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The magnetic behavior accompanying the structural phase change in FeCl, near 2 kbar has
been studied by measurements of the frequency shift of the far-infrared-active antiferromag-
netic-resonance mode as a function of applied pressure.

INTRODUCTION

The layered antiferromagnetic crystal FeCl,
has attracted interest chiefly because it exhibits
the property of metamagnetism!; that is, as an
applied magnetic field exceeds a critical field H,
the total magnetization abruptly changes from the
near-zero value of an antiferromagnet to the large
value typical of a ferromagnetic crystal. FeCl,
is also of interest to workers in the area of high-
pressure magnetic studies because it undergoes
a structural phase change at the easily attained
pressure of 2 kbar.? The purpose of the present
work has been to study the magnetic behavior of
FeCl, as it realigns structurally by measuring the
frequency shift of the far-infrared-active antifer-
romagnetic-resonance mode as a function of ap-
plied hydrostatic pressure.

FeCl; has a hexagonal layered structure of the
CdCl, lattice type, which is equivalent to a cubic
close packing of the layers. The structure may be
viewed as a stacking along the trigonal axis of an
NaCl-like structure which has alternate layers of
cations removed; that is, successive layers of
Fe® ions are separated by two layers of anions.
Within a layer the Fe® ions are coupled ferromag-
netically by an exchange constant 2J;=~-5.5 cm™},
while successive layers are coupled by the much
weaker intersublattice exchange term 2J,=0. 24 cm™!
(with the convention that antiferromagnetic ex-
change is positive).® In zero applied field the
alternate layers align antiferromagnetically, with
the preferred spin direction along the [0001] hex-
agonal axis.*?

EXPERIMENTS

A far-infrared-active mode attributed to the
antiferromagnetic resonance (AFMR) in FeCl, was
observed by Jacobs, Roberts, and Lawrence at
16.5 cm™ at 4.2°K.® The resonance frequency
has the form

WAFMR = [HA(HA+ ZHE)]IIZ s

where H, and Hy are effective anisotropy and ex-
change fields, and only J, (the intersublattice ex-
change) contributes to H. The significance of H,
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willbe discussed in more detail below. Hjy can be
determined quite accurately because it is just
equal to the field H, at which the metamagnetic
phase transition occurs. Susceptibility measure-
ments? have established that H,= H;=10.9 Kg
=2.1 cm™ (where the energy equivalent is for
g,=4.1). Hence H,>Hy and

warvr~ Hy+Hg ,

where H,~ 15 cm™,

Our measurements of the AFMR were made on a
0. 75-mm thick pressed-powder sample of FeCl,.
The experiments were performed using far-infrared-
transmission techniques with a lamellar interferom-
eter and a He3-cooled doped-germanium-bolometer
detector.® The sample was compressed by applied
pressures up to 7.1 kbar and was usually held at
4, 2°K, although temperature control up to 40 °K
could be maintained.” Measurements were made
at the highest pressure first, with pressures al-
ways decreased. In order to change pressures it
was necessary to heat the sample cell above the
melting temperature of the solid helium (to about
60 °K) and release gas through an external valve.
Hence the sample was always heated above its
magnetic ordering temperature during a pressure
change. An additional zero-pressure point was
obtained in a later run on a new sample of length
2 mm which had not been pressure cycled; no dif-
ference in the zero-pressure AFMR frequency was
detected between cycled and uncycled samples.

The frequency of the AFMR at 4.2 °K as a func-
tion of pressure is given in Fig. 1. A distinct dif-
ference between the measured zero-pressure fre-
quency and the value obtained by extrapolating from
the high-pressure region is observed. The dif-
ference is attributed to the effect of the structural
transition from CdCl, (cubic-close-packed) to
CdI, (hexagonal-close-packed) structure on the
magnetic properties of the crystal. This phase
change was observed by Narath and Schirber at
about 2 kbar 2; our data are consistent with this
value, although no points could be taken between
0 and 1. 5 kbar owing to failure of the cell-window
pressure seals.
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FIG. 1. Pressure dependence of the AFMR frequency in
FeCl,.

The pressure dependence of the AFMR frequency
may be expressed in the form

dospyp _ _Hy dlnH, _Hp dinHy
dP WAFMR dP WARMR dP

The value of d InHz/dP was determined previously
from critical-field measurements?; for P> 2 kbar,

| =3

dInH,/dP=0.069+0.005 kKbar-!. By subtracting
the critical-field results from the resonance data
the behavior of the anisotropy field in the high-
pressure phase can be extracted:

%}—J— =(3.6+0.3)x10°2 kbar! (CdI, phase) .
Also, the change in anisotropy due to the structural
transition can be found by extrapolating the high-
pressure curve to zero pressure, with results

AH,/H,=(2.5£1)x10"% (CdCl,~CdL,) .

