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Phase transition of a triangular lattice Ising antiferromagnet Fel,
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The phase transition of Fel, is revisited. This material has the hexagonal crystal structure and shows an
antiferromagnetic order at 7y=9.3 K in zero field. When an external magnetic field is applied along the ¢ axis
below Ty, successive metamagnetic transitions occur. The magnetism of Fel, has been interpreted based on the
further neighbor interaction model on the triangular net. However, the exchange interaction constants derived
from the analysis do not seem realistic. We have measured the magnetic susceptibility, magnetization, and
specific heat on single crystals of Fel,. From the specific-heat measurement, the temperature versus magnetic
field phase diagram is constructed, in which five distinct magnetic phases, namely, the antiferromagnetic and
four ferrimagnetic ones, exist. The magnetization measurement reveals that magnetization steps appear at %, %,
% and between % and % of the saturation magnetization, M =3.5 up/Fe. Based on an experimental evidence,
we argue that a lattice distortion occurs below Ty and the exchange interaction between spins on a triangle
becomes anisotropic. We discuss the phase transition using the anisotropic triangular lattice model with J;, J5,
and J;. From the analysis of the metamagnetic transition fields, we obtain, 2.5<J;/kg<3.0 K, -16.2

<Jylkg<-152 K, and —164<J;/ky<-14.4 K.
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I. INTRODUCTION

The phase transition of an antiferromagnetic triangular
lattice (ATL) has attracted much attention since the pioneer-
ing work by Wannier," who showed rigorously that an Ising
model ATL does not show any long-range order down to zero
Kelvin. Physically, this originates from the geometric frus-
tration by which all the neighboring spins on the triangles
cannot align antiparallel to each other at the same time. The
ground state is composed of two spins of one kind and one of
another in each triangle.” When a magnetic field is applied, a
spin arrangement T T | is realized giving rise to a magnetiza-
tion with one third of the saturation magnetization, M. This
M,/3 plateau persists up to the saturation field.

In real materials, the exchange interaction paths in the
triangular net are generally more complex, for which an an-
isotropic triangular lattice, or a further neighbor interaction
models shown in Figs. 1(a) and 1(b), respectively, may be
applicable. Stephenson* showed rigorously that a long-range
magnetic order occurs at a finite temperature even in an Ising
ATL, when all the interactions in the anisotropic triangular
lattice model [Fig. 1(a)] are antiferromagnetic and |/,]
> |J,| >|J5]. The magnetic structure in the ordered state of
this model is given in Fig. 1(c). The ground-state property
and phase transition of an Ising model on the triangular net
with further neighbor interactions [Fig. 1(b)] were studied by
several authors.>3

In this paper, we study the phase transition of the hexago-
nal Ising antiferromagnet Fel,. The magnetic properties of
MX, compound have been studied for many years,” where,
M and X stand for 3d transition metal and halogen ions,
respectively. The FeX, compound shows an antiferromag-
netic order at low temperatures. The magnetic structure in
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the ordered state of FeCl, and FeBr, is the one in which the
spins within a metal layer form ferromagnetic (F) sheets and
the spins in adjacent layers are antiparallel.!® On the other
hand, in the magnetic structure of Fel,, spins within a metal
layer form antiferromagnetic sheets.!! This indicates that the
exchange interaction within a layer changes from ferromag-
netic to antiferromagnetic with the change in the halogen
ions. The origin of this change in the exchange interaction
has not been discussed in an atomic level of detail.

The magnetic ordering in Fel, has been discussed in terms
of the further neighbor interaction model.'> From an analysis
of the experimental results, the exchange interaction constant
between planes about three times larger than that within the
plane has been obtained.'> One would expect that the intra-

(a)

(c)

(b)

FIG. 1. (a) An anisotropic triangular lattice model. (b) The first-,
second-, and third-nearest-neighbor exchange interaction model of a
triangular net. (c) The magnetic structure of an Ising model on the
anisotropic triangular lattice [Fig. 1(a)] predicted to appear when all
the interactions are antiferromagnetic and |J,| > |J,| > |J3|. Open and
filled circles show up and down spins, respectively.
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FIG. 2. (Color online) (a) The crystal structure of Fel,. (b) The
magnetic structure of Fel, in zero field. Open and filled circles
show the magnetic moments pointing parallel or antiparallel to the ¢
axis, respectively.

