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X-band antiferromagnetic resonance measurements in KNiF;
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The antiferromagnetic resonance spectrum of KNiF; has been studied at temperatures close to
Ty =247 K. Each spectrum consists of a very broad line and the line shape has been analyzed in
terms of the Landau-Lifshitz phenomenological equations. The spectrum disappears at 7' ~230 K,
a fact which, we suggest, is caused by the reorientation of the antiferromagnetic domains.

INTRODUCTION

The G-type antiferromagnet KNiF; has very simple
crystallographic and magnetic structures.! Due. to its
strong nearest-neighbor exchange interaction and low an-
isotropy this cubic perovskite is one of the best examples

of the Heisenberg three-dimensional (3D) system.? For
I

this reason KNiF; has been extensively studied both ex-
perimentally and theoretically. However, the antifer-
romagnetic resonance properties of this compound seem
to be less known. To our knowledge there is only a brief
report of a 35-GHz measurement by Petrov and Kizhaev®
analyzed by Curatella et al.*

The magnetic Hamiltonian in KNiF; can be written as?

2 2
H=—-J38;S;—k 3 [Sila)Sj(a)+Si(a)Si(a)+SEi(a)Sa(a)]+gus S, Si(@)H,

(ij ) ia=1

La=1

where (ij) labels nearest-neighbor pairs and i,a runs over all “one” up and “two” down sublattice ions. J measures the
Heisenberg antiferromagnetic exchange interaction (J <0) and k is related to the single-ion anisotropy (k <0)2. The last

term is the Zeeman interaction.

In order to consider the temperature dependence of the antiferromagnetic resonance (AFMR) properties, this system
can be described classically in terms of the sublattice magnetizations M;(T), M,(T) through a phenomenological T-
dependent free energy F, which includes contributions from exchange, anisotropy, and Zeeman interactions. This free

energy is given by
K(T) 3

F=—MTM;"Mp— === S (MEIMS+MIML+MIMZ) /M —H-(M;4+M,) , 1

i=1

where A(t) is the molecular field constant, K (T) is the cu-
bic anisotropy constant, and H is the applied magnetic
field. We will use the standard approximations’
| M, | — | M,, | =X;H and A=1/X, to relate these pa-
rameters with the static susceptibilities X, and X,. For
‘H=0, M;=M,=M,(T), which is the spontaneous sub-
lattice magnetization.

At temperatures below the critical temperature T,
three types of antiferromagnetic domains have been iden-
tified in KNiF; associated with the three cubic directions
(100).® When the system is excited by electromagnetic
radiation in the presence of an external magnetic field,
resonant absorption will take place in the different
domains as long as some of the characteristic frequencies
of the oscillatory motion of the magnetizations around
their equilibrium positions equals the frequency w, pro-
vided by the spectrometer.

Choosing the simple cubic base to define the xyz axis
these characteristic frequencies for low-anisotropy antifer-
romagnets are approximately given by’
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for the d, domain, and
w=y(2AK + H?)'/? (3)

for the dy,d, domains.

Here y=gug/#, and the external magnetic field has
been assumed to lie along one of the cubic axes of the
crystal. w¥ in (2) are associated with the positive and neg-
ative circularly polarized modes, respectively. Both
modes are degenerate for H =0 and their roles are inter-
changed for H=40 if the magnetic field orientation is re-
versed (Fig. 1).

In the absence of external field it follows from Egs. (2)
and (3) that all modes are degenerated and the frequency
associated with the energy gap gupV'2AK, which depends
on temperature through A(T) and K (T), is given by
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FIG. 1. Resonance freqﬁency modes for the dz (full line) and
dx -dy (dashed) domains vs H normalized to the energy gap
(2AK)'2. X},/X, of Ref. 10 corresponds to T'/Ty=0.95.

w(H=0,T)=yV2AK . 4)

At T =0 the phenomenological parameters can be ap-
proximated by?

