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THERMAL AND MAGNETIC PROPERTIES OF Tb(Cl,

R. KREMER, E. GMELIN and A. SIMON

Max-Planck-Institut fir Festkorperforschung, Heisenbergstr. 1, 7000 Stuttgart 80, Fed. Rep. Germany

Received 17 March 1987; in revised form 22 June 1987

The specific heat of polycrystalline TbCl, was measured in the temperature range 1.65 K < T <100 K. Magnetization and
susceptibility of TbCl; were determined on polycrystalline and single crystal samples between 1.7 K <7 <350 K. Our
experimental data show ferromagnetic order of TbCl; below T, = (3.65+0.03) K. The magnetic entropy S,,,, lost during
ordering as calculated from the specific heat nearly corresponds to In 2 indicating the ordering of a S = ; magnetic system. In
the ordered state the magnetic moment orients along the crystallographic g-axis. The saturation moment is (8.1+0.1)py. The
critical parameters S,,,(7;) and T, /0 are determined and compared with theoretical calculations for 3D-Ising magnets. Our
results are in best agreement with a previous neuntron investigation performed by Murasik et al.

1. Introduction

The investigation of the thermal, magnetic and
optical properties of rare-earth trichlorides has
found particular interest in the past. Especially for
the first half of the rare-earth series, the availabil-
ity of large single crystals and their simple crystal
structure stimulated a large number of experi-
ments.

The trichlorides of the second half of the series
are less well examined. In particular, there are
only a few experimental investigations on TbCl,,
presumably because of difficulties based on crys-
tallography: In the series of rare-earth trichlorides,
TbCl, is the only one crystallizing at room tem-
perature in the orthorhombic PuBr; structure (fig.
1) with space group Cmcm [1]. The situation with
TbCl, is further complicated by the occurrence of
phase transformations. Both the UCI,-type [2] as
well as the YCl,-type structure [3] have been
observed, leading to difficulties in the crystal
growth from the melt [4].

The existence of rare-earth trihalide gas phase
complexes with AICl, offers a way of growing
single crystals via chemical transport techniques
[5,6). This procedure yields single crystals of the
low-temperature phase of TbCl; large enough for

magnetization measurements.

The first neutron diffraction investigation of
the magnetic properties of TbCl, powder was
done by Murasik et al. [7]. They found long-range
ferromagnetic ordering of TbCl; below 3.70 K.
But from their powder data, they could not decide
whether the magnetic moment is along the crystal-
lographic a-axis (saturation moment 8.2(1)ug) or
whether it is tilted about 20 degrees away from the
a-axis into the a-b-plane (saturation moment
8.4(1)pp)-

They propose a crystal field level scheme from
inelastic neutron data giving an “accidental”
doublet as the ground state. The doublet mainly
contains | J, = +6) components of the ’F; ground
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Fig. 1. Projection of the structure of TbCl, (PuBr;-type) onto
the b-c plane.
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state multiplet. The first excited singlet lies ap-
proximately 6 meV =k, X 70 K above. Conse-
quently TbCl,; shows similar features as the hy-
droxyde Tb(OH),, although Tb(OH); has the
UCI ;-type crystal structure. Tb(OH), orders ferro-
magnetically as well (T, = 3.72 K [8-11]) and the
properties of the ordered state can be understood
by assuming an effective S = 1 spin for the ground
state and a highly anisotropic coupling of the
Ising type between the moments. Two additional
simple Tb salts are known that order ferromagnet-
ically, LiTbF, at 2.86 K [12] and TbF; at 3.95 K
[13,14).

The low ordering temperatures of the Tb salts
indicate that very small exchange and dipolar
forces contribute substantially to the magnetic
interaction. In the past, terbium salts have, there-
fore, attracted much interest to study the effects of
the long range dipolar forces on magnetic ordering
[15-17].

