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Antiferromagnetic resonance in the cubic perovskite KNiF3
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Low-temperature high-magnetic-field far-infrared spectroscopy and electron-spin-resonance measurements
have been performed on single crystals of the cubic perovskite KNiF3 . We found the absorption at 48.7
60.3 cm21 observed by Richards@P. L. Richards, J. Appl. Phys.34, 1237 ~1963!# that was attributed to
antiferromagnetic resonance~AFMR! is not magnetic in origin. Instead, a different absorption is well fit by a
theory of AFMR with uniaxial anisotropy. Analysis yields an anisotropy energy of 8.731023 cm21. The ratio
between the anisotropy field and the exchange field is 2.431025. Thus, KNiF3 is an excellent example of a
Heisenberg antiferromagnet.@S0163-1829~99!00209-X#
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Perovskite materials have received enormous attentio
the past decade, largely because both high-temperature
perconductors and colossal magnetoresistance material
based on perovskite structures. In this paper, we revisit
prototypical cubic perovskite KNiF3 , the best known ex-
ample of a Heisenberg antiferromagnet, and report both
far-infrared spectrum in high magnetic fields and t
electron-spin-resonance~ESR! spectrum.

The crystal structure of KNiF3 is an ideal perovskite type
and it retains its room-temperature symmetry down to 781

Heat-capacity measurements2,3 showed an anomaly at 253 K
~Ref. 2! or at 253.5 K,3 indicating an occurrence of magnet
ordering. The magnetic susceptibility2 of this compound also
displayed a fairly broad peak at 275 K. The magnetic str
ture of KNiF3 was confirmed by neutron-diffractio
measurements,4 which showed that the magnetic moment
coupled antiferromagnetically to its six nearest neighbo
i.e., G type. In the antiferromagnetic phase, the spins p
parallel to @100# ~or equivalently,@010# or @001#! observed
by magnetic torque measurements.5

Theoretically, Lines6 studied the magnetic properties
KNiF3 and described them in terms of an isotropic sp
Hamiltonian,

H5(
^ i , j &

JSW i•SW j2(
i

@gmBSizHz14mB
2Hz

2/D#, ~1!

where J is the nearest-neighbor exchange interaction c
stant,SW is the spin operator (uSW u51), g is theg value,mB is
the Bohr magneton,Hz is the external magnetic field paralle
to the z axis, andD is the energy difference between th
ground and first excited orbital levels. From an analysis
the magnetic susceptibility,J58964 K was obtained.
More recently, anab initio calculation7 gave J581 K in
reasonable agreement with the results reported by Lines6

The magnetic excitation spectrum of KNiF3 below the
Néel temperature (TN) was studied by far-infrared
PRB 590163-1829/99/59~9!/6021~3!/$15.00
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spectroscopy.8 An absorption at 48.760.3 cm21 was ob-
served well belowTN and was attributed to an antiferroma
netic resonance~AFMR!. If one were to fit this absorption
using a standard theory of AFMR,9 the value of the anisot-
ropy energy would be about 3.2 cm21. This value is, how-
ever, incompatible with other experiments, which show t
KNiF3 is an ideally isotropic antiferromagnet.

In order to obtain information about the magnetic anis
ropy, we have performed far-infrared spectroscopy and E
measurements on single crystals of KNiF3 . It turns out that
the absorption reported by Richards8 is not magnetic in ori-
gin. Our results show an absorption line, which is well fit
the theory of AFMR with very small uniaxial anisotropy
Additionally, we observe several weak lines at low fields
the ESR measurements.

The single crystals of KNiF3 used in this study were
grown by a flux method. The typical dimensions are 532.5
30.5 mm3. The far-infrared absorption measurement
zero field was performed using a Bruker IFS-120HR Fouri
transform spectrometer installed in RIKEN. This spectro
eter covers the frequency range from 10 to 4000 cm21 with
a resolution of about 0.002 cm21. The temperature of the
sample was varied between 4.2 and 300 K by using
continuous-flow helium cryostat ~Oxford Instruments
CF1104!. Far-infrared studies in a magnetic field were me
sured at the National High Magnetic Field Laboratory
Tallahassee. These measurements used a Bruker IFS-1
spectrometer and light-pipe optics to carry the unpolariz
far-infrared radiation through the 30 T resistive magnet. T
propagation direction was parallel to the static magne
field. We report the field-dependent transmittance ratio at
constant temperatures running over a range between 4.2
40 K. The ESR measurement was performed using a h
frequency high-field spectrometer. A detailed description
the ESR set up is given elsewhere.10,11

Figure 1 shows the far-infrared spectra of KNiF3 taken in
zero field at various temperatures. At 4.2 K, we see a str
6021 ©1999 The American Physical Society
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absorption near 49 cm21 and a weaker one aroun
86 cm21. Additionally, a very weak absorption is observe
at ;94 cm21. The frequency of the strong absorption is
good agreement with that reported by Richards.8 Interest-
ingly, the intensity and line shape of 49 cm21 resonance are
a strong function of temperature. The oscillator strength
this peak decreases systematically with increasing temp
ture and the high-energy sideband mode gradually grow
intensity. The 4.2 K far-infrared results in magnetic fields a
shown in the inset of Fig. 2. The energy of three lo
frequency modes is nearly independent of a magnetic fi
up to 30 T, indicating these absorptions are not magneti
origin.

In addition to these field-independent features, we obse
an absorption whose frequency does depend on the mag

FIG. 1. Temperature dependence of the far-infrared spectr
KNiF3 in zero field. The curves have been offset for clarity.

