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The magnetic structure of the compound TbCo3B2 has been studied in the temperature range 1.5 K�T
�300 K by means of neutron powder diffraction, magnetization, magnetic ac susceptibility, and heat capacity
measurements. The compound is of hexagonal symmetry and is paramagnetic at 300 K, undergoes a magnetic
Co-Co ordering transition at �170 K, and a second magnetic Tb-Tb ordering transition at �30 K. The latter
induces a spin-reorientation transition, in which the magnetic axis rotates from the c axis toward the basal
plane. Below this transition a symmetry decrease �� magnetostriction� sets in, leading to an orthorhombic
distortion of the crystal lattice. The crystal and magnetic structures and interactions and their evolution with
temperature are discussed using a microscopic physical model.
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I. INTRODUCTION

The ternary intermetallic compounds of the
Rn+1Co3n+5B2n �R=lanthanide; n=0, 1 , 2 , 3 , �� family
crystallize with a unique structural regularity as a function of
n �Fig. 1�. These structures belong to the P6/mmm space
group.1 Over the past decades, this family served as a fertile
ground for many theoretical and experimental investigations,
where emphasis had been put on the Co-rich compounds
such as SmCo5.2 This is owing to their technological impor-
tance as permanent magnetic materials, as they combine a
very high magnetic anisotropy energy density with a high TC
��1000 K�.2 The RCo5 �n=0� compounds are isostructural
to RCo3B2 �n=�, Fig. 1� and have an interesting magnetic
behavior. They order ferromagnetically �light R� and ferri-
magnetically �heavy R� with the magnetic axis along the c
axis. At a characteristic lower temperature, some undergo a
spin reorientation transition �SRT�, where the magnetic axis
rotates toward the plane perpendicular to the c axis. This
transition is linked with an increase of the magnetic moment
of R, �R. We show in the present work that TbCo3B2 quali-
tatively replicates this behavior, albeit, remarkable quantita-
tive differences, for example, a change in temperature scale.

The compound TbCo3B2 �n=�� is studied in the present
work by means of neutron powder diffraction �NPD�, mag-
netic ac susceptibility, heat capacity �HC�, x-ray powder dif-
fraction �XRD�, and magnetization measurements. This com-
pound was previously studied using a sample of lesser
quality and low statistics NPD.3,4 Our interest in this com-

pound arises from the fact that although isostructural with
TbCo5 �Fig. 1�, the replacement of two Co atoms �site 2c� by
B atoms, drastically alters its magnetic properties. For ex-
ample, the value of TC, and the magnetic moments of both
Tb and Co ��Tb and �Co� are considerably smaller in
TbCo3B2. In the present study we attempt to shed light on
the reasons for the above differences, and on questions left
unanswered in previous studies, in particular the origin of the
170 K anomaly observed in the ac susceptibility.3

FIG. 1. Crystal structure of the compounds in the Rn+1Co3n+5B2n

�R=lanthanide; n=0,1 ,2 ,3 ,�� family. RCo3B2 is obtained from
RCo5 by replacing the Co at the 2c site by B �Ref. 1�.
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II. SAMPLE PREPARATION, CHARACTERIZATION,
AND EXPERIMENTAL METHODS

A TbCo3B2 sample ��18 g� was synthesized at the
Nuclear Research Centre—Negev �NRCN� using
11B-enriched �99.95%� boron in order to reduce sample ther-
mal neutron absorption. Initially the CoB precursor was pre-
pared by arc melting of the constituents in an argon atmo-
sphere. The ingot was then remelted several times to increase
homogeneousness, annealed, and analyzed using Cuk� XRD.
The CoB ingot was found to contain less than 1 w/o of
an unidentified impurity phase. The TbCo3B2 sample was
synthesized by arc melting of the CoB precursor along
with elemental Co and Tb in order to achieve stoichiometry.
The TbCo3B2 ingot was remelted several times and subse-
quently annealed at 1073 °C for 120 h. The annealed sample
was characterized by XRD at the NRCN as TbCo3B2
�CeCo3B2-type structure5� plus two minor ��2% � lines of an
unidentified phase.