This is, the change in H, under a uniform com-
pression of 1 kbar is greater than the change due
to transition from cubic to hexagonal close packing.

The temperature dependence of the AFMR fre-
quency was also determined at several pressures,
and is shown in Fig. 2. By comparing equivalent
points on the curves a rough estimate of the change
in T, with pressure can be made: dT/dP~0.7°K/
kbar. A more intriguing result, however, is that
at zero pressure the mode frequency does not go
to zero at Ty as does the sublattice magnetization,
but in fact may persist even for temperatures
slightly above Ty.

DISCUSSION

Let us first consider the crystal field environ-
ment of the single Fe® ion. The ligand symmetry
is nearly octahedral, with a trigonal distortion
along the axis normal to the layers. The cubic
component of the crystal field splits the free-ion
5D state into an upper doublet and lower triplet.
Mossbauer measurements® indicate that the tri-
gonal distortion energy is close to that due to spin-
orbit coupling, so the two effects must be consid-
ered simultaneously in determination of further
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splittings. A Hamiltonian describing the lowest
15 states of the Fe?* ion has been given by Ono
etal.b

Hy=X1;- 8, +cl2 +201 8D +3&))- 5, -

Here X is the spin-orbit parameter, ¢ is the tri-
gonal term, Tisa pseudo-orbital-moment of mag-
nitude 1, (§1> and <§3) are averaged spin values in
the same and opposite sublattices, and Ji and Jj
are isotropic exchange constants between the
“real” spins. Alben obtained best values of
=67 cm™and c=-88 cm™%.°

Alben® has analyzed H, in the strong spin-orbit
approximation, in which the 15-fold-degenerate
cubic level is split into levels based on J=1, 2,
and 3 of multiplicity 3, 5, and 7. The J=1 levels
lie lowest and are separated from the J=2 levels
by 2y~ 135 cm™!, Since the Néel temperature is
23.5 °K, only the effects of the low-lying triplet
need be considered in analysis of the ordered mag-
netic behavior.

Birgeneau et al.® have described the behavior in
the low-lying triplet by a spin Hamiltonian based
on a pseudospin s=1:

== D[(s§2-2]+220 Ky;sisi+22 4,808, .
i i>f >4

The single-ion anisotropy term D is roughly pro-
portional to the trigonal factor ¢, J;; is the effec-
tive isotrop.c exchange between pseudospins, and
K;; incorporates exchange anisotropies arising
from the real-spin to pseudospin transition and is
proportional to J;;. In this notation the anisotropy
field H, may be written

ghsHAZD(2s —=1)+2s 2 Ky
l‘

where I’ refers to intrasublattice terms, and the
much weaker intersublattice terms have been ig-
nored.

Therefore, the measured value of d InH,/dP in
our experiment describes the behavior of a sum of
trigonal anisotropy and in-plane exchange. Since
the two terms are of roughly the same magnitude,
their pressure behavior cannot be separated unique-
ly in the high-pressure region. On the other
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hand, the structural phase transition consists of
planes sliding relative to each other, so that in-
plane exchange should be little affected. There-
fore the structural discontinuity term AH, is a
direct measure of the change in trigonal splitting
due to the transition from cubic to hexagonal close
packing. Since AH, is so small, it appears that
the change in magnetic energy is not sufficient to
produce the phase change, and the trigonal dis-
tortion simply monitors the structural change. It
is interesting that the atomic rearrangement can
occur at temperatures below 60 °K. A more de-
tailed analysis of our pressure results requires a
determination of the compressibility of FeCl,.

The temperature behavior of the AFMR at zero
pressure measured here is quite similar to that
reported previously by Jacobs, Roberts, and
Lawrence, ° although we report additional high-
temperature points. In particular, the AFMR
was clearly observable slightly above Ty at (24.2
+0.2°K. At 28 °K the mode could no longer be
seen. Birgeneau et al.3 have reported the disap-
pearance of zone-boundary magnons by 26 °K, al-
though the mode is still barely observable at
23.55°K. They concluded that the magnon spec-
trum collapses precipitously toward zero fre-
quency as Ty is approached from below. Our re-
sults, on the other hand, indicate a much slower
rolloff in the zero-wave-vector AFMR mode near
Ty, with a slight persistence of the mode into the
paramagnetic region. The region for the discrep-
ancy between the two sets of measurements is not
clear.

The existence of a second magnetic-dipole-ac-
tive mode at a frequency below the AFMR was
predicted by Alben, ® who suggested that mutual
repulsion between the two modes might explain the
slow rolloff in w,pyr near Ty. We searched for
such a second mode at temperatures between 4
and 30 °K for frequencies between 5 and 30 cm™*
and found no evidence for its existence. In light
of this breakdown of Alben’s theory and the con-
flict between our data and the neutron measure-
ments, we must conclude that the temperature be-
havior of the spin waves in FeCl; near Ty is not
yet understood.
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