K(0)=2k /(2a%), M0O)~(6J/g%u})(2a?) ,

where a is the next-neighbor distance.

Ganot et al.?> have performed measurements of A(T)
and K (T) by one-magnon Brillouin-scattering techniques
within the range 5< 7T <235 K. They have shown that
within the experimental uncertainty the exchange field

Hyp(T)=—MT)My(T)

follows a Brillouin law up to 150 K. Assuming this
behavior continues for Hg(T) and My(T) up to Ty
[which implies that A(T) is practically independent of
temperature], they found that K(T) decreases rapidly
from its maximum value at T=0 to O at Ty. It follows
from Eq. 4 that w(H =0, T) is a decreasing function of T,
its maximum being attained at 7 =0 and equals
Vv/24kJ /# which in the present case is about 110 GHz.

By working at a fixed frequency wg, zero-field reso-
nance would be observed at a temperature T if

o(H=0,T)=0w . 4"

By changing the operating frequency w, it would be possi-
ble to measure w(H =0, T) as a function of 7T and the
higher the frequency wo, the lower the required tempera-
ture will be to reach condition (4'), provided that in all
cases

C!)()S%V 24kJ ,

otherwise no resonance could occur.
The presence of the magnetic field modifies these con-
ditions according to Egs. (2) and (3). In this case we ex-
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pect that by lowering T from Ty the fields at which reso-
nances occur [Egs. (2) and (3)] will decrease with T up to
a temperature in which wo~yV2AK. Below that tem-
perature the dx —dy resonances disappear and only reso-
nances from the dz domain will be observed. Above that
temperature the sweeping of the magnetic field will give a
spectrum having contributions from the three domains.
In principle, these will appear at different values of H but
the possibility of resolving them into individual peaks will
obviously depend on the linewidths as compared with
their separation in field.

In this paper we present a study of the AFMR in
KNiF; performed at wy~9.3 GHz (X band). The spec-
trum has been measured as a function of temperature in
the neighborhood and below Ty =247 K, covering the
short range in 7" at which it is recognizable, for under our
experimental conditions the spectrum is not visible below
230 K.

EXPERIMENTAL

A single crystal of KNiF; was mounted at the end of a
copper rod (¢ ~2 mm) held at vacuum while the other
end of the rod was maintained in contact with a liquid-
nitrogen bath. A heater was added in order to perform
measurements at different temperatures, the stability in
temperature being better than 1 K. The intensities of the
spectra at each temperature were normalized using the
spectrum of a second KNiF; sample maintained at con-
stant 300 K. For this purpose the variable temperature
setup and the reference sample were inserted in an X band
dual sample cavity (Varian Associates V-4531 dual) and
the first derivative of the spectrum was obtained by the
use of field modulation techniques. In order to discard
the possibility of a dispersive component contribution we
checked the spectrometer tuning by means of the simul-
taneous recording of the KNiF; spectrum and a standard
one of P-doped silicon with known line shape.

The measured spectra at 7'=244.5, 242.5, and 232.5 K
are shown in Fig. 2. The g factor and the line width in
the paramagnetic phase (7> Ty) are coincident with
those reported for a polycrystalline sample.” In the anti-
ferromagnetic phase each spectrum consists of a very
broad line with line widths which are of the same order or
even greater than the resonance central field H, as can be
observed in Fig. 2. The variations of the line shape with
T are caused by the large line widths and the strong
dependence of the resonance field H, (Fig. 3) with tem-
perature implying that strong contributions of the line
centered at H <0 (Fig. 1) over the recorded spectrum are
to be expected.

In order to analyze the spectra we started with the
phenomenological Landau-Lifshitz equation, which for an
antiferromagnetic system can be written as®

dM;
— =7 (M;xHp) = SEMOX (M X Hy), i=1,2.
1

(5)

Here, a is the Landau-Lifshitz parameter, closely related
to the intrinsic relaxation time® r;=(ayM;)~!, and
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FIG. 2. AFMR spectra of KNiF;: open circles correspond to
experimental points taken from the spectrum, full lines
represent the best fitting obtained with Eq. (7). The amplitude
of the spectrum at 232.5 K was magnified by a factor of 3.