Measurements of ac susceptibility were carried out at the
NRCN using a home made ac susceptometer, with operating
frequency of 1.5 kHz. The magnitude of the alternating mag-
netic field was �10 Oe, and the data were collected in the
temperature range 9 K–296 K. The TbCo3B2 specimen used
for ac-susceptibility measurements weighed 124 mg and was
taken from the sample used for the NPD measurements.

The dc magnetic measurements were performed using a
quantum design superconducting quantum interference de-
vice �SQUID� magnetometer �model MPMS5�, at the Racah
Institute of Physics—the Hebrew University in Jerusalem.
The dependence of the magnetization on temperature was
measured in the temperature range 4 K–250 K, with an ap-
plied and cooling field of about 60 Oe. Magnetization versus
magnetic field curves, M�H�, were measured for −10 kOe
�H�50 kOe at several temperatures in the range
5 K–250 K. These were taken in the following manner: the
initial magnetization curve at each temperature was taken up
to 50 kOe, and then the sample was demagnetized by revers-
ing the field down to −10 kOe. All SQUID data have been
collected using a 20 mg specimen taken from the powder
sample that was used for the NPD measurements.

HC measurements at constant pressure in the temperature
range 5 K–200 K were carried out using a quantum design
instrument, model PPMS, located at the Paul Scherrer Insti-
tute �PSI�. The 24 mg specimen used in the HC measurement
was taken from the powder sample that was used for the
NPD measurements.

NPD measurements were carried out on a ground sample
using the high resolution powder diffractometer for thermal
neutrons �HRPT� instrument,6 located at PSI, set to the high-
intensity mode, with a neutron wavelength of �=1.8857 Å.
The sample was loaded into a liquid-He-cooled cryostat, and
measured at various temperatures in the range 1.5 K–220 K.
The obtained diffraction profiles were analyzed with the
Rietveld refinement technique using the FULLPROF program.7

III. RESULTS OF MACROSCOPIC MEASUREMENTS

A. ac susceptibility and magnetization versus temperature
(Fig. 2)

The ac susceptibility and the zero field cooling �ZFC� and
field cooling �FC� magnetization of TbCo3B2 as a function of

temperature are shown in Fig. 2. The sharp decrease in � and
M /H upon heating at TSRT=30�3� K are due to a decrease in
the magnitude of �Tb, which is related to a SRT that
TbCo3B2 undergoes at this temperature �Sec. IV�. A maxi-
mum at 170 �15� K in the ac-susceptibility data and the
merging of the ZFC and FC magnetization curves close to
this temperature are evident. We propose that these features
correspond to a transition to a magnetic order at TC
=170�15� K. In previous works, 30 K was identified as the
Curie temperature of TbCo3B2,3,8 considerably lower than TC
of the present work. The ac susceptibility of TbCo3B2 for
T	TC markedly deviates from the Curie-Weiss law, as one
would expect for the case of a ferrimagnet.9

B. Magnetization versus magnetic field (Figs. 3 and 4)

The initial magnetization curves of TbCo3B2 at several
temperatures are shown in Fig. 3�a�. The saturation magne-
tization at 5 K is Msat�5 K�=6.2�1��B/ f.u. �119�5� emu/g�,
and the extrapolated zero field magnetization is MH=0�5 K�
=4.9�2��B/ f.u. �94�3� emu/g�. These values support the ex-
istence of ferro/ferri- magnetic ordering at this temperature.
A comparison between the present initial magnetization
curve at 5 K �Fig. 3� and a similar curve given in Ref. 8
shows an agreement in the MH=0�5 K� values. In both
curves, the magnetization is not fully saturated at 50 kOe.
However, the value of Msat�5 K� reported in Ref. 8 is greater
by �1.5 �B. The dependence of MH=0�T� on temperature is
shown in Fig. 3�b�.