2. Experimental
2.1. Sample preparation

Single crystals of TbCl, for our experiments
were grown using a chemical transport technigue
[18]. Starting materials were Tb-oxide (purity
99.9%) from Rare Earth Prod. Ltd. and AlCl,,
which was prepared in situ by reacting aluminium
with chlorine gas. The transport reaction was per-
formed in a glass tube sealed under 1 atm of Cl,
(I =20 cm, temperature gradient 500°C —
400°C) [19]. Needle shaped PuBr,-type single
crystals (/=5 mm, typically 2 mg) grew at the
cold end of the tube. The needle axis was identi-
fied by means of X-rays to be the a-axis.

Powder samples of TbCl, were prepared from
the Tb-oxide by reaction with NH,Cl at 250°C
and purified by two distillations in tantalum cruci-
bles under high vacuum [20].

The substance is hygroscopic, so all handling of
the samples must be done in an inert gas atmo-
sphere.

2.2. Specific heat measurements

Specific heats were measured in an adiabatic
calorimeter designed for the examination of small

samples [21]. Powders with typical masses of about
1 g were sealed in DURAN-glass ampoules under
He gas to guarantee good heat contact.

The specific heats of the ampoules and the
sample holder were measured separately and sub-
tracted from the total measured heat capacity.

2.3. Magnetic entropy and magnetic internal energy

Magnetic entropy S,,,,(7) and magnetic inter-
nal energy U,,,,(T) were calculated by integrating
Coag(T)/T and C,,,(T), respectively following

the thermodynamic relationships

sm%(r)=1ftgw(T»/T'dT: (1)

Unag(T) = [ Coug(T") dT". @

The energy gap A, of an Ising system in the fully
ordered state at T =0 can be calculated from the
magnetic internal energy U,,,(0) by [22]

- Umag(o)/R = %AO' (3)

2.4. Magnetic susceptibility

The magnetization in the temperature range 1.7
K <T<350 K was measured in a SHE. VTS
susceptometer equipped with longitudinal and
transverse pick-up facilities. The magnetometer
was calibrated with [(CiHs),As],GA(NO,), as a
calibration standard assuming a magnetic moment
of 7.9u, per Gd** ion [23].

Single crystals of TbCl, were sealed in thin-
walled quartz capillaries which were glued onto a
Teflon sample holder so that the g-axis was paral-
lel to the external field. Measurements of the
transverse magnetization were performed by rotat-
ing the crystal around the g-axis and reading the
projection of the transverse magnetization on the
axis of the pick-up coil pair. Powder of TbCl, was
pressed in cylindrical aluminium containers.

The magnetization of the sample holders and
the containers were determined in a separate run
and subtracted.
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3.1. Specific heat

Our results of the total specific heat corrected
for the calorimeter and ampoule contribution are
shown in fig. 2b in a double logarithmic plot.

Below about 10 K, the onset of ferromagnetic
order causes a A-shaped anomaly. The Curie tem-
perature, as estimated from the position of the C
maximum, is 7, = (3.65 + 0.03) K which is in good
agreement with Murasik’s value of (3.70 4+ 0.05) K
[7].

Above 10 K the lattice contribution as well as
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Fig. 2. (a) Magnetic part of the specific heat of TbCl, in the

temperature range 1.65 K <7 <10 K. Different symbols refer

to two different samples; (b) the total heat capacity before

subtracting the lattice contribution to the heat capacity. Solid
lines are a guide for the eyes.

contributions from excited m-vctal field levels are

dominant. Usually, for an estimate of the phonon
contribution, C,,,, the specific heat of an isotypic
nonmagnetic compound is measured. Such a com-
pound was not available for the reasons cited in
the introduction. Therefore, to obtain the pure
magnetic contribution C,, in the specific heat of
TbCl,, the following procedure was used: An
effective temperature-dependent Debye tempera-
ture 8,(T) was calculated by the Debye law from
the total specific heat.