layer interaction is much stronger than the interlayer one as
in FeC12.12

When a magnetic field is applied along the spin easy axis
which is the ¢ axis of the crystal, FeCl, and FeBr, show a
first-order transition from the antiferromagnetic to ferromag-
netic state at low temperatures.” A more complex magnetiza-
tion process has been observed in Fel,, where at least four
magnetization changes are seen.'>!* The magnetization pro-
cess was discussed based on the further neighbor interaction
model.'"* From an analysis of the experimental results, the
third-nearest-neighbor interaction constant with almost the
same magnitude as the nearest-neighbor one has been
obtained.'* This result does not appear to be realistic because
the exchange interaction in an insulating material decays rap-
idly with the distance between magnetic ions.

In this paper, we try to understand the enigmatic proper-
ties of Fel, from the measurements of magnetic susceptibil-
ity, magnetization, and specific heat. We discuss, first, the
electronic state of Fe>* in Fel, and the exchange interaction
to justify that the material can be modeled by an Ising anti-
ferromagnet. Then, the experimental results are interpreted
based on the anisotropic triangular lattice model.

II. CRYSTAL AND MAGNETIC STRUCTURE

The compound Fel, has the hexagonal (trigonal) crystal

structure (space group P3m1) shown in Fig. 2(a). The lattice
constants are, a=4.03 A and ¢=6.75 A.!! This material ex-
hibits an antiferromagnetic order at Ty=9.3 K.'? The mag-
netic structure in zero field of Fel, determined from the
neutron-diffraction experiment!! is shown in Fig. 2(b).
When an external magnetic field, B, is applied along the ¢
axis, Fel, shows successive magnetic phase transitions. The
magnetic field versus temperature phase diagram determined
from  the  magnetization and  neutron-diffraction
measurements'# is shown schematically in Fig. 3(a). Figure
3(b) shows the magnetic structure determined from the
neutron-diffraction study at temperature, 7=1.4 K and B
=5.5 T corresponding to phase F1.'* In this phase, the wave

vectors, klz[ééO], kzz[%éO], and k3:[é§0] are observed.'*
The magnetic structure determined at 7=1.4 K and B
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FIG. 3. (a) The magnetic field versus temperature phase diagram
of Fel,. Here, only the phase boundary curves in Ref. 14 are repro-
duced. (b) The magnetic structure in the ¢ plane of phase F1. (c)
The magnetic structure in the ¢ plane of phase F2. (d) The magnetic
structure in the ¢ plane of phase F4. Open and filled circles show
the magnetic moments pointing parallel or antiparallel to the field
direction, respectively.

=7.1 T corresponding to phase F2 is shown in Fig. 3(c). In
this phase, the wave vectors, k1:[§§0], kzz[féO], and kj

=[§§O] are observed.'* Wiedenmann et al.'* have not ob-
served any magnetic long-range order in phase F3 and sug-
gested that it was an amorphous or floating phase. The mag-
netic structure of phase F4 does not seem to be determined
completely. Wiedenmann et al.'* presented the magnetic
structure shown in Fig. 3(d) defined by the single wave vec-

tor, k3=[§§0]. In phases F1, F2, and F4 the magnetic sheet
shown in Figs. 3(b)-3(d), respectively, is stacked along the ¢
axis and the spins in adjacent layers are parallel.

III. EXPERIMENTAL DETAILS

Polycrystalline samples of Fel, were prepared by a direct
reaction of iron (Johnson Matthey, 99.999%) with iodine in
an evacuated silica tube. Single crystals of Fel, were grown
by the Bridgman method.

Magnetization, M, measurements under steady fields were
done with a MagLabYM vibrating-sample magnetometer
(Oxford Instruments, U.K.). The temperature and magnetic
field ranges available with this magnetometer are, 1.5=T
=300 Kand 0=B=12 T. The magnetization measurement
up to 50 T was conducted at KYOKUGEN, Osaka Univer-
sity with a pulsed field magnet.
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FIG. 4. (Color online) The magnetic field dependence of mag-
netization in Fel, measured at 2 K for the two crystals cut from
different boules (red and blue). The external magnetic field is ap-
plied along the ¢ axis of the crystals. Also shown is the magnetiza-
tion curve reported by Fert et al. (Ref. 13) (orange) and Wieden-
mann ef al. (Ref. 14) (green).

