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The magnetic properties and electronic structure of thulium diboride were investigated as it is a magnetically
unknown phase between ferromagnetic �FM� REB2 �RE=Tb,Dy,Ho,Er� and antiferromagnetic YbB2. TmB2

adopts the AlB2-type crystal structure �P6 /mmm� with a=3.26016�5� Å and c=3.75351�8� Å and exhibits
long-range FM order with the specific heat Cp exhibiting a peak at TC=7.2 K at the Curie temperature. A
Curie-Weiss fit of the magnetic susceptibility yielded �eff=7.49�B /Tm �Tm3+� and weak FM interactions. A
Schottky anomaly in Cp was used to investigate crystal electric field �CEF� effects. From a measurement of
Cp�T� of the isostructural LuB2 the magnetic entropy Smag of TmB2 is determined. The ordered state of the Tm
ions involves three CEF levels. Electronic-structure calculations, performed within the local spin density
approximation, indicate a Ruderman-Kittel-Kasuya-Yoshida-type mechanism for the magnetic order. With
respect to the total energy, ferromagnetic order is found to be more stable than the A-type antiferromagnetically
ordered state, in agreement with the experiment.
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I. INTRODUCTION

The rare-earth borides such as tetraborides REB4 �RE
=rare-earth metal�, hexaborides REB6, and dodecaborides
REB12 have attracted a lot of attention over the years as a
rich class of materials which exhibit various phemomena of
f-electron magnetism.1–5 Recently, new interesting aspects of
the magnetism of these well-known borides have been
discovered.6–8 Incidentally, the magnetic behavior has been
investigated in higher borides which contain the B12 icosa-
hedra as a structural building block.1 Magnetism in these
higher borides varies from dimerlike magnetic transitions
along a one-dimensional RE chain in REB50 and
REB44Si2,9–11 two-dimensional spin-glass behavior in
REB17CN, REB22C2N, and REB28.5C4 �Refs. 12–15� to
three-dimensional long-range order in GdB18Si5.16 Although
these are magnetically dilute f-electron insulators, surpris-
ingly strong magnetic coupling has been observed, e.g., an-
tiferromagnetic �AFM� ordering at TN=17 K for TbB50,

17

spin-glass freezing at Tf =29 K for HoB17CN.12

However, the magnetism of the diborides, REB2, has not
been as comprehensively reported. Ferromagnetic �FM� tran-
sitions were first observed for TbB2, DyB2, HoB2, and ErB2.5

Recently, YbB2 was reported to undergo an antiferromag-
netic transition.18 We have been investigating the thulium
aluminoboride TmAlB4 �YCrB4-type crystal structure
Pbam�, which shows multiple transitions below the first
AFM ordering.19 The origin of this interesting behavior was
revealed to be due to intrinsic building defects arising from
the existence of a closely related structure, the ThMoB4-type
�Cmmm�.20 In the course of this study we were successful in
synthesizing the thulium diboride. Since TmB2 lies between
the FM REB2 �RE=Tb,Dy,Ho,Er� and the AFM YbB2 and
its magnetic properties are unknown up to now, we elucidate
the magnetic properties of TmB2 in this paper.

II. SYNTHESIS, METHODS, AND CRYSTAL STRUCTURE

Three samples with the nominal compositions TmB1.5,
TmB2, and TmB2.5 were prepared. Mixtures of thulium

�Ames, 99.9 wt. %� filings and boron powder �crystalline,
Chempur, 99.999 wt. %� were cold compacted without the
use of lubricants in steel dies. All experimental steps were
carried out within an Ar gas glovebox system �oxygen, water
impurities �1 ppm�. The specimens were placed into tung-
sten crucibles which were sealed into tantalum tubes and
slowly heated up to 1450 °C and kept there for 36 h. After
annealing the furnace was switched off and the samples
cooled to ambient temperature. Dense samples were
achieved and no reaction with the crucible material could be
detected. In order to determine the magnetic entropy, LuB2
was also successfully synthesized as a nonmagnetic isostruc-
tural analog by similar methods.