At about 10 K the value 6,(10 K) = 178 K was
found. This value was used for lower temperatures
in order to calculate the lattice contributions C,,,
according to a power law [24]

moJl K ( 0D(1T0 K) )3 @

and then subtracted from the total specific heat to
provide the magnetic part C,,, of the specific
heat. This procedure partially covers the specific
heat from the first excited crystal field singlet at
approximately 8 = 70 K. The contribution of the
excited state to the total specific heat is of the
form C_/R=%(8/T)* exp(—8/T) (*“Schottky-
tail”) and in the order of 10% of C,,, at 10 K but
exponentially decreasing for lower temperatures.

It we accept an uncertainty of about +25 K for
the Debye temperature below 10 K, the total
errors arising from the above calculations should
not exceed 3% for the magnetic entropy and 5%
for the magnetic internal energy.

Hyperfine contributions Chyp to the total
specific heat (naturally occurring Tb is pure '**Tb
with 7= 3 giving rise to a hyperfine splitting)
which were shown to be of the order of [15]

Chyp/R = (0.029 + 0.001) T2 (5)

C.(T<10K) =1944

are negligible above 2 K and therefore are not
taken into consideration when calculating C,,,,.
Fig. 2a shows the magnetic part of the specific
heat of two different powder samples of TbCl,.
The magnetic entropy S,,,,/R and the magnetic
internal energy U,,,/R in the temperature range
1.65 K < T <0 K are obtained by integration of
Cmag(T)/RT and C,,,,. For this purpose, the tem-
perature axis was divided into three different sec-
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tions. In the sections 1.65 K< T<T, and T, < T
<10 K, the integration was done numerically
after a careful smoothing of the experimental data.
To evaluate the contribution to S,,/R and
Unag/R for T <1.65 K, the lowest experimentally
reached temperature, we infer from fig. 2 that in
the temperature range 1.65 K < 7'< 3 K the total
specific heat can be very well approximated by a
T>-power law. The T>-dependence was extrapo-
lated down to 0 K and integrated analytically
after subtracting the lattice part according to (4).
The results, given in table 1, show that §,,,(1.65
K)/ Smag(0) is about 0.07 and U,,,,,(1.65)/ Uy, (0)
about 0.03 so that we estimate the errors arising
from this extrapolation for S,,,,(c0) to be about
2% and for U,,,,(0) to be about 1%. Combining all
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Fig. 3. (a) Magnetic entropy S,,,, /R of TbCl; as obtained by
numerically integrating C,,,(7)/RT; (b) magnetic internal
energy temperature dependence.

contributions we finally found
Smag(0)/R=0.71 4+ 0.06 (6)

which is in very good agreement with In 2 = 0.693
for a magnetic system with effective spin S =}
and

— Uy (0)/R= (23 £ 0.1) K. (7)

Detailed information and a comparison with the
experimental findings for Tb(OH), is given in
table 1. The temperature dependences of S,,./R
and U,,,/R are shown in fig. 3.

3.2. Susceptibility and magnetization

The reciprocal molar susceptibilities of TbCl,
powder and a single crystal (magnetic field paral-
lel to the g-axis) is displayed as a function of
temperature in fig. 4.

Analyzing the powder data at high tempera-
tures, we observe that the magnetic moment is not
constant but still slightly increasing and approach-
ing the expected theoretical value of 9.72uy for
Tb** jons. At 350 K the effective magnetic mo-
ment g 1S

Pegr (350 K) = (9.6 + 0.1) pp. (8)

At low temperatures the susceptibility of the
powder sample follows a Curie-Weiss law with a
positive Curie-Weiss temperature indicating fer-
romagnetic ordering. The powder sample had the
form of a small cylinder (6 mm &, /=35 mm) so
that uncertainties arise due to demagnetization
effects when analyzing the low temperature data.
Therefore, we limit the following discussion to the
single crystal data.