Specific heat, C,, measurements were performed with a
MagLabI'IC microcalorimeter (Oxford Instruments, U.K.).
This microcalorimeter employs a thermal relaxation method.
The measurements were conducted in two modes, namely,
the temperature and field scans. In the temperature scan, heat
pulses were applied after stabilizing the temperature of the
sample to a desired value, T and decay of the sample tem-
perature was measured, from which C p Was estimated. The
value of Ty was changed stepwise until the final temperature
was reached. In the field scan, the magnetic field was set to a
desired value Bj and the same measurement as above was
performed. The value of B, was changed stepwise under a
fixed temperature until the final field was attained. In both of
the temperature and field scans, two transient curves, corre-
sponding to the rise and fall of the heat pulse, were recorded.
By flipping over one curve and averaging it with the other,
significant improvements are obtained. The temperature and
magnetic field ranges accessible with this calorimeter are,
045=7T=200 Kand 0=B=12 T.

IV. RESULTS
A. Susceptibility

We measured the magnetic susceptibility parallel to the ¢
axis (not shown) and obtained almost the same result as re-
ported before.!> Normally, the magnetic susceptibility, x;,
parallel to the easy axis of a uniaxial antiferromagnet de-
creases with decreasing temperature below Ty, and becomes
zero at T=0. However, we obtained a finite value x;(T
—0)=0.055 (emu/mole), and a different value, x,(T—0)
=(.017 (emu/mole) has been reported in a different
sample.'? In the next section we will discuss the origin of the
finite value in y; at low temperatures.

B. Magnetization

Figure 4 shows the magnetic field dependence of magne-
tization measured in a steady field up to 12 T for the two
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FIG. 5. (Color online) The magnetic field dependence of mag-
netization in Fel, measured in a pulsed field up to 50 T.

samples (samples #1 and 2) cut from different boules. We
also plot the magnetization curves reported before.'3!# All
the magnetization curves show an initial slope that differs
from sample to sample. The magnetization of the sample #1
is the largest up to ~6 T. However, all the magnetization
curves are close to each other at 6.5<B<12 T.

The experimental fact that the initial slope in the magne-
tization curve depends on samples suggests it comes from
impurities or crystal imperfections. If it were due to para-
magnetic impurities, one may use the Brillouin function to
describe the magnetization coming from the impurities. The
Brillouin function at T=2 K becomes practically saturated
above 4 T for both of Fe?* (spin, S=2 and g value, g=2) and
Fe’* (S =§ and g=2) ions. The saturated part of the magne-
tization due to the paramagnetic impurities would give a con-
stant term, which is sample dependent, to the magnetization
at high fields, in contradiction with the observation explained
above. Therefore, we may discard the possibility of paramag-
netic impurities to describe the initial slope. As will be dis-
cussed later, a lattice distortion probably occurs below Ty to
relieve partially the magnetic frustration. Depending on the
crystal growth conditions, the imperfections in the crystal
may differ from sample to sample. The spins contained in the
imperfections may behave differently from those in the bulk
and will cause the sample-dependent initial slope in the mag-
netization curve.

In order to determine the value of saturation magnetiza-
tion of Fel,, we measured the magnetization up to 50 T at
T=1.3 and 4.2 K. The result is shown in Fig. 5. Contrary to
our expectation, the magnetization does not saturate. Instead,
it increases steadily with increasing field.

As is seen in Fig. 5, the magnetization measured at T
=1.3 K shows a steep increase at =12 T and becomes less
field dependent above this field. We call the phase above this
field a saturated F one, although the magnetization is not
fully saturated. The hysteresis associated with this transition
disappears at =15 T, where the saturation magnetization,
M, is =3.8 ug/Fe. This value of M(=g-o) is consistent
with the g value of 3.5 determined from the electron spin
resonance (ESR) measurements!>'® and o=1 (the ground
state of Fel, will be discussed later). Gelard et al.'! obtained
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FIG. 6. (Color online) The temperature dependence of magnetic
specific heat in Fel, measured in zero and nonzero applied magnetic
fields. The scale for the ordinate is given to the uppermost curve
and the base line for the remaining curves is shifted downwards by
2.5 J/mol K each.

the value, 3.7 up for the magnetic moment of Fe in Fel,
from the neutron-diffraction study.

