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Abstract. Antiferromagnetic resonance (AFMR) experiments on a well characterized single-

crystal sample of Mnf have been performed using a spectrometer with wide ranges of both

frequency and magnetic field. All the AFMR modes predicted from the theory have been
observed. We find a significant contribution of the non-linear term in the expression of the
AFMR frequency to the temperature dependence of the resonance point in the high-field low-
frequency region.

1. Introduction

Manganous fluoride (Mnf has been studied extensively as a prototypical example of
antiferromagnets with uniaxial anisotropy (LandoltfBstein 1994). There has been a
number of experiments performed on this compound, including magnetization (Jacobs
1961), neutron scattering (Erickson 1953) and nuclear magnetic resonance (NMR) (Shulman
and Jaccarino 1957, Heller and Benedek 1962) measurements. From antiferromagnetic
resonance (AFMR) measurements (Foner 1957, Johnson and Nethercot 1959), information
about the exchange and anisotropy energies has been obtained with the help of theory
(Nagamiya 1951, Keffer and Kittel 1952). In the 1950s, the frequency of electron spin
resonance (ESR) apparatus was limited-ttO0 GHz and the steady magnetic fielc~ta T.
Therefore, in the early AFMR experiments on Mnfhe measurements were performed at
low frequencies with pulsed magnetic fields (Foner 1957) or at low fields with frequency
multipliers (Johnson and Nethercot 1959). It is now possible to have centimetre, millimetre
and submillimetre waves ranging froml GHz to ~600 GHz using e.g. klystrons, Gunn
oscillators, Carcinotrons (the trademark name for backward-wave oscillators of Thomson
Co.) and a millimetre vector network analyzer, and up-©THz using a far-infrared laser.
Stable high magnetic fields up to 20 T are now available with a superconducting magnet.
In the Institute of Physical and Chemical Research (RIKEN), we are building an ESR
spectrometer with wide frequency and field ranges. In a previous paper (Hagdvara
al 1994), we reported the results of AFMR measurements osgMREBI4, a quasi-two-
dimensional antiferromagnet, obtained with the apparatus. We have observed all the AFMR
modes predicted by the theory (Nagamiya 1951, Keffer and Kittel 1952) except for the
critical field resonance. In the present study, we have tried to measure AFMR of MnF
and have been successful in observing all of the AFMR modes expected from the theory.
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Moreover, we have found a significant contribution of the non-linear term in the expression
of the AFMR frequency to the temperature dependence of the resonance point in the high-
field low-frequency region.

The format of this paper is as follows. In section 2 we describe the crystal and magnetic
structures of Mnk. Experimental details are given in section 3. In section 4 we present
results of the AFMR experiments and their analysis.

2. Crystal and magnetic structures of MnF,

The crystal structure of Mnfbelongs to the tetragonal space grOLﬂ;ﬁ With two molecules
per unit cell. The lattice constants at room temperature: ares. 8734A andc = 3.3103A
(Griffel and Stout 1950).
From the neutron scattering study of Erickson (1953) below tléel Nemperature
(Ty = 67.34 K) (Heller and Benedek 1962), the magnetic structure of Mm#s determined.
In the ordered phase, the spins at body centre sites point antiparallel to those at the corner
sites with the spin easy axis parallel to thaxis. The main origin of the magnetic anisotropy
is the dipole—dipole interaction.
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Figure 1. The temperature dependence of the molar magnetic susceptibilities parallel and
perpendicular to the axis of MnF, measured at 100 Oe.

3. Experimental details

3.1. Sample preparation and characterization

Single crystals of Mnf were grown by the Bridgman method. A commercially available
powder of MnF, with 4 N purity was placed in a Pt crucible, melted at about 9D@&nd
cooled at the rate of°C h~! under an atmosphere of mixed lnd HF gas. A transparent
pink coloured single crystal was obtained. A thin disc of Mm#th thec axis perpendicular
to the plane was cut from a larger crystal.

In order to characterize the crystal, we have measured the temperature dependence of
the magnetizationM) under an external magnetic field § using a SQUID magnetometer
(Quantum Design's MPMS2). The results are shown in figure 1. There is no anisotropy
in the susceptibility §/H) along thec axis (x;) and ¢ plane {,) above about 67 K.

On the other handy; and x, behave quite differently below-67 K, which is a typical
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behaviour belowrl’y in an antiferromagnet with uniaxial anisotropy. The present results of
the susceptibility are consistent with those reported before (Trapp and Stout 1963).

3.2. ESR measurements

The ESR spectrometre consists of two main parts (a magnet and a microwave source) and
measuring instruments. The microwaves are generated from three klystrons covering the
frequency ranges 20, 50 and 90 GHz, respectively, one Gunn oscillator with the frequency
range of 35 GHz and two Carcinotrons operating one at 200 GHz and one at 300 GHz. The
magnetic field is produced by a superconducting magnet produced by Oxford Instruments,
UK. The magnetic field can be swept upto 18 Tat4.2 Kand up to 20 T at 2.2 K. A Dewar
(variable-temperature insert) is used to change the temperature of the sample space from
1.6 to 200 K. At the lower frequencies, conventional cryostats with resonant cavities are
used. At the higher frequencies, a special wave guide with a dielectric material inside was
used to minimize the transmission loss. At 300 GHz, the loss of this waveguide (5B m

is about 20 times smaller than that of a stainless steel pipe without the dielectric material
(18 dB nT1). The temperature of the sample is measured by a calibrated carbon glass
thermometer placed close to it. The ESR measurement is fully automated by the use of a
computer (Hewlett—Packard 9000-360CH).
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Figure 2. (a) An example of the ESR signal of an as-grown crystal of Mfffained at 21.9 GHz.
(b) An example of the ESR signal of single-crystal Mrdbtained at 19.9 GHz after the sample
had been annealed and etched.
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Figure 3. Typical examples of ESR signals obtained at 1.8 K for the frequencies of (a) 208 GHz
and (b) 300.3 GHz when the external magnetic field is applied tocthgis. Thick arrows

show the AFMR signal positions and the thin arrow shows the paramagnetic resonance position
probably due to free M.