Chemical analysis was carried out with inductively
coupled plasma atomic emission spectroscopy �ICP-AES�
where the samples were dissolved in acid prior to analyzing.
Samples were characterized by using powder x-ray diffrac-
tion �XRD� measurements with Cu K�1 radiation ��
=1.54060 Å� on a STOE-STADIP-MP diffractometer in re-
flection mode.

Magnetization �dc� was measured by using a Quantum
Design superconducting quantum device �SQUID� magneto-
meter from 1.8 to 400 K and magnetic fields up to 70 kOe.
Heat-capacity measurements were made using a Quantum
Design PPMS with a transient heat-pulse method from zero
field up to 90 kOe. The magnetic and CEF contribution was
determined as the difference of Cp�T� of TmB2 and LuB2.
Due to the small lattice specific heat of both compounds and
bad thermal contact between the samples and the calorimeter
platform the inaccuracy of the Cmag became large above
�40 K.

To investigate the electronic structure of TmB2, a full-
potential nonorthogonal local-orbital �FPLO� calculation
scheme21 within the local �spin� density approximation
�L�S�DA� was used. The experimental lattice parameters de-
termined from our crystal structure analysis were applied. In
the spin-polarized scalar-relativistic calculations the ex-
change and correlation potentials of Perdew and Wang22
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were used. As the basis set, Tm �4f , 5s, 5p, 6s, 6p, 5d� and
B �2s, 2p, 3d� states were employed. The lower-lying states
were treated fully relativistically as core states. The treat-
ment of the semicorelike states Tm �4f , 5s, 5p� as valence
states was necessary to account for otherwise non-negligible
core-core overlaps.

For a correct description of the correlated 4f states the
explicit treatment of the strong Coulomb repulsion was mod-
eled within the LSDA+U approximation using the atomic
limit double-counting scheme.23 A typical value for localized
4f electrons of U=8 eV has been applied.24 A change in U
within the physically reasonable range �U=6,8 ,10 eV�
showed no influence of the U value on the bands and the
electronic density of states �DOS� in vicinity of the Fermi
level. Spatial extension of the basis orbitals, controlled by a
confining potential �r /r0�4, was optimized with respect to the
total energy.25 A dense k mesh of 24�24�12 points in the
irreducible part of the Brillouin zone was used to ensure
accurate density of states and band-structure information, es-
pecially in the region close to the Fermi level.

The powder XRD pattern of the sample with the nominal
stoichiometric composition TmB2 was completely indexed
with a hexagonal lattice and lattice parameters a
=3.26016�5� Å and c=3.75351�8� Å obtained by least-
squares refinement from the diffraction angles of 21 reflec-
tions with 2��116°. Whereas the parameter a is in good
agreement with the literature data �cf. a=3.2573�4� Å, c
=3.7473�6� Å;26 a=3.261 Å, c=3.755 Å;27 a
=3.258�3� Å, c=3.745�3� Å,28� the value of parameter c
agrees well only with the data of Ref. 27 but differs notice-
ably from both other results, which may suggest a narrow
homogeneity range of the compound. Therefore, the lattice
parameters of the AlB2-type phase were refined also in the
two-phase samples with the nominal compositions TmB1.5
�a=3.2611�2� Å, c=3.7543�4� Å, in equilibrium with thu-
lium� and TmB2.5 �a=3.2616�2� Å, c=3.7553�3� Å, in
equilibrium with TmB4�. The lattice parameters of the
AlB2-type phase in all three samples investigated are equal
within 3 estimated standard deviation �e.s.d.�, revealing the
practically constant composition of the target phase �“line”
compound�.