C. Specific heat

The temperature dependence of magnetic specific heat,
C,,, obtained from the temperature scan is shown in Fig. 6.
The lattice specific heat was subtracted from the measured
C,. Normally, the estimation of lattice specific heat is not
easy and the Debye formula is often used to approximate it.
Fortunately, in our case, data on the isomorphous nonmag-
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FIG. 7. The temperature dependence of magnetic specific heat
in Fel, measured at 11.0 T. Five distinct peaks are seen.

netic compound, Cdl, are available.!” In estimating the lat-
tice specific heat of Fel,, we considered the mass ratio be-
tween Fe and Cd.

In zero field, we see a large anomaly in C, at Ty
=9.2+0.1 K. This value of Ty is in good agreement with
those reported before.!>!819 As described in Sec. I, the spe-
cific heat was measured with the thermal relaxation method.
The relaxation time becomes very long in the vicinity of Ty,
reflecting the first-order nature of the phase transition.!® In
Fig. 6, we plot the data which are obtained from the relax-
ation curve that can be fitted with an exponential function. In
finite fields, much smaller anomalies in C,, appear, in addi-
tion to the large anomaly at Tx(B). This is understandable
since the entropy change associated with the transition from
the paramagnetic to ordered phase is much larger than that
between ordered phases. To demonstrate the existence of
successive phase transitions, we show an example of tem-
perature and field scans in Figs. 7 and 8, respectively.
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FIG. 8. The magnetic field dependence of magnetic specific heat
in Fel, measured at representative temperatures. The scale for the
ordinate is given to the uppermost curve and the base line for the
remaining curves is shifted downwards by 1.0 J/mol K each.
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FIG. 9. (Color online) The magnetic field versus temperature
phase diagram of Fel, determined from the specific-heat measure-
ments. The external magnetic field is applied along the ¢ axis of the
crystal. Open and filled symbols show, respectively, the transition
points found in the field and temperature scans. Red symbols show
the transition point at which the largest anomaly in C,; is observed
in respective scans. AF: antiferromagnetic phase, P: paramagnetic
phase.

Figure 9 shows the temperature versus magnetic field
phase diagram constructed from the specific-heat measure-
ments. In this phase diagram we included the data obtained
from the temperature and field scans. An overall feature of
our phase diagram is consistent with that reported before.'*
New findings in this work are the following. First, we find
that phase F3 is magnetically ordered as evidenced by the
large anomaly in C,,. Second, we find that phase F4 is di-
vided into three subphases. Third, we find new phase transi-
tion lines, L1, L2, and L3.

Because the phase transition lines L2 and L3 are located
at the high temperature side above the magnetic phase
boundaries, we believe that these represent a structural phase
transition. The line L3 seems to merge into the Tx(B) curve
with decreasing B. This suggests that the magnetic and struc-
tural phase transitions occur simultaneously at B=0. The
origin of the phase transition line L1 is not clear at the mo-
ment.

V. DISCUSSION
A. Electronic state

The electronic state of an Fe?*(3d%) ion in a crystal has
been studied by several authors.”>->* The ground state of a
free Fe?* ion has total spin S=2 and total orbital momentum
L=2. Under a cubic crystal field, the orbital state splits into a
triplet, I's, and a doublet, I';, the former being the ground
state.’? Because the energy difference between the I's and I's
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states is ~10* ¢cm™!, we may consider only the I's state and

use an effective orbital momentum, f(|ﬂ=1), to discuss the
magnetic properties of Fel, below room temperature. The
effective orbital momentum is related to the original one as,
L=—-12 The Hamiltonian we consider is given by

H=~-N-S§~-8(>-2/3) + ugB - 25 - 1), (1)

where, the first, second, and third terms represent, respec-
tively, the spin-orbit interaction, an additional crystal field
with lower symmetry, and the Zeeman effect.

Birgeneau et al.** derived the energy level scheme of Eq.
(1) for FeCl,, in which the ground state is a triplet separated
by ~100 cm™' from the first excited state. At low tempera-
tures below ~140 K(=100 cm™'), one may consider only
the ground state and use an effective spin §(|5]=1). The
Hamiltonian describing the s=1 multiplet is given by**

2 ,
; D{ (s9) - g] + E] [ 2075355 = 207 J (s} + 5)s))].

