scattering [9] and are consistent with Raman scattering 
measurements [lo]. The crystal and magnetic lattices are identical in this system due to the 
distortion in the crystal structure. 

The Fe3+ ion has a half-filled 3d shell with S = 5/2 and has no orbital angular momentum 
in its ground state, L = 0. Symmetry arguments in KFeF4 lead to the magnetic interactions 
between nearest-neighbour layers cancelling out [ 1 I], just as in the KzMnF4 slructures. This 
means the interlayer magnetic interactions are much weaker than the intralayer interactions, 
the ratio being of the order of and thus KFeF4 can essentially be treated as a 
two-dimensional antiferromagnet. When modelling the spin-wave dispersion relation, the 
distortion due to the rotation of the octahedra allows the two nearest-neighbour exchange 
energies, one along the a and the other along the b direction to be different. An king 
anisotropy term has also been included in the Hamiltonian, and this aligns the spins in 
their preferred direction along the crystallographic c-axis. Using linear spin-wave theory 
as discussed by Keffer [I21 the dispersion relation for a two-dimensional antiferromagnet 
with nearest-neighbour and next-nearest neighbour interactions was obtained as 
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Phase I Phase 11 

Figure 1. Phase I 4 h e  ideal crystal mct- of KFeF4. Phase 1I--the fluorine octahedra have 
rotated about the b-axis by 11.6O doubling the a lattice parameter. 

Equation (1) represents the energies of the spin waves with wave vector q. J ,  and Jz 
are the nearest-neighbour exchange interactions in the a and b directions respectively, and 
J, is the next-nearest-neighbour interaction. The exchange energies have been written as 
- J Si . Sj, and the effective field due to the anisotropy effects is represented by HA. 

3. The experimental set-up 

The WeFd crystal was grown at the Clarendon Laboratory using the flux growth method 
1131. The crystal was a small plate 11 mm x 7 mm x 2 mm and was found to contain two 
crystallites 2" apart. The mosaic spread in the ab-plane was found to be 0.5". 

The neutron scattering experiments were performed at the ILL in Greuoble using the 
thermal guide tripleaxis crystal spectrometer IN3, with a copper monochromator and a 
pyrolytic graphite analyser. The scattered neutron energy was held fixed at 14.7 meV and 
a pyrolytic graphite filter on the scattered side was used to reduce the scattering of higher 
energy neutrons by the (004)-planes of the analyser. The collimation of the instrument 
when measuring the dispersion relation was 20' before the monochromator, 40' between 
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the monochromator and sample, 40' between the sample and analyser and 40' between 
the analyser and detector. This was changed to 20'-20'-20'-30' before the data for the 
temperature dependence of the staggered magnetization and the anisotropy gap was taken. 
The crystal was aligned with the c axis perpendicular to the beam so that spin waves 
propagating in the ab-plane could be examined. The crystal was placed in a variable- 
temperature cryostat which controlled the temperature to an accuracy of f O . O 1  K. 

4. The spin-wave dispersion relation 

The spin-wave dispersion curves were determined by controlling the spectrometer so that 
the wavevector transfer, Q, was held constant while the energy was scanned. This yielded 
well defined spin-waves as shown in figures 2 and 4. The scans were taken round about the 
(220) and (310) magnetic reciprocal lattice points where the magnetic lattice is the same as 
the crystal lattice. The spin waves were determined for three propagation directions [$CO], 
[COO] and [OtO] at 50 K so that the difference in exchange interactions in the a and b 
directions could be investigated. $ is the reduced wave vector, which for the a direction is 
given by q,a/2x, and similarly for the b direction. Data were also collected at 100 K for 
the [550] direction. 

The spin-wave energies were determined by fitting the scans to Gaussians using the 
Marquadt least-squares fit method [ 141 and examples of fits to the data are shown in figure 2. 
The resulting dispersion curves are shown in figure 3 and the soIid Iine represents the best 
fit to the experimental data given by equation (1). 
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Figure 2. NeuIron scattering observed with mnstmt-Q scans and fits to Gaussians to find the 
peak position. 
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Figure 3. The spin-wave dispersion curves of KFeF4 at 50 K. The solid line represents a fit to 
equation (I). 

Table 1. The model p”ammrs found from the spin-wave dispemion curves. 