Hy; = —90F /0M,; is the total field on the i sublattice. The
imaginary part of the rf susceptibility X”’, which is pro-
portional to the absorption spectra, was calculated from
Eq. (5) for H apphed parallel to an easy axis of magneti-
zation and is given by

[H( 1—X|,/Xl)iw/y]2

Iy , (6)
® [(Hta,)*—al]+a? ‘
where
e 12X/
1 Y I—XH/X_L
, 172
X w/y
k|10 |4 |24
2% X, l+ X, /2X,
a,= >
A
Xy

a;=02AMyaw /v)? .

In Eq. (6) we have performed the usual approximation
a’< < 1.8 The expression for X""'*’ of Eq. (6) coincides in
the limit 7—0 with the llne shape calculated by Heller et
al’

The line shape for the derivative spectrum is

Hf —af

D Hcr

051

Pa'\4Va

220 21.0
T(K)

FIG. 3. Resonance fields (open triangles) obtained by fitting
the spectra to Eq. (7), against temperature. Hy (open circles)
and H ., (full line) are also shown and were obtained as described
in the text.

a " a m{+4) a r(—
X _ x| ax

= 7
oH o0H oH @

Our experimental data were fitted to this expression
(Fig. 2) using values of X and X, deduced from Refs. 10
and 11.

RESULTS AND DISCUSSION

The least-square fitting procedure provides estimates
for anisotropy constant K and the intrinsic line width
a-M,. The values obtained are shown in Fig. 4. Within
our limited temperature range we found that our results
for K are in good agreement with the corresponding
values deduced from the data of Ganot et al.? The depen-
dence of H, versus T is shown in Fig. 3. It can be ob-
served that between the Néel temperature (247 K) and
242.5 K, H, decreases with T to nearly zero, where the
driving frequency w, equals the energy-gap w(H =0)
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FIG. 4. Variation of the anisotropy (open circles) and intrin-
sic line width (open triangles) parameters with temperature; ob-
tained by fitting the spectra to Eq. (7).

=yV2AK and increases again by further diminishing 7.
Above that point the spectrum contains contributions
from both the dz and the dx —dy resonances, which are
not resolved due to the broad line width; while for
T <242.5 K only the dz resonance contributes. This is in
contrast with the situation in the isomorphic compound
RbMnF; where X band AFMR has been observed up to
4.2 K. In this case the energy gap at T'=0 is about an or-
der of magnitude smaller than the corresponding one in
KNiF; and therefore the disappearance of the dx —dy
will be produced at temperatures which are much lower
than 242 K.!2 A further analysis of the experimental data
above 242.5 K would require the inclusion of the dy —dx
resonance contributions to Eq. (7), and the knowledge of
the My(T) function.

Petrov et al.® have performed AFMR measurements in
KNiF; working at wg~35 GHz (Q band) within 230
K < T < Ty for an arbitrary orientation of the crystal with
reference to the external field. Although it is difficult to
establish quantitative comparisons with our data they also
observed that the resonance field H, decreases from 1.2 T
at T=Ty about 0.75 at 7 =230 K. This behavior is
coincident with our observation in the X band. By the use
of the data of Ref. 2 an estimate for the temperature at
which yV'2AK will reach a value of ~35 GHz gives 225
K. Therefore it is expected that within the temperature
range covered in their experiment no minimum of H,
versus T will be observed as would have been our case if
we had limited ourselves to measurements within 242.5
K<T<Ty.