2)

where, the first and second terms represent, respectively, a
single ion anisotropy and an anisotropic exchange interaction
with D=-9.4 cm™!, ¢=1.67, and @, =1.40.>* Because of
the strong single ion anisotropy, the states with s°==*1 is
highly populated at low temperatures and we may use an
Ising spin o(=*1) to discuss the magnetic properties of
FeCl,. We expect that essentially the same situation will be
realized in Fel,. The value of D in Fel, has been obtained to
be —21 K(=-15 cm™) from the analysis of the susceptibil-
ity data.!?

B. Exchange interaction

We plot in Fig. 10(a) the transition temperature of FeX,
compound. Here, X stands for, C17, Br~, or I". The transition
temperature decreases rapidly when X changes from ClI,
through Br, to I. This suggests that competing interactions,
ferromagnetic and antiferromagnetic ones, exist between the
Fe spins and the antiferromagnetic interaction becomes
strong with X, resulting in the decrease in the transition tem-
perature.

Here, we consider two types of exchange interaction,
namely, the direct-exchange and superexchange ones, on a
given interaction path. Figure 10(b) shows the bond lengths
and bond angle in FeX, compound. The bond angle
/Fe?-X"-Fe’* is almost 90° for the three compounds,
FeCl,, FeBr,, and Fel,. Goodenough?® argued that the inter-
action within the layers of the transition element dichlorides
and dibromides is the 90° superexchange one and is ferro-
magnetic if the 7,, orbitals are more than half filled.
Kanamori?’ showed that the 90° superexchange interaction
between Ni**(3d®) spins is ferromagnetic. If we accept the
above proposition that there are competing ferromagnetic
and antiferromagnetic interactions in FeX, compound, the
direct exchange interaction between Fe spins should be anti-
ferromagnetic. From the magnetic structure mentioned
above, we may conclude that the ferromagnetic superex-
change interaction dominates in FeCl, and FeBr,, while the
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FIG. 10. (a) The transition temperature of FeX, (X=Cl, Br, or I)
compound is plotted versus the ionic radius of X~ ion. (b) The bond
length between Fe?* ions, that between Fe>* and X~ ions and the
bond angle £ Fe?*-X~-Fe?* are plotted as a function of the ionic
radius (Ref. 25).

antiferromagnetic direct-exchange interaction plays a domi-
nant role in Fel,. Based on this idea and the experimental
fact shown in Fig. 10(b), we may conclude that the antifer-
romagnetic interaction in FeX, compound becomes strong
with the distance, d..g., between Fe spins.

Zener?® argued that the exchange integral between d
shells of adjacent atoms has always the same sign as in the
H, molecule. The exchange potential in the H, molecule
giving rise to the spin singlet state is negative (antiferromag-
netic) at the interatomic distances larger than a, and has a
minimum at 3a,, where a is the Bohr radius.”® The experi-
mental finding that the antiferromagnetic interaction in FeX,
compound becomes stronger with increasing dp..g, suggests
dre.re 1s shorter than the distance where the exchange poten-
tial is at a minimum.

C. Phase transition in zero field

The magnetic ordering in Fel, has been discussed in terms
of the further neighbor interaction model on the triangular
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net.'>!'* However, the exchange interaction constants derived
from these studies do not seem to be realistic. We discuss the
phase transition based on the anisotropic triangular lattice
model. In order to be consistent with this model, a lattice
distortion should take place at Ty. In fact, a lattice distortion
has been observed at the lower transition temperature, Ty, of
a triangular lattice antiferromagnet, CuFeO, in zero field.*
When an external magnetic field is applied, the lattice con-
stant of CuFeO, is seen to change stepwise in coincidence
with the multistep magnetization changes.?'*> An evidence
of a magnetoelastic coupling in Fel, has been found from a
neutron-diffraction study, where the transition at Ty is seen
to be of first order.'® As explained in Sec. IV C, our specific-
heat measurements suggest that the magnetic order and
structural change occur simultaneously at 7.