The single crystal had the shape of a thin
needle (7 X 0.4 X 0.2 mm?; g-axis parallel to the
needle axis). We calculated the demagnetization
factor to be less than 0.6% using Osborne’s for-
mula [25]. Consequently a correction for the de-
magnetization was not carried out. At tempera-
tures 4 K < 7 < 60 K the reciprocal susceptibility
rises linearly and can be analyzed using a simple
Curie—Weiss law

xX(TY=C/(T-8) (4K<T<60K) (6)

with the Curie—Weiss constant C and the
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Fig. 4. (@) Reciprocal molar susceptibility of TbCl, powder, and (®) single crystal with magnetic field applied parallel to the
crystallographic a-axis. The inset shows the experimental data of the single crystal on an enlarged scale.

Curie—Weiss temperature 8. Experimentally we
found

C=(30.4+0.7) emu K /mol,
8 = (4.55 + 0.05) K.

(9)
(10)

The parametrization of the crystal field given in
Murasik et al. [7] enabled us to calculate the wave
functions [26] of the crystal field levels and subse-
quently, the magnetic moment as a function of
temperature.

Below 60 K, where the two lowest nearly de-
generate singlets |[1) and (2), (E,— E; = 0.8 K)
are mainly populated, we found for the diagonal

elements x . (a=x, y, z) using a formula given
by Urland [27]

X:: =NV, 12) | *gin/keT g, =13,
Xxx =Xy, =0.

(11a)
(11b)

A doublet with effective spin S = 1 thus results in
g-values of

8.=2g,IK11J,12)| =17.3,
gx=gy=:0‘

(12a)
(12b)

The result given in (12a) is in good agreement with

the value observed experimentally.

Above 60 K, deviations from the Curie—Weiss
law were seen indicating that excited crystal field
levels are populated. It has been shown that strik-
ing deviations from a Curie-Weiss law appear
roughly at a temperature of one third of the
ground state isolation [28). We infer from this that
the next excited crystal field states contributing a
magnetic moment, should be at approximately 180
K. This is in good agreement with Murasik’s [7]
findings that two singlets which can contribute a
magnetic moment, are close together at 181 and
185 K.

The magnetization along the needle axis versus
temperature in an external magnetic field of about
50 G is shown in fig,. 5.

Below 4 K, the magnetization rises dramatically
indicating the onset of long range ferromagnetic
order. From the turning point of the magnetiza-
tion curve, we determined the Curie temperature
to be

T,=(3.62 + 0.05) K. (13)

This is in very good agreement with the value
found from the specific heat measurement.
At 1.7 K, our lowest experimental temperature,
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Fig. 5. Temperature dependence of the magnetization of a
TbCl, single crystal with magnetic field applied parallel to the
a-axis of the crystal.

the magnetization was nearly saturated. Its field
dependence at 1.7 K is shown in fig. 6.

Saturation was already reached at magnetic
fields of about 1 kG and the saturation moment
per Tb’* ion amounted to

Pl = (8.110.1)p, (14)

A similar experiment on a very fine powdered
sample gave a saturation moment of

phn=(8.0£0.1)puy (15)

in excellent agreement with the saturation moment
along the a-axis of the single crystal. The powder
was loosely filled into the aluminium container so
that the crystallites could reorient in the external
magnetic field (up to 5 X 10° G).

We measured the magnetization in the b—c-
plane of a single crystal (as described above) to
determine whether the magnetization was com-
pletely aligned along the crystal a-axis as sug-
gested by the accordance of (14) and (15).

In our experiments we found that below 3.7 K
the magnetization is less than 1 degree away from
the a-direction. This small deviation might be due
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Fig. 6. Magnetization in units of py of TbCl; at 1.7 K as a
function of the applied external magnetic field.

to an orientational error. Thus, we can conclude
that Murasik’s [7] second suggestion is correct,
fixing the magnetization in the ferromagnetically
ordered state exactly along the g-axis. In this case
our saturation moment of 8.1(2)py is in best
agreement with their finding of 8.2(1)ug.

4. Discussion of the critical parameters

In this section we want to give a brief discus-
sion of the critical parameters of TbCl; listed in
Table 1.