FIG. 2. An absorption mode in KNiF3 measured at various field
and temperatures. The inset shows magnetic-field dependen
three low-frequency absorptions in KNiF3 at 4.2 K. The external
magnetic field is applied parallel to the@100# direction.
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field. Figure 3 shows the far-infrared spectra taken at 4.2
and at various fields. The data were obtained by taking
ratio of the transmission of the sample at a given field to
zero-field transmission. We plot in Fig. 2 the frequency
the absorption as a function of magnetic field. Notably,
peak position of this absorption increases almost linea
with applied magnetic field. Furthermore, the fiel
dependent behavior of this absorption does not change
temperatures between 4.2 and 40 K.

Because the low-frequency limit of the far-infrared spe
trometer is about 10 cm21, we made ESR measurements
KNiF3 below 340 GHz (11.3 cm21). The inset of Fig. 4

of

of

FIG. 3. Far-infrared transmission ratio spectra of KNiF3 at 4.2 K
at applied magnetic fields up to 30 T. The spectra taken at fi
fields are normalized by one at zero field. The curves have b
offset for clarity.

FIG. 4. Absorption frequencies versus magnetic field~symbols!
for KNiF3 from both the far-infrared (T54.2 K) and ESR (T
55 K) measurements. Full, dotted, and dashed lines are the t
retical fits described in the text. The inset shows the 5 K ESR
spectrum of KNiF3 taken at a frequency of 215.97 GHz.
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displays the ESR data taken at the frequency of 215.97 G
(;7.2 cm21). There are three absorptions in the spectru
A strong absorption is seen at 6.35 T, a weaker one at 6.0
and a very weak one at 3.18 T.

We summarize in Fig. 4 all the field-dependent abso
tions of KNiF3 observed by far-infrared and ESR measu
ments; these absorptions constitute a magnetic excita
branch in the frequency-magnetic-field plane. We anal
this branch using the theory of AFMR~Ref. 9! with uniaxial
anisotropy. When the external magnetic fieldH is applied
parallel to the easy axis, the AFMR frequencyn at low tem-
peratures (T!TN) is given by

2pn/g5A2HEHA6H, ~H,HSF! ~2!

and

2pn/g5AH222HEHA, ~H.HSF!, ~3!

whereg([gmB /\) is the magnetomechanical ratio,HE is
the exchange field,HA is the anisotropy field, andHSF is the
spin-flop field. WhenH is applied perpendicular to the eas
axis, the AFMR frequency is given by

2pn/g5A2HEHA1H2. ~4!

The full line in Fig. 4 is the fit to our data using Eq.~4!
with (g/2p)A2HEHA576.1 GHz(52.54 cm21) and g
52.26. Theg value obtained in this fit is close to that dete
mined from earlier ESR measurements12 of KMgF3:Ni21

(g52.28). Using the value ofJ589 K(562 cm21) de-
rived by Lines,6 we obtaingmBHE5370 cm21 at low tem-
peratures (T!TN), where the thermal average of Ni spin
1. Then, using the experimental value of (g/2p)A2HEHA
576.1 GHz, we estimategmBHA58.731023 cm21.

This anisotropy energy is too small to be accounted
either by the magnetic dipole-dipole interaction~typically of
the order of 0.1 cm21) or by a single-ion anisotropy of th
form DSz

2 ~typically of the order of 1 cm21). Thus, consis-
tent with the results of x-ray diffraction,1 we conclude that
the cubic symmetry is retained belowTN . We also notice
that Moneyet al.,13 found a small tetragonal distortion belo
TN by a double-crystal x-ray-diffraction and strain gau
measurements. They interpreted this distortion as due
magnetostriction. The magnetostriction constant is so sm
(l100;1025) at 77 K that the anisotropic energy would b
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also very small. The ratio betweenHA andHE in KNiF3 is
2.431025. Thus, KNiF3 is an excellent example of a
Heisenberg antiferromagnet.

It is important to mention that the AFMR modes predict
by Eqs. ~2! and ~3! are not observed in our data. As fir
pointed out by Hirakawa and co-workers5 and later observed
by x-ray synchrotron topography,14 three domains dx, dy,
and dz exist in zero field for the cubic antiferromagnet. Th
easy axes of the dx, dy, and dz domains point parallel to the
@100#, @010#, and @001# crystallographic axes, respectivel
When the external magnetic field is applied parallel to one
the cube axes, for example,@001#, the dx and dy domains
grow at the expense of the dz domains. This occurs becaus
x' is larger thanx i (x i and x' are the magnetic suscept
bility parallel and perpendicular to the easy axis, resp
tively!. This domain growth is associated with a moveme
of domain walls. From the x-ray topography,14 the domain-
wall movement occurs in the field range between 0.22 a
0.45 T. Therefore, only the magnetic domains whose e
axis is perpendicular to the external field are relevant to
study.

Finally, we briefly discuss the weak absorptions observ
in the ESR experiments. The weak absorption near the m
signal in the inset of Fig. 4 may be an interference fringe. W
try to fit the weak absorption observed at 3.18 T~see Fig. 4!
to the AFMR theory. The dashed line in Fig. 4 represents
fit @Eq. ~4!# with g54.09 and (g/2p)A2HEHA5115.8 GHz.
One possible explanation for this excitation would be tha
originates from a nonlinear excitation. Further studies
necessary to clarify this point.

In conclusion, we have made far-infrared and ESR m
surements on single crystals of KNiF3 . We observe an
AFMR mode. An analysis of this AFMR mode gives a ve
small anisotropy energy (8.731023 cm21) and confirms
that KNiF3 is the best example of a Heisenberg antifer
magnet.
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