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Summary

Neutron diffraction measurements performed on polycrystalline TbCl,
yield ferromagnetic long-range order below T, = (3.70 £ 0.05) K and ordered
magnetic moments with a magnitude of (8.4 +0.1) uz per Tb®>" ion at
saturation, aligned perpendicular to the ¢ axis. Structural parameters were
refined at 1.3, 4.2, and 293 K. By means of inelastic neutron scattering we
have determined the crystal-field level scheme which is able to predict
correctly both the observed anisotropy and zero-field magnetization of
ThCl,.

1. Introduction

The magnetic properties of rare-earth trihalides are of particular interest
due to their low ordering temperatures and corresponding weak exchange
interactions, which are comparable in magnitude to dipolar interactions
[1 - 3]. While the hexagonal rare-earth trichlorides were a subject of exten-
sive studies, there is a paucity of experimental data on the orthorhombic
phases. In this series TbCl; appears to be the most attractive compound for
studying the combined effects of dipolar and exchange coupling because of
the large magnetic moment of the Tb®* ions. This has been demonstrated for
ferromagnetic Tb(OH); (hexagonal LaCl,type structure, T¢ = 8.72 K) for
which unusual cancellation effects between magnetic dipole and exchange
interactions were found [4].

Terbium trichloride has the orthorhombic PuBrytype structure with
space group Cmecm, which is typical for tribromides and triiodides of rare
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earths and many actinides [5 - 7]. To our knowledge neither bulk magnetic
measurements nor neutron scattering results have been published until now
on this compound. By means of neutron scattering experiments performed
on polycrystalline TbCl; in the temperature range 1.3 - 293 K, we deter-
mined the long-range magnetic order, the zero-field magnetization, and the
crystal-field splitting of the ’F4 ground state of the Tb3* ion. The latter
results provide a satisfactory interpretation of the magnetic properties of
TbCl,.

2. Experimental details

2.1. Sample preparation

Anhydrous TbCl; was prepared according to standard methods [8, 9],
which are based on the chlorination action of NH4Cl during dehydration of
the TbCl;-H,0O and NH,Cl mixture. Tb40,; (Johnson Matthey Chemicals
Ltd., spec. pure) was dissolved in concentrated hydrochloric acid. Five-fold
molar excess of NH,Cl was then added and the solution was evaporated. The
mixture of chlorides was placed in a quartz ampoule connected to the
vacuum line and slowly heated under vacuum to 400 °C in order to remove
the water and NH,Cl. The temperature was then raised to 600 - 650 °C and
anhydrous TbCl; was melted. Finally, the ampoule was sealed off under
vacuum. All handling operations were made in a dry-box filled with Ar
or He.

2.2. Neutron diffraction investigations

Approximately 15 g of TbCl; powder was sealed in a vanadium con-
tainer of 15 mm diameter. Neutron diffraction patterns were measured on
the powder diffractometer at the Saphir reactor, Wiirenlingen, in the tem-
perature range 1.3 - 293 K using neutrons of wavelength 2.324 A and a
bath-type cryostat. During pumping the helium-bath temperature was
maintained constant to within 5 mK by means of a vapor-pressure regulator.
The temperature was measured by means of a calibrated germanium resistor.
The Rietveld profile method [10] was used to analyse the neutron diagrams,
based on the scattering lengths by, = 7.38 fm and b, = 9.58 fm [13]. The
magnetic form factor of Tb3* (4f%) was taken in the dipole approximation
[11].

Figure 1 shows characteristic neutron diffraction patterns at 4.2 K in
the paramagnetic state and at 1.3 K for ferromagnetic TbCl;. Seventy-three
inequivalent reflections (hkl) contribute to the profile intensities. The
calculations were based on space group Cmem [5] with the following atom-
ic positions: Tb and Cl(1) in 4(c):+(0,y,1) and CK(2) in 8(f):+(0, y', 2';
0,y’, % —2'y+ {0, 0, 0; %, %, 0}. Refined values of the structure parameters
are summarized in Tables 1 and 2 and compared with previous X-ray results
and isostructural UI; [12]. The observed and calculated diagrams are in fair
agreement. Table 3 shows selected interatomic distances relevant to crystal-
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Fig. 1. (a) Observed (points, corrected for absorption and background) and calculated
(line) neutron-diffraction patterns of paramagnetic TbCl; at 4.2 K. (b) Observed (points)
and calculated (line) neutron-diffraction intensities of ferromagnetic ThCl; at 1.3 K.

field calculations. The coordination polyhedron in TbCl; is a bicapped
trigonal prism in which the terbium ion is surrounded by eight chlorine ions.