The magnetic structure predicted from the anisotropic tri-
angular lattice model is shown in Fig. 1(c), which is different
from the magnetic structure in the ¢ plane of Fel, determined
experimentally [Fig. 2(b)]. In the following discussion, we
consider the case in which the exchange interaction constant
for parallel spins may be different from that for antiparallel
spins. This comes from the nature of the exchange interac-
tion discussed above. The distance between parallel spins of
a given exchange bond may be shorter than that between
antiparallel spins to diminish the antiferromagnetic direct-
exchange energy. Writing an exchange interaction between
Ising spins, 0; and o;(0=*1) as

—Ei,_iJi’ja'iO'j, (3)

the energy, E,p, of the antiferromagnetic state of Fel, is
given by

1
EMw=EQh+h—A+h—&L 4)

where, J; (k=1, 2, and 3) is the exchange interaction con-
stant between parallel spins along the J; bond and N is the
number of spins in the sample. The energy, Egephen, Of the
magnetic structure shown in Fig. 1(c) is given by

ESlephen/N=J1+J2_J§' (5)
The condition that Eup is lower than Egeppen is given by

0<Jo+Jy—J5—J5. (6)

D. Magnetization
1. High field magnetization

As described in Sec. IV B, the magnetization of Fel, in-
creases steadily with increasing field. This suggests a contri-
bution of the higher energy crystal-field levels. We calculate
rigorously the 15 eigenvalues of Eq. (1) using the
MATHEMATICA.?® Then, the magnetization is calculated with
a standard procedure of statistical mechanics using the MATH-
EMATICA. We are able to reproduce qualitatively the experi-
mental finding that the magnetization increases steadily with
increasing field.

Here, we have two free parameters, N and &, to fit the
theory with the experiment. Different values of A and & have
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been reported by different authors; A\=-95 cm™! and &
=119 cm™! in FeCl,,”! A=-67 cm™! and 6=88 cm™' in
FeCl,,2?* and \=—73 cm™' and 6=183 cm™! in Fel,.?? The
set of X and & values reported by Ono er al.?! is the closest to
the measurement but none of these parameter sets reproduce
quantitatively the experimental result. For a quantitative
analysis of the magnetization curve, the exchange interaction
should be taken into account.

2. Magnetization process

We try to extract an intrinsic magnetization curve of Fel,
from the measured ones. We have shown that the higher
energy crystal-field levels give a magnetization that increases
steadily with increasing field. This might give the initial
slope in the magnetization curve shown in Fig. 4. From a fit
of the magnetization curve calculated in Sec. VD1 to a
linear function in B, we obtain the susceptibility, x.¢
=0.004 (emu/mole), due to the crystal-field levels when A
=-95 cm™! and 6=119 cm™!. This value of y.s is consider-
ably smaller than y,(7T—0)=0.055 (emu/mole) or x,(T
—0)=0.017 (emu/mole) reported in Sec. IV A.

As is seen in Fig. 4, the two magnetization curves mea-
sured on the samples #1 and 2 become almost identical
above ~10 T. This means that the impurity spins on the
crystal imperfections are not free. Instead, an interaction ex-
ists among the impurity spins, the strength of which is
sample dependent. We assume a generalized Brillouin func-
tion given by Eq. (7) to describe the magnetization, My,
due to the impurities, in units of ug/ion,

Mipmp = agST{(25 + 1)/(25)}coth{(2S + 1)y/(25)}
—{1/(2S)}coth{y/(25)}], (7)

where, y= BgSupB/(kgT), pg the Bohr magneton, kg the
Boltzmann constant, « the fraction of the impurities, and 8
represents an interaction between the impurity spins. We use
g=3.5 obtained from the ESR measurements'>'¢ and S=2
which is widely accepted for an Fe?* ion. The values of «
and S are determined so that the two magnetization curves
measured on the samples #1 and 2 become as close as pos-
sible. We subtracted the ;- B term discussed above from the
measured magnetization curves before applying Eq. (7). The
intrinsic magnetization curves thus obtained are shown in
Fig. 11. A reasonably good agreement between the two mag-
netization curves is obtained with a=0.055 and 8=0.24, and
a=0.088 and $=0.049, for the samples #1 and 2, respec-
tively.

We see in Fig 11 that the magnetization steps are located
at, %MS, ZSMS, 25M and between 25M and M For the
value of M, we use 3.5 ug/Fe, which is glven by g o (see
Sec. IV B). From the pulsed field measurement, we have
obtained M =3.8 up/Fe, which becomes M(=3.7 ug/Fe,
after subtracting the y ;B term. A further subtraction of the
magnetization due to the impurities will give a value close to
3.5 ug/Fe.

Wiedenmann et al.'* have reported the observation of
magnetization steps at, 0.33M, 0.45M, OSMS, and 0.6M,
with M =4.1 ug/Fe. Our observation of the 3M step 1s
consistent with that by Wiedenmann et al. However, the 5% 25
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FIG. 11. (Color online) The magnetization curve of Fel, after
subtracting the contribution of impurities and crystal-field levels.