The refinement of the crystal structure was done using the
x-ray powder-diffraction data. Applying the Rietveld proce-
dure leads to the final residuals RI=0.061 and RP=0.074
�Fig. 1, top�. The final model is as follows: structure-type
AlB2, space group P6 /mmm; Tm in �0,0,0�, Beq

=0.60�3� Å−2; B in � 1
3 , 2

3 , 1
2 �, Biso=0.4�2� Å−2 �Fig. 1, bot-

tom�. Refinement of the occupation parameter for the boron
position at this stage yielded the value of 0.95�2� and the
total composition TmB1.90�4�. This is in surprising good
agreement with the composition TmB1.93�4� obtained from
chemical analysis of the sample with nominal composition
TmB2. Even taking into account uncertainties of the refine-
ment of the occupation parameter of a boron position in the
presence of a much stronger scatterer such as thulium and
difficulties of the quantitative chemical analysis of boron,
both experimental results suggest in accord, defects in the
boron sublattice. Thereby, no noticeable homogeneity region
was found, like it was already observed for Al0.9B2 �Ref. 29�
or Mg0.95B2.30 This behavior is in contrast to such diborides

such as TaB2 and MoB2 in which a wide homogeneity region
was reported.31 The enlarged value for the displacement pa-
rameter of Tm is caused by anisotropy �B33�B11�. The an-
isotropy may correlate with the defects in the boron sublat-
tice. The lattice parameters of LuB2 were determined as a
=3.2444�3� Å and c=3.7037�5� Å.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

The temperature dependence of the magnetic susceptibil-
ity 	�T� of TmB2 is plotted in Fig. 2�a� for magnetic fields of
100 Oe, 1 kOe, and 10 kOe. The behavior with a steep rise of
the magnetization below �8 K and with hysteresis observed
below 7 K is typical of a ferromagnetically ordering system.
From the peak in the specific heat �presented later�, the Curie
temperature can be determined as TC=7.2 K.

The inverse magnetic susceptibility 1 /	�T�=H /M�T� is
displayed in Fig. 2�b�. A Curie-Weiss fit of 	�T� for 50 K
�T�400 K yields an effective magnetic moment �eff

FIG. 1. Crystal structure determination of TmB2: �top� X-ray
powder-diffraction pattern. Calculated �line� and experimental
�points� data are shown together with the difference plot and calcu-
lated peak positions �ticks�. �bottom� View of the crystal structure
along �001�. Three-bonded boron atoms form graphitelike layers
with d�B-B�=1.882 Å.
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=7.49�B and a small positive Weiss temperature �CW=
+4.8 K. The value of �eff is close to the theoretical value for
the 3H6 multiplet of the free trivalent thulium ion �7.561�B�.

The magnetic transition temperatures and Weiss tempera-
tures �CW of diboride compounds are listed in Table I. As
mentioned before, the thulium system lies between the fer-
romagnetic REB2 �RE=Tb,Dy,Ho,Er� and the antiferro-
magnetic YbB2, however, now we have made it clear that
TmB2 undergoes a ferromagnetic transition. Antiferromag-
netic transitions were observed for the transition-metal di-
borides MnB2 �Ref. 32� and CrB2.33 The f-electron depen-
dence of the magnetic behavior of the ferromagnetic REB2
compounds, including our result for TmB2, appears to gen-
erally be in line with the Ruderman-Kittel-Kasuya-Yoshida
�RKKY� interaction mechanism.34

A clear deviation of 	�T� from the high-temperature
Curie-Weiss behavior is observed below 30 K �Fig. 2�b��.
This is due to CEF effects and will be discussed next to-
gether with the specific-heat results.

Pulverized and sieved �particle size �20 �m� TmB2 was
aligned in liquid paraffin under a magnetic field of 70 kOe in
the SQUID magnetometer and then measured. A reference
“random orientation” sample was prepared by fixing the par-
ticles in paraffin under zero magnetic field under otherwise
identical conditions in the magnetometer. After the measure-
ments x-ray diffraction of the aligned sample showed en-
hanced intensities of reflections with �0k0� indices and to a
lesser extent of �hk0� while displaying almost no intensity
for �00l� reflections. This indicates that the easy axis of
TmB2 is in the �001� plane and the spins lie in-plane in the
ordered state.