JI (meV) h (meV) 33 (meV) , g@HA (mew Normalized x 2  .. .. 
50 K -2.1OiO.02 -2.68i0.04 - 0.123iO.003 1.94 
50 K -2.26i0.08 -2.78i0.06 0.12iO.04 0.11640.004 1.72 
100 K (JI = 3x1 -2.4040.06 -2.4OiO.06 - 0.1 (fixed) 6.99 

Two fits were made to the measured curves at 50 K, one including the nearest-neighbour 
interactions only a d  the other allowing for nearest and next-neaesheighbouf interactions. 
Fits M the 100 IC. data only allowed for ne&rest-neighbour interactions. The values for the 
exchange constan& obtained from these fit3 are listed in table 1. An average from the two 
50 K fits gives 51 = -2.18 meV, jZ = -2.7meV with the next-neArest-neighbour interaction 
being about twenty times smaller in magnitude. These results are in good agreement with 
the previous studies listed in table 2. A neaiest-neightiour exchiihge constant of -2.30 meV 
was obtained from susceptibility measurements [15], -2.35 meV from kaman scattering 
measurements [I81 and -2.44 meV from neutron scattering measurements [7] all of which 
measured the average of JI and Jz. Our r&ults show a surprisingly iarge difference in 
nearest-neighbour exchange consmits JI and Jz. The difference arises from the different 
superexchange paths in the a and b directions due to the tilting of the fluorine ions out of 
the plane in the a direction [8], thus making 51 smaller than Jz. even though the lattice 
constant a is smaller than b. This result can be qualitatively explained by the superexchange 
theory of Anderson [16]. 

When the superexchange occurs through F’ ligand p electrons, the strongest coupling 
occurs when the magnetic ions ar6 diametrically opposite. Using simple geomefric 



6672 S FuIton et a1 

Table 2. The parameters found f" previous sludies on KFeF,. 

Neutron scanering I71 -2.44 0.11 
Raman scattering [181 -2.35 0.10 
Susceotibiliw 1151 -2.30 0.11 

arguments, and considering only the change in the overlap of the wavefunctions as the 
bond angle between the magnetic ions changes, suggests relations between the undistorted 
exchange path in the b direction, Jz, ana J1 in the distorted a direction of the form 

J~ = J ~ C O S ~ ~  

or 

J ,  = J~ cos2(2e) (3) 

where 0 = 11.64" and is the angle of tilt from the horizontal. These suggest that if Jz is 
equal to -2.73 meV, 51 would be -2.51 meV (equation (2)) or -2.30 meV (equation (3)) 
whereas the measured value is -2.18 meV. These simple geometric arguments do not fully 
account for the difference in the exchange energies, but do explain why there is a reduction 
of an appropriate order of magnitude. 

The value obtained for the anisotropy energy, gfiBHA = 0.12 meV, is approximately 
four times larger than expected from the dipolar interactions (0.033 meV) 1171, and thus 
there must be other contributions which should be taken into account when calculating HA, 
which are not important in the analogous RbzMnF4 with S = 5/2 ions [15]. At present we 
do not have a convincing explanation for this difference. It has been suggested by Ahdalian 
et al 1181 and by Desert 171 that the additional anisotropy may be related to residual Fe2+ 
ions present in the crystal, but all the studies using different samples have found similar 
values for the extra aniso@opy and in KIFeF, [19] the preferred orientation for the Fe2+ (S 
= 2, L = 2) spins within a fluorine octahedml environment is along the [110] axis, that is 
in the plane. Fe2+ would then tend to lower the average anisotropy trying to align the spins 
along the c axis not increase it. 

Another possibility is that the distorted tetragonal shncture of KFeF4 gives rise to 
anisotropic exchange interactions of the Dyzaloshinski form as found in LaCu04 [20]. 
Such interactions would give rise to a splitting of the degenerate spin-wave modes and 
so we performed careful high-resolution measurements. The results are shown in figure 4 
together with a computer simulation of the expected profile calculated using the program 
WSCAL which numerically convolves the resolution of the instrument (calculated from the 
formalism of Cooper and Nathans [21J) with the spin-wave dispersion. Clearly there is no 
evidence for any splitting. This is in agreement with a simiIar study of Desert [7]. A further 
possibility is that the cubic crystal field on the Fe3+ ions is sufficiently large that the weak 
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crystal field result ( L  = 0, S = 5/2) is inadequate. Abragam and Bleaney [22] show that a 
strong crystal field produces a lowering of the energy of the zrs component of the S = f, 
L = 6 atomic state. The non-cubic terms in the crystal field and the spin-orbit interaction 
might then mix this state with the 6r, weak crystal field ground state leading to some 
anisotropy in the ground state wavefunction and hence to anisotropy i n  the interactions. 
Unfortunately, the strength of the crystal fields is unknown and it is not possible to make a 
quantitative calculation. 