=0.48, £=O 52, ég—O 64, and —=0 68 steps are not repro-
duced. The reason for this dlscrepancy is that Wiedenmann et
al. subtracted a magnetization that increases linearly in B
from the measured magnetization. The origin of this linear
magnetization has not been discussed.

We propose a possible magnetic structure for each of the
»Mg, M, %Mq, and %M phases. The magnetic structure
of the 3 M, phase is given in Fig. 3(b) The experimental fact
obtalned from the neutron diffraction'* is that the wave vec-
tor k:[ggO] is observed in phases F2 and F4. We have ob-
served a magnetic long-range order in phase F3 from our
neutron-diffraction experiment with the wave vector k
=[h,h,0], where, h=§.34 These facts mean that the mag-
netic unit cell in the ¢ plane of phases F2, F3, and F4 is a
S5a X 5a one. If we assume up or down states only for each of
the magnetic moment in the unit cell, we expect the magne—
tlzatlon steps to appear at 25Ms’ 25M M Mb, 25M
—MS, 25M and M Here, we have cons1dered the states
with the magnetlzatlon larger than M From this consider-
ation, the magnetization steps at 25M and M are not ex-
plalned Then, we allow some of the down spins to take
(o-)——2 value. Figure 12 shows the proposed magnetic struc-
ture for each of the 25M and 25M phases. The magnetic
structure with 25M is obtained by reversing six spins from a
fully saturated state. Since this magnetic structure is less
symmetric, we propose the structure shown in Fig. 12, in
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FIG. 12 A possible magnetic structure for the —Ms 25Ms
Ms, and M states, respectively. Open, filled, and half-filled

1
Clrcles represent respectively, up, down, and (o)=-3 moments.

which the four down spins have (cr)—— value. We propose
the magnetic structure for the 25M phase shown in Fig. 12
from the same reason mentioned above.

In the following, we calculate the transition fields be-
tween the different phases, from which we try to deduce the
exchange interaction constants. Because the measurement of
the magnetization curve is made at the low temperature well
below Ty, we may calculate the energy of each phase at T
=0 based on the Hamiltonian, Eq. (3). Although the {(o)=

% value is expected to appear at a finite temperature, we
assume, for simplicity, o=—5 for the magnetic moment at the
half-filled cites in Fig. 12.

The energy, Ep, of the antiferromagnetic phase is given

by Eq. (4). The energy, E, 3, of the M, /3 phase is given by

4!+ 30, = 304+ 20, — 4]} = 2gugB).

(8)

1
Ey;3/N = 6(211 -

The energy, E1,/5, of the 12M /25 phase is given by

1
E12/25/N= E(SJI - 13.]{ +.],1,—J,1"+ 6.]2— 15Jé+2.],2,+ 8]3

— 1373+ 5= J5 = 12¢upB), ©)

where, J7 , 5 is the exchange interaction constant between the
up and o=—3 spins, and J;, 5 is that between the down and
o=—; spins.

The energy, E3,s, in the 13M /25 phase is given by

1
E13/25/N= 5(6.]1 - 13]{ +2J,1’—J1/2 +4J2— 13Jé + 3.]%

—Jy +4J5— 1375+ 405 - J5 = 13gugB),  (10)
where, J’{:M is the exchange interaction constant between the

o=—; spins.
The energy, E |45 in the 16M/25 phase is given as
1
Ergas/N = 561 = 157} +2/{+ 6/, = 1575+ 275+ 6J5

— 1575+ 2J% - 16gugB). (11)

The energy, E 7,5 in the 17M/25 phase is given by
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FIG. 13. (Color online) The magnetic field dependence of the
energy in the AF, M(/3, 12M/25, 13M/25, 16M/25 and satu-
rated F phases, respectively. The energy is measured from that of
the saturated ferromagnetic phase.