Compared with the 4.2 K diagram, the neutron diffraction pattern
measured at 1.3 K (see Fig. 1) clearly indicates large magnetic contributions
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TABLE 1
Lattice constants of TbCl;, compared with UI;[12]

Compound T a b c

(K) (A) (A) (A)
TbCl5* 293 3.86(2) 11.71(3) 8.48(3)
ThCl; 293 3.847(2) 11.771(5) 8.516(4)
TbCl, 4.2 3.849(2) 11.680(5) 8.482(4)
TbCl; 1.3 3.848(2) 11.679(5) 8.481(4)
UL, 4.2(13] 4.324(6) 13.93(2) 9.94(1)

Estimated standard deviations correspond to the last digit.
aX-ray results obtained by Forrester et al. [5]

except for the h00 reflections. No superstructure peaks were detected.
Hence, the magnetic and nuclear unit cells coincide. These observations may
be explained on the basis of long-range ferromagnetic ordering with magnetic
moments approximately aligned along the a axis. Direction (100) is parallel
to the orientations of magnetic moments of uranium ions in isostructural,
antiferromagnetic UI; [12]. However, the best agreement of observed and
calculated intensities of TbCl; at 1.3 K (R, = 5.5%, see Table 2) is obtained
for magnetic moment components u, = 7.9(1) ug, 4, = 3.1(2) ug, 4. =0, i.e.,
Mpp = 8.4(1) ug. On the other hand, the assumption u =y, yields ug, =
8.2(1) ump and Ry, =7.5% (Ry, =6.1%, R, = 13.9%). Figure 2 shows the
temperature dependence of the zero-field magnetization which yields the
ordering temperature T, =(3.70 % 0.05) K. At 1.8 K the ordered magnetic
moment reaches saturation.

2.3. Inelastic neutron scattering measurements

Inelastic neutron scattering experiments were carried out for a poly-
crystalline sample of TbCl; sealed in a cylindrical Al container of 15 mm
diameter in order to obtain information on the crystal-field level scheme of
the "F4 ground state of the Tbh3* ions. The measurements were performed on
a triple-axis spectrometer at the Saphir reactor at Wiirenlingen in the neutron
energy-loss configuration. The scattered-neutron energy was fixed at 13.7
meV, and a graphite filter was used to remove higher-order contamination.
Energy spectra were taken at various temperatures and moduli of the scatter-
ing vector Q for energy transfer up to 65 meV.

Typical energy spectra are shown in Fig. 3. There is not much structure
in the observed spectra except for the strong inelastic line at around 16 meV
which is undoubtedly of magnetic origin. In addition there is a broad maxi-
mum centered at around 25 meV which can be identified as phonon scatter-
ing; for Aw > 30 meV no further peaks have been observed.

The present data do not allow a detailed analysis of the observed energy
spectra in terms of the crystal-field Hamiltonian:



181

‘[ ¢] v 32 11801104 Aq paulelqo S3Nsax Avi-¥,
‘anfea pajoadxa Aqjeorjsiyess Py

'A19a1109dsa1 ‘saljisusiul dijeudew pue teadnu pejradejul ‘efiyoxd pajyfiem 10] s10)0e) L[IqRIRl ‘Wiy Ulyy cdmyp

xejoweied srep—04Lqe( ‘g
[

{9)evog (9)rev1 (LwvLs (Llozys (2D T¥ £1n
SY0°0 S5O0 $50°0 8310 2e0  (L)899¢ (e)gLyt (9)898¢9 (L)oeys g1 £1049L
2900 - 8800 ZET'0 (Lgeo  (9)vy99g (£)99¥1 (¥)Lege (9)8843 zr f10aL
%00 — L¥0°0 €010 (g)og't  (¥)oL9s ()vLy1 (g)1ese (e)eeye £62 £0qL
(02)069s  (0%)0S¥T  (0£)088S (0T)0%¥%2 £6% LF10UL

y) (1)
%y Wlsy Ular ng q :ZU_N Am:nw\m [§31%e 7y (nyaxrg N punoduwi o)

[21]€1n 03 uosiredwod ut £1D4 3o (,0TX) sterewered aan1dna)s Jo aduspuadep sanjeradutay,

¢ U TdV.L



182

TABLE 3

Shortest interatomic distances for ThCl; calculated from the parameters summarized in
Tables 1 and 2, compared with Ul; [12]