Following the analysis of the character of the
exchange interaction in Tb(OH), given by
Catanese et al. [15], we expect similar conditions
for TbCl,. However, some difficulties might arise
from the lower symmetry of the Tb site in TbCl,
and from a small intermixing of a symmetric and
antisymmetric combination of |J, = +4) compo-
nents into the ground state wave functions [26].
From the close similarities between both com-
pounds we conclude that the exchange interaction

Table 1

Thermodynamic quantities of TbCl, as derived from the specific heat compared with the results for Tb(OH);, [8-11,15]
T. (K) Smag(0)/R — Unag (0)/R (K) 4, (K) Smag(TL)/R

TbCl, (3.65+0.03) 0.71+0.06 (2.3+0.01) (9.2+0.04) 0.56 +0.03

Tb(OH), (3.7240.01) 0.68 +0.05 (2.3+£0.02) (9.240.08) -
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in TbCl, should be very well described by an
anisotropic Ising Hamiltonian with spin §= 1
For three-dimensional Ising systems (S = ) the
critical entropy and energy parameters for lattices
with different numbers of nearest magnetic
neighbours have been published by several authors
and are compiled, e.g. in ref. [29] (see references
therein).
For TbCl, the critical parameters are

T./6 = 0.80 (16)

and
Spmag(T2)/Smmag (00) = 0.79. (17)

These values fit between those for a bee and a fec
lattice of magnetic particles.

(bee lattice: T,/8 = 0.7942; S(7.)/S(o0) = 0.8396;
fec lattice: T,/0 = 0.8163; S(7,)/S(o0) = 0.8575).

Fig. 7 shows the reduced magnetization M,/M, of
TbCl, plotted versus the reduced temperature
compared with the spontaneous magnetization of
a fcc S=1 Ising lattice as calculated by Gutt-
mann et al. [30] and with molecular field predict-
ions.

10
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Fig. 7. Comparison of the magnetization (B = 50 G) of TbCl;
with the spontaneous magnetization of a fcc Ising lattice for
§ =1 and the molecular field prediction.

These comparisons distinctly show that in
TbCl, the number of magnetic nearest neighbours
is high. So we can exclude a very anisotropic
magnetic coupling between the moments on the
Tb sites, as one might presume from the peculiari-
ties of the crystal structure (see fig. 1) wherein the
Tb atoms in the a—c-plane form layers which are
loosely coupled along the b-direction.

5. Summary and conclusions

In this paper we report the thermal and mag-
netic properties of single crystals and powders of
TbCl,. To avoid difficulties from a polymorphic
phase transition, single crystals for our experiment
were grown in the PuBr,-type structure by chem-
ical transport. TbCl,, like some other simple Tb
salts, orders ferromagnetically. The magnetization
lies along the crystallographic g-axis. Entropy
considerations show that the ground state is best
described by an effective § =3 spin.

In table 2 our experimental results are com-
piled. These results are in agreement with a previ-
ous neutron investigation of TbCl; powder by
Murasik et al. [7]. From their crystal field analysis
and the close analogy of the magnetic behaviour
of TbCl, to Tb(OH), found in our experiments,
we are lead to the conclusion that the exchange
interaction in TbCl; is of the Ising type.

A comparison of the critical parameters experi-
mentally found with the results of model calcula-
tions for 3D-Ising systems shows that the “mag-
netic coordination” is high and somewhere in be-
tween a bee and a fcc lattice, although the crystal-
lographic structure suggests fewer magnetic
neighbours.

From the crystallographic point of view TbCl,

Table 2

Single-ion magnetic parameters for TbCl;

Parameter Value Method

£a 18.0(2) Curie constant
18.7(2) sat. magnetization

Koot 81(1)pyp single crystal

pbd 8.0(V)pg powder

[ 4.55(5) low T susceptibility
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is not as simple as Tb(OH),; and LiTbF,, but
further experiments might add to the knowledge
of ferromagnetic ordering in insulators, especially
the role of magnetic dipolar interactions in this
context.
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