4. Experimental results and analysis

We show in figure 2(a) an example of the ESR signal at 21.9 GHz in an as-grown crystal
of MnF, when the external magnetic field is applied along ¢hexis. We see many ESR

lines over the wide field range of about 0.3 T. Figure 2(b) shows the ESR signal after the
sample has been annealed at a temperature just below the melting temperature followed by
etching with a solution of NiF. In this way, we were able to get a sharp AFMR signal.

The full width at half maximum is about 0.01 T, which is comparable with that reported
before (Kotthaus and Jaccarino 1972). The small structure in figure 2(b) may originate
from magnetostatic modes, because the splitting between the magnetostatic modes and the
uniform mode is about 0.01 T, which is close to the value (0.03 T) estimated for a disc
shaped sample (Gordat al 1965, Beeman 1966).

In figures 3(a) and (b) are shown typical examples of ESR signals along #xis
obtained at 1.8 K for the frequencies of 208 and 300.3 GHz, respectively. We take one of
the strongest signals as the resonance field when several lines are present.

Figure 4 summarizes all the AFMR data obtained at 1.8 K in the frequeneyn@gnetic
field (H) plane. Itis immediately clear that MpBhows the expected AFMR modes typical
of a uniaxial antiferromagnet.

We have measured the temperature dependence of the resonance field in one of the
AFMR modes at fixed frequencies as shown in figure 5. All of the resonance fields at 21.7,
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Figure 4. Frequency versus external magnetic field relations of the AFMR signals i, MnF
The full straight lines, the full curve and the broken curve are the theoretical ones discussed in
the text. The dotted line is the paramagnetic resonance linegnt.00.
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Figure 5. The temperature dependence of the AFMR positions at the designated frequencies.
The curves are the theoretical ones discussed in the text.

36.8 and 50.5 GHz have similar behaviour with increasing temperature. Namely, resonance
fields increase with increasing temperature and then decrease as the temperature is increased
further.

In the following, we analyse the experimental results shown in figures 4 and 5. If the
exchange field H,) is much larger than the anisotropy fiel# (), the AFMR frequencies
of a uniaxial antiferromagnet are given by equations (1)—(3) below (Nagasigh1955,
Keffer and Kittel 1952, Foner 1963). In MaFH, ~ 53 T andH, ~ 0.82 T so that
H, > H, (Johnson and Nethercot 1959).

hv/gus = 2K, /x0+ 0 H/200? £ HA— x/20)  (Hlle.H <Hsp) (1)
hv/gus =VH? —2K,/x.  (H | e.H > Hsp) @
and

hv/gug = v H?+ 2K, /x1 (H Lo (3

whereh is Planck’s constantg the g-value, up the Bohr magnetonk, the anisotropy
constant anddsy the critical field for spin flop. At low temperaturdd” < Ty), x is
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much smaller thary,, so equation (1) becomes

hv/gup = /2K, /x1 £ H. 4)
The two full straight lines below 9.3 T in figure 4 represent equation (4), the full curve
above 9.3 T equation (2) and the broken line equation (3) WiBiK, /x, = 9.27 T. This
value of the zero-field gap frequency (259.7 GHz) is very close to that reported before
(2614+1.5 GHz at 0 K) (Johnson and Nethercot 1959). The vertical straight line at 9.27 T
represents the critical field resonance mode. We see irefigur good agreement between
theory and experiment. In the present experiment we are able to observe all the AFMR
modes predicted by the theory.

Next, we analyse the temperature dependence of the resonance field (figure 5). The
frequency—field relation of the AFMR mode relevant to the data in figure 5 is given by
equation (1) with the minus sign. In this equatidq,, x; and x, depend on temperature.

We use for the temperature dependence of the pgtiq, the experimental value deduced

from figure 1. Theg-value is obtained from figure 4 to be 2.00. Then, we have only
one adjustable parameteK,,/x,. We obtain the temperature dependencekqf x, by

fitting equation (1) with the data taken at 50.5 GHz. We can then compare the theory
with the experiments performed at 21.7 and 36.8 GHz without any adjustable parameter.
The agreement between the theory and the experiment at both frequencies is satisfactory.
The broad peak in the temperature dependence of the resonance fields originates from the
combined effect of the two terms,k2/x. and (¢ H/2x.)? in equation (1). The same
behaviour has been observed in,RInCl, (Hagiwaraet al 1994).

In conclusion, we have made ESR measurements on a well characterized single crystal of
MnF, using a wide-frequency and high-field spectrometre installed in RIKEN. We have been
successful in observing all the AFMR modes expected for an antiferromagnet with uniaxial
anisotropy. We have also observed the effect of the non-linear term on the temperature
dependence of the AFMR position. All these experimental results agree quantitatively with
the theory.
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