The magnetization curves of both aligned and randomly
oriented TmB2 sample versions for increasing and decreas-
ing fields at 1.8 K are shown in Fig. 3. The aligned sample
was measured in a field with the same direction as that of the
alignment procedure. A difference is observed between the
two samples, indicating the magnetic anisotropy of TmB2.
The magnetic hysteresis is also observed to be very small.
The ordered magnetic moment for the aligned sample
reaches a value of approximately 5�B at 70 kOe, which is
below the full saturation magnetic moment of thulium �gJJ
=7�B�. This is probably due to the crystal electric field
ground state of Tm in TmB2 �discussed in more detail in Sec.
III B on the specific heat� but may be also due to a complex
ordering of Tm moments in the �001� plane. The magnetic
structure has not been solved in detail yet for any of the
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FIG. 2. �Color online� Temperature dependence of the �a� mag-
netic susceptibility at 100 Oe �dots�, 1 kOe �crosses�, and 10 kOe
�open squares� and �b� inverse magnetic susceptibility at 10 kOe of
TmB2. In �a� both zero-field-cooled �zfc� and field-cooled �fc�
curves are plotted for 100 Oe, while the fc curve is plotted for 1
kOe and the zfc curve for 10 kOe. The line in �b� indicates the
50 K
T
400 K fit to the Curie-Weiss law: 1 /	= �T−�CW� /C,
yielding C=7.0 emu K /mol and �CW=4.8 K. The arrow indicates
the start of the visible deviation at �30 K.

TABLE I. Magnetic parameters of diboride compounds. Effective magnetic moment and Weiss tempera-
ture, transition temperature, and kind of magnetic ordering �FM ferromagnetic, AFM antiferromagnetic,
WFM weak ferromagnetic�.

�eff /�B �CW /K TN/C /K Type Ref.

TbB2 9.96 +151 151 FM 5

DyB2 10.7 +33 55 FM 5

HoB2 10.2 +25 15 FM 5

ErB2 9.47 +9 16 FM 5

TmB2 7.49 +4.8 7.2 FM this work

YbB2 4.3 −49 5.6 AFM 18

MnB2 2.3 – 760, 157 AFM, WFM 32

CrB2 2.1 −700 88 AFM 33
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REB2 compounds and investigations by neutron experiments
should be carried out in the near future on this series of
compounds which exhibit ferromagnetism, unusual for rare-
earth borides.

B. Specific heat

The specific heat Cp�T� of TmB2 is shown in Fig. 4. A
sharp �-type peak at TC=7.2 K is observed in Cp�T� indi-
cating that the ferromagnetic transition in TmB2 is of long-
range type. An interesting feature is the hump in Cp�T� in a

temperature region significantly higher than TC, with the
hump commencing below �30 K. As noted above, the in-
verse susceptibility �Fig. 2�b�� shows a decrease with de-
creasing temperature, thus deviating from the Curie-Weiss
behavior around the same temperature. Both features indi-
cate CEF effects due to the splitting of the Tm3+ 3H6 multi-
plet. We exclude that the observed features are due to the
presence of a short-range ordering transition at 30 K �as a
precursor to the transition at TC�. Complex behavior has only
been reported for MnB2, which was first found to be a simple
ferromagnet at TC=157 K but then later proved by Kasaya
et al.32 to actually be an antiferromagnet �TN=760 K� with a
weak ferromagnetic transition at lower temperatures. How-
ever, only relative simple behavior has been reported so far
for the known rare-earth diborides REB2 �RE
=Tb,Dy,Ho,Er,Yb�.

In order to characterize the magnetically ordered state and
the CEF we need to determine the magnetic specific heat
Cmag�T� and magnetic entropy Smag�T� of TmB2. The specific
heat of LuB2 is a good nonmagnetic lattice reference
compound for the magnetic heavy rare-earth diborides; how-
ever, it has not been reported yet. Avila et al.18 used an
approximation for the lattice heat capacity in their work on
YbB2. Therefore, LuB2 was synthesized and the measured
specific heat Cp�T� of this compound is also plotted in Fig. 4.
The data T�9 K could be described well in the form of a
linear electronic specific-heat term and a Debye phonon
term: Cp=�T+�T3. A fit yields �=5.4 mJ K−2 mol−1 and
�=143 �J K−4 mol−1. The value of � is not particularly
large and the density of states at the Fermi energy for LuB2
within the free-electron model would be D�EF�
=2.3 states / �eV f.u.�. From the coefficient of the phonon
term �, the Debye temperature of LuB2 
D�0�=344 K is
calculated.