Bond Distances (A) in TbCl; at temperature (K) Distances (A)
1.3 4.2 293 2932 inUlsat 4.2 K
Tb-Tb (2X) 3.848(2) 3.849(2)  3.847(2)  3.86(2) 4.324(6)
(1“%_—{(}:1)1 (2) 2.664(7) 2.684(6)  2.677(5) 2.70(2) 3.19(1)
'(rltj)——lél)z (4x) 2.784(5) 2.776(4)  2.790(4) 2.79(2) 3.254(7)
'(rltj;lczl)z (2x) 2.908(6) 2.923(5)  2.926(4) 2.95(2) 3.417(8)
’(I‘[lj):ijzl)l (1x)  4.00(1) 3.970(9)  4.023(7)  3.97(3) 4.62(1)
ECII]J:IC?) 3.378(5) 3.378(4)  3.395(3)  3.07(4) 3.69(1)

#X -ray results obtained by Forrester et al. [5].

“ 3 n -
=3 ¥ BROY (1)
n=1 m=0

which contains nine independent crystal-field parameters, B3r. However,
from general experience with crystal-field problems the ratios of the crystal-
field parameters for a particular degree n may reasonably be determined by
taking account of the geometry of the coordination polyhedron formed by
the eight nearest chlorine neighbours, as listed in Table 3. We find:

B?=—1.271BY;
B}=—3.752BY, B} = 1.162B3; (2)
B}=0.858B2, B¢ = 3.939B2, B¢ = —9.531B2

Using these constraints we are left with three independent crystal-field
parameters BS, B, B2. In order to cover all possible values of the ratios
BY/BY and B3/B we used the following parametrization scheme:

B}  30xy Bj x 3
B 1-—lyl’ BQ 126(1—|x|)’ ©)
with —1 <x <1 and —1 <y < 1. Since reliable information on the crystal-
field parameters of TbCl; is lacking, we diagonalized the Hamiltonian (1) for
all possible combinations of the parameters x and y. In the analysis of the
resulting level schemes only parameter sets giving a predominantly |J,) =
|+6) ground state have been retained, because the observed zero-field mag-
netization is close to its maximum value of 9 ug at low temperatures. This
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Fig. 2. Zero-field magnetization of ferromagnetic TbCl;. Open and closed circles corre-
spgnd to reflections 020 and 002, respectively. The solid line represents the calculated
zero-field magnetization as described in the text.

Fig. 3. Energy spectra of neutrons scattered from polycrystalline ThCl; for @ = 1.95 A1,
The solid lines correspond to the calculated energy spectra as described in the text. The
background level is indicated by the dashed line. The top of the Figure shows the result-
ing crystal-field level scheme. The arrows denote the allowed crystal-field transitions with
matrix elements [(n|J;|m}2 = 1, which are indicated for each transition.

procedure considerably limited the possible level schemes, which were then
compared in detail with the observed energy spectra. Finally, we arrived at a
unique parameter set which correctly reproduced both the asymmetric shape
of the line at 16 meV, and the intensity increase in the low-energy region
upon raising the temperature from 8 K to 80 K. The resulting parameters are:

BY=(—7.6+0.8) X 1072 meV
BY=(—2.3+0.3) X103 meV
B2=(1.2 + 0.4) X 10 ° meV

giving rise to x? =5 (where x? is the mean deviation of the calculated energy
spectra from those observed). No other parameter set was able to reproduce
the experimental data equally well; in fact, the second-best fit yielded x* =
20. The resulting crystal-field level scheme is indicated above Fig. 3 (except
for the four highest-excited crystal-field levels between 35 meV and 42 meV,
which do not contribute to the scattering below T = 100 K).
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3. Conclusion

Our analysis of the observed energy spectra shows that the crystal-field
ground state corresponds to an ‘“‘accidental’” doublet composed mainly of a
nearly pure symmetric and antisymmetric combination of |J.) = |+6). The
next excited levels are far above the ground state; thus the magnetic proper-
ties of TbCl, at low temperatures are essentially determined by the two
ground-state singlets separated by less than 0.1 meV. Calculations of the
zero-field magnetization, in which the molecular-field parameter was chosen
to predict correctly the observed ordering temperature, T¢ = 3.7 K, proved
that the crystal-field anisotropy constrains the magnetic moments to lie
perpendicular to the c-axis with a value of 8.6 ug at 1.3 K, which is very
close to the observed zero-field magnetization.

TbCl; exhibits, in many aspects, the magnetic properties found in
Tb(OH); [4] for which estimates of the interactions between first-, second-
and third-nearest neighbours reveal unusual cancellations between the
magnetic dipole and exchange interactions. In consequence, the net inter-
action becomes comparable with the long-range dipole interactions. For a
more detailed analysis of the magnetic properties of TbC(Cl;, however, single-
crystal studies are required.
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