1
Eyq55/N = g(zh — 157 + 4 + 20, — 1575 + 4J5 + 2J5

— 157 +4J% = 17gugB). (12)

Finally, the energy, Ef, of the saturated ferromagnetic phase
is expressed as

Ep/N=(-J{ = J5 =T}~ gupB). (13)

We define the critical fields, B,; (i=1, 2, 3, and 4), as shown
in Fig. 11. The critical field, B.s is defined as the one at
which the transition to the saturated ferromagnetic phase oc-
curs. The critical field, B, is given by the field at which E g
and E;;3 become equal. Other critical fields are given simi-
larly. The value of the critical fields obtained experimentally
is, B, =4.67+x0.05 T, B.,=6.22+0.05 T, B
=743%0.05 T, and B.4=9.82%=0.05 T. Here we take an
average of the critical fields obtained in the increasing and
decreasing fields as shown in Fig. 11. For the value of B.5 we
take 12.5+0.1 T obtained from the pulsed field measure-
ment.

Figure 13 shows the magnetic field dependence of E4p,
E1/3, E12/25, E13/25, E16/25’ and EF' A similar diagram is ob-
tained when we take the E|;,5 phase, instead of the E 45
one. The value of these energies at zero field measured from
Eg is

Exr(B=0)/kg=—-19.9 K,
E\5(B=0)/kg=—-16.2 K,
E\»5(B=0)/kg=-14.0 K,
Ei3,5(B=0)/kg=-13.3 K,

E 6»5(B=0)/kg=-10.6 K. (14)

The saturated ferromagnetic phase is indistinguishable from
the paramagnetic phase above Ty, where no lattice distortion
is assumed. Therefore, we may set, J;=J,=J;=J' in Eq.
(13). We assume J;=J5=J} at all fields below B_s. Using the

104402-8



PHASE TRANSITION OF A TRIANGULAR LATTICE...

value of ®/kg=-21.5 K,'> we have J'/kz=-3.58 K, where
O is the Curie temperature. Then, the energy, Ex(B=0)/kg,
of the F phase in zero field is estimated as 10.7 K. Thus, all
the energies in respective phases at B=0 are determined in
units of kelvin.

We determine the value of the exchange interaction con-
stants by solving the simultaneous equations, Eqgs. (4), (8)—
(11), and (13). Because the number of exchange interaction
constants is larger than the experimental data available, we
have to reduce it. We assume, J; =J;, J{"=J!, and J:,ZJ;,

1
where, i=1, 2, and 3. From the calculation we have

2.5 < J,/ks < 3.0 K,
~162 < Jylkyg <-152 K,

—-164 < Jy/kg < -144 K. (15)

If we choose the 17M,/25 phase, instead of the 16M /25
one, we obtain,

2.5<Jlky <3.0 K,
—15.7 < Jylky < - 147 K,

—16.1 < Jy/ky < - 143 K. (16)

We see that the exchange interaction J; is ferromagnetic
while J, and J; are antiferromagnetic. From the discussion
given in Sec. V B, we predict that dg,g. along the J; inter-
action path shrinks below T. We note that Petitgrand et al.?>
showed that the nearest-neighbor exchange interaction is fer-
romagnetic and the next-nearest-neighbor one is antiferro-
magnetic from the far-infrared absorption measurement on
Felz.
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VI. CONCLUSIONS

We have measured the magnetic susceptibility, magneti-
zation, and specific heat on the single crystals of Fel, grown
by ourselves. From the specific-heat measurement, we have
constructed the temperature versus magnetic field phase dia-
gram, in which five distinct magnetic phases, namely, the
antiferromagnetic and four ferrimagnetic ones (F1, F2, F3,
and F4) exist. The magnetization measurement reveals that
magnetization steps appear at %, %, % and between ;—2 and %
of the saturation magnetization, M,=3.5 ug/Fe.

We discussed the ground state and exchange interaction in
Fel, and justified that the material is modeled as an Ising
antiferromagnet on the triangular lattice, to a good approxi-
mation. We proposed that there are two competing exchange
interactions in the MX, compound, namely, an antiferromag-
netic direct-exchange and ferromagnetic superexchange ones
and that the former interaction dominates in Fel,. Based on
an experimental evidence, we argued that a lattice distortion
occurs below Ty and the exchange interaction between spins
on a triangle becomes anisotropic. We analyzed the phase
transition based on the anisotropic triangular lattice model
with J;, J,, and J;. From the analysis of the metamagnetic
transition fields, we obtain, 2.5<J;/kg<3.0 K, -16.2
<Jr/kg<-15.2 K, and —-16.4<J3/kg<-14.4 K. We pre-
dicted that d,_f. along the J; interaction path shrinks below
Txn- An x-ray diffraction study on this sample below Ty
would be valuable to test this prediction, provided that a
crystal of high quality is available.
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