For comparison, we consider results previously obtained
for LuAlB4.20 LuAlB4 has a structural analogy to LuB2, pos-
sessing the same metal to boron ratio of �M� / �B�=1 /2.
Whereas LuB2 has fused hexagonal boron rings sandwiching
lutethium atoms, LuAlB4 has pentagonal and heptagonal
rings corresponding to the different-sized lutethium and alu-
minum atoms embedded between the boron nets. It was de-
termined that �D=415 K for LuAlB4. The Debye tempera-
ture of LuB2 is lower than LuAlB4, which indicates a lower
phonon density of states at lower energies. This could be a
reflection of the solely heavy lutethium atomic layer being
sandwiched between the planar boron sheets in LuB2, com-
pared to LuAlB4 which has a mixture of light aluminum and
lutethium atoms.

Due to the closeness in mass of Tm and Lu, the magnetic
specific heat Cmag�T� of TmB2 was determined by a simple
subtraction of the LuB2 data from the TmB2 data. The mag-
netic entropy Smag�T� is plotted in Fig. 5. An estimate of the
entropy below 1.8 K was made by fitting the Cmag �1.97 K
�T�6.2 K� by a power-law function of BT� �B
=0.358 J K−1 mol−1 , �=1.80� and extrapolation toward
zero as shown in the figure.

From the hexagonal symmetry of the Tm site, the 3H6
Hund’s rule multiplet is expected to split into five singlet and
four doublet levels �in total 13 states�. Figure 5 shows that
the magnetic entropy at TC is about 7.0 J K−1 mol−1, which
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is significantly larger than R ln 2 but only 77% of R ln 3.
Since usually about 25% of the magnetic entropy is released
only by short-range correlations above the long-range order-
ing temperature �TC�, this indicates that the magnetic order in
TmB2 comprises three states in total. From the magnetic field
dependence of Smag�T� �see below� details on the energy
splitting of these three states will be obtained.

Smag�T� reaches a value of 14.4 J K−1 mol−1 at 30 K
which is about R ln 6. From a comparison with a trial mul-
tilevel Schottky anomaly35 for the 13 CEF states one can
conclude that these six CEF states need to have energy sepa-
rations �kB ·100 K from the ground level. This observation
confirms that the origin of both the deviation from the Curie-
Weiss law in 	�T� and the hump in Cp�T� are crystal-field
effects.

The magnetic field dependence of Cp�T� of TmB2 is plot-
ted in Fig. 6. The discontinuity due to the long-range mag-
netic order is already suppressed by application of a field of
10 kOe and the resulting Cp�T ,H� curve can be well de-
scribed by a multilevel Schottky anomaly. As the field in-
creases the energy levels split further due to the Zeeman
effect and the maximum of the multilevel Schottky anomaly
moves to higher temperatures. From the large amplitude
��8 J K−1 mol−1 at 9 K� of the Schottky anomaly for H
=10 kOe it can immediately be concluded that the CEF
ground level is a singlet �it cannot be a doublet since then
maximum would be much lower�.35 The two excited states
involved in the magnetic order are separated from the ground
singlet by about the same energy �12=kB ·18 K, thus consti-
tuting a doublet or quasidoublet. A small field of order 10
kOe is sufficient to destroy the long-range order by further
strong increase in the splitting of these two levels from the
ground singlet. A second excited �quasi-�doublet state is situ-
ated at a splitting of �13�kB ·40 K. Due to the complexity
of the CEF level scheme and the limited accuracy of cmag�T�
above 30 K we can only unequivocally obtain these lowest-

excited CEF levels from the fit with a multilevel Schottky
anomaly model.