5. Comparison with the two-magnon Raman scattering 

In the two-magnon Raman scattering study carried out by Abdalian eta1 [18] at 2 K, it was 
noted that the exchange constant extracted from the Raman profile was 4% smaller than the 
exchange constant obtained from the same sample using neutron scattering techniques [7] 
at 15 K. In that neutron scattering study the dispersion curves were measured in only one 
direction [IlO], and thus the different exchange interactions in the a and b directions were 
not seen. We have repeated the simulation of the Raman profile [23,24] using the exchange 
constants obtained from our neutron scattering experiment, which gave different exchange 
constants along the a and b directions; in order to see if our more realistic spin-wave model 
accounted for the discrepancy. A comparison of the simulation with the experimental data 
is shown in figure 5. This calculation is based on the theory developed by Elliot and 
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Thorpe [23] and takes into account the spin-wave interactions which lower the expected 
peak frequency from that obtained by the classical non-interacting approach. It is seen that 
taking into account the different nearest-neighbour exchange constant does not account for 
the 4% discrepancy in the value of the exchange constant extracted from the Raman data, 
and thus it is not clear why this difference arises. 

Energy (mev) 
Figure S. Comparison of the Raman scattering I181 (dots) with acalculation based on interacting 
magnon theory [22231 (line). 

Table 3. Results of the fits to power law behaviour below TN. 
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Figure 6. Variation of the spin-wave gap energy with reduced temperature. The line is a fit to 
power law behaviour. 

6. Temperature dependence below TN 

The temperature dependence of the effective anisotropy in the dispersion relation at the 
magnetic zone centre was measured as described in section 3. The data were collected with 
the wavevector transfer Q fixed at the zone Centre (1,1,0) and scanning the energy transfer 
while keeping the final neutron energy fixed at 14.7 meV. The peak energy of the spin 
waves at the zone centre were extracted from the data by fitting to Gaussians. The results 
are shown in figure 6 along with power law fits to the data. The parameters extracted from 
these fits are shown in table 3 where 

0 = .[4 T N - T  . 
(4) 

Measurements of the integrated Bragg intensity of the magnetic rc..xtions were also made 
at various temperatures below TN, so that the temperature dependence of the magnetic order 
parameter could be obtained. The Bragg reflections were scanned in Q along [I101 as 
shown in figure 7 and the total intensity of the peak was used to give a measure of the 
integrated intensity at each temperature. The integrated intensity of the magnetic Bragg 
peaks is proportional to the square of the staggered magnetization, which is predicted 
to have power law behaviour with a critical exponent Zg. The results of the integrated 
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Fm 7. The scattered intensity from the (110) magnetic Bragg peak at T = 60 K (filled 
circles) and T = 105 K (open circles). The solid lines are fit to obtain the integrated intensity. 

intensity measurements are shown in figure 8 along with a fit to the power law behaviour 
(equation (4)). 

Comparing the results from the two fits (table 3), it is seen that the anisotropy gap varies 
in the same way as the integrated intensity of the (110) magnetic Bragg reflection, so that 
c = Zg, and the critical exponent ,9 describing the temperature dependence of the order 
parameter is 0.130M.005, in agreement with 0.125 for a two-dimensional Ising system [25]. 
Thus the anisotropy energy varies in the same way as the square of staggered magnetization 
as was also found in the analogous layered system K2NiF4 [26]. 

7. Conclusions 

The spin-wave excitations of KFeF4 are well described by a two-dimensional spin Hamilto- 
nian incorporating nearest-neighbour and next-nearest-neighbour Heisenberg exchange inter- 
actions and an anisotropy term. The different superexchange paths in the a and b directions 
lead to Jj in the a direction being smaller than JZ in the b direction. In agreement with 
other studies on KFeF4, it is found that the dipole-dipole interactions do not account for 
the size of the anisotropy energy and it is suggested that a strong crystal field mixing may 
be responsible for the energy. This model does not explain the frequency of the peak 
in the Raman scattering data. The spin-wave gap is found to vary with temperature in 
the same way as the square of the staggered magnetization and the exponent is consistent 
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.01 0.1 1 

Figure 8. Variation of the integrated intensiw of the (110) magnetic Bragg peak with reduced 
temperature. The l i e  is a fit to power law behaviour. 

with two-dimensional behaviour. Below TN, B is found to be in good agreement with the 
two-dimensional Ising model value. 
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