Concerning the line width AH,,, of the AFMR spec-
trum, this is in general a complicated function of the “in-
trinsic” line width aM,.® It is worthwhile to point out
that AH,,, presents a minimum at T =Ty(AH,,,~0.3
T) and increased rapidly as 7T decreases. A similar
behavior has been found recently from measurements of
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the line width in the isomorphic compound RbMnF; at C
band (~5.4 GHz).!* However, it is difficult to identify
the mechanisms which are responsible of the dependence
of AH,,, with T in the neighborhood of Tn. For com-
pounds such as RbMnF; or others involving S-state ions
estimates of AH,,, based on magnon-phonon relaxation
processes give results which are usually too small'* as
compared with the experimental ones. Rezende and
White!#~ 16 have proposed a different mechanism based on
multimagnon-relaxation processes which allow for a
better agreement with experiments. If in our case we as-
sume that the phenomenological parameter (yaM,)~! can
be identified with an effective relaxation time, an estimate
of the number of magnons required to fit the data gives a
number of around 20. This indicates that the picture
based on multimagnon relaxation loses its significance!’ at
least within the very limited range of 0.92<T /Ty <1
covered by our experiment.

On the other hand, from the behavior of AH,,, with T
in the paramagnetic region’ we have evidence that pro-
cesses involving the spin-phonon coupling can be much
more important in KNiF; than in compounds based on
S-state ions. This suggests that with reference to KNiF;
more than a single mechanism could contribute to the
AFMR line width at the observed temperatures.

With reference to the decrease in the spectrum intensity
below 242.5 K up to its virtual disappearance at around
230 K we relate this with the rising up of H,. In fact, for
the antiferromagnetic case X <X 1,> so when H reaches a
certain magnitude the spin configurations with M; —M,
=M]||H become unstable and M reorients itself perpen-
dicular to H, causing the extinction of the dz spectrum.
Such reorientation can be attained by means of any of the
two following mechanisms:

(1) The critical spin-flop transition observed in uniaxial

compounds. In this case M would be reoriented if H
equals H, given by’
172
' 2AK
Hi | ———— 8
T l—x,/x, l ®)

In Fig. 3 we show H versus T deduced from the corre-
sponding K values given in Fig. 4.

(2) The antiferromagnetic wall motion.'® Through this
mechanism the dx and dy domains grow at the expense of
the dz domains as H increases. The wall motion starts at
a threshold field H,, and ceases at a critical field H,,
when the displacement equals the spacing L between wall
and the dz domain disappear. Hy, and H_ are given

by19,20
172
2AB
Hy= | —2=—
=y | )
172

. 2ACL

H,= thh+*l”_*)(”/—)(l , (10)

where B and C are constants associated to coercive and
restoring terms which are added to F [Eq. (1)]. The
values of H,, also plotted in Fig. 3, were calculated using
the determination of CL by Safa and Tanner?® and assum-
ing B << CL.
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In choosing between both mechanisms for the spectra
disappearance below 230 K we can make the following
comments:

(a) We have observed a gradual loss of the dz spectrum
intensity. This fact points against a critical process like
the spin-flop transition.

(b) From Fig. 3 it can be seen that the disappearance of
the dz spectrum occurs precisely at the temperature in
which both curves H, and H_, cross over.

From these arguments, we conclude that the wall-
motion mechanism very likely causes the extinction of the
dz spectrum. Besides, by choosing H, as a mean magnet-
ic field applied to the sample this experiment confirms in-
directly the T dependence of H. of Eq. (10) proposed by
Petit et al.'® and the CL value determined by Safa and
Tanner.?’ As additional evidence in favor of the domain-
reorientation mechanism, Engelsberg?! has shown that the
strong effects in the FNMR line shape!® of KNiF;, ob-
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served when the resonance field is increased from 0.5 to
0.74, can be explained by assuming that the dx—dy
domains grow at the expense of the dz domain. It is,
however, worthwhile to mention that it would be difficult
to argue additionally in favor of domain reorientation on
the grounds of a less costly energy process, for in the
present case H . ~Hy.
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