C. Electronic structure calculations

The starting calculation was performed for the unit cell of
nonmagnetic structure with a=aTmB2

and c=cTmB2
and com-

plete occupation of the atomic sites �space group P6 /mmm,
Tm in 1a �0,0,0�, B in 2d � 1

3 , 2
3 , 1

2 ��. After achieving the self-
consistency, the calculations were continued for the larger
unit cell with a=aTmB2

and c=2cTmB2
�space group

P6 /mmm, Tm1 in 1a �0,0,0�, Tm2 in 1c �0,0 , 1
2 �, B in 4h

� 1
3 , 2

3 , 1
4 ��. In this cell the FM and A-type AFM ordering of

the Tm atoms along �001� combined with the ferromagnetic
interaction within the �001� planes were modeled. Since the
Tm atoms form a hexagonal lattice, C-type and G-type anti-
ferromagnetic order will be energetically disfavored due to
the strong in-plane frustration in these configurations.36 The
total energy of the FM model was found to be lower than that
for the AFM model by �E=0.029 mHartree, which is
equivalent to a temperature of 4.5 K. This energy scale for
the magnetic interactions is in good agreement with the mea-
sured Curie-Weiss temperature �= +4.8 K and the FM or-
dering of the thulium magnetic moments at 7.2 K.

The calculated electronic density of states �Fig. 7, top�
shows the localized 4f states of Tm well below the Fermi
level in the region between −2 eV and −4 eV. They do not
mix noticeably with the valence-band states outside this en-
ergy window. Thus the 4f states are indeed strongly localized
and can only interact via an RKKY type of interaction. Di-
rect dipolar coupling of the localized 4f moments is expected
to be very small and should play only a minor role for the
magnetic ordering.

The low-energy bands with E�−7 eV are formed mainly
by s states of boron and thulium. With increasing energy
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�−7 eV�E�EF�, the contribution of the B 2s states re-
duces, the contribution of the B 2p and Tm 5d states in-
creases. Two characteristic DOS peaks at E=−1 eV and E
=−2 eV are typical features of the RE diborides: the DOS
for YB2 �Fig. 7, middle� shows a very similar structure be-
tween −1 and −2 eV as the DOS for TmB2 excluding the
remaining small 4f-state contributions �Fig. 7, middle�. So
the DOS at EF is composed mostly of B�2p� and Tm�5d�
states �Fig. 7, bottom�. The sizeable contribution of the
Tm�5d� states to the DOS at the Fermi level is in line with
the suggested RKKY-type magnetic interaction since these
states also show a significant spin polarization �Fig. 7, top�.
As expected, a spin-polarized calculation for the parent com-
pound YB2 yields a nonmagnetic ground state.

IV. CONCLUSIONS

TmB2 was successfully synthesized and the magnetic
properties investigated. It adapts the crystal structure of the
AlB2 type with small deficiency of the boron sublattice. A
ferromagnetic transition was observed at TC=7.2 K reveal-

ing that the thulium phase is in line with the ferromagnetic
order observed for REB2 �RE=Tb,Dy,Ho,Er� rather than
the antiferromagnetic transition in YbB2. Measurements on
an aligned sample indicate that the easy-axis direction is
within the �001� plane and the spins lie in-plane in the or-
dered state. With the determined magnetic specific heat and
entropy the crystal field of the 3H6 multiplet of Tm in TmB2
was investigated and a singlet ground state was found while
the magnetic ordering involves three CEF levels.

Band-structure calculations on TmB2 were performed
with FPLO within LSDA comparing FM order and antifer-
romagnetic �AFM� ordering along �001� combined with fer-
romagnetic interaction within the �001� plane. The FM or-
dered state is more stable than AFM ordering. REB2 are
unusual among the rare-earth borides in that they exhibit
ferromagnetism and study of the detailed magnetic structures
of REB2 compounds by neutron experiments should be car-
ried out in the future.
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