Partial hysteresis loops taken in the manner described in
Sec. II for T=40, 80, 130, and 250 K, are shown in Fig. 4�a�.

FIG. 2. Molar ac-susceptibility �a� and SQUID-magnetization
data �b� of TbCo3B2 as a function of temperature. The applied mag-
netic field during the ZFC and FC data collecting and FC cooldown
is H�60 Oe.
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7The areas confined within the loops in the range
20 Oe–1500 Oe, are shown on a semilogarithmic scale in
Fig. 4�b�.

By inspection of the hysteresis areas and the values of
MH=0�T� �Figs. 3�b� and 4�b��, it is evident that although very
subtle, the magnetic order in TbCo3B2 does not vanish with
the sharp decrease of magnetization at 30 K. It is nonzero
above 30 K, persists up to 130 K, and seems to vanish some-
where between 150 and 250 K. This is in support of the
magnetization and ac-susceptibility results �Sec. III A, Fig.
2�, which suggest TC�170 K.

C. Heat capacity (Fig. 5)

The measured molar HC of TbCo3B2 �the present work� is
depicted in Fig. 5�a�, along with a published measurement on
YCo3B2.10 An anomaly is observed for TbCo3B2 at �30 K,
which is absent for YCo3B2. In Fig. 5�b�, the difference be-
tween the two curves is shown. We note that Y3+ is nonmag-
netic and YCo3B2 is isostructural with TbCo3B2. Thus, as-
suming that the curve shown in Fig. 5�b� is a good
approximation for the magnetic contribution to the HC of
TbCo3B2, the feature, which appears in Fig. 5�b� at 30 K,
must be due to a magnetic phase transition related to the
Tb3+ ion at this temperature. The existence of a magnetic
phase transition at this temperature is consistent with the
macroscopic magnetic measurements �Figs. 2–4�.

Above the transition temperature, the magnetic contribu-
tion to the heat capacity does not vanish but rather slightly
increases. In order to find out at which temperature this con-
tribution would vanish, another experiment should be con-
ducted on YCo3B2 at a broader temperature range. However,
a transition in the vicinity of TC does not appear in the HC
data, probably since at such elevated temperatures the pho-
non and other contributions dominate the weaker magnetic
ones.

The result given in Fig. 5 is similar, quantitatively and
qualitatively, to published results for RCo3B2 with R=Gd,
Sm, Dy.10 In addition, the dependence of the magnetic part of
CP near 30 K is similar to the dependence reported for an-
other family of permanent magnets, R2T14B2 near their SRT
temperature.11

IV. NEUTRON DIFFRACTION RESULTS AND ANALYSIS

The TbCo3B2 sample was studied at 16 different tempera-
tures in the range 1.5 K�T�220 K.12 At each temperature,
a set of NPD data was collected and analyzed by the Rietveld
refinement technique to obtain the structural and magnetic
parameters that best fit these data �Fig. 6�. An inspection of
the collected data, renders, prior to the Rietveld analysis,
invaluable information regarding the sample’s crystal and
magnetic structures, and leads to the following preliminary

FIG. 3. �a� Initial magnetization curves of TbCo3B2 at various
temperatures. �b� Semilog MH=0�T� values, as extrapolated from the
curves depicted in �a�. The dotted line serves as a guide to the eye.
The MH=0�T� values were obtained in the following manner: for
each temperature, MH=0�T� is the intersection between the axis and
a straight line. The straight line is calculated by a least-square fit of
the raw data points in the region 10 kOe�H�35 kOe.

FIG. 4. �a� Partial hysteresis loops for TbCo3B2 at various tem-
peratures. �b� Semilog integrated area values, confined within the
loops at 20 Oe�H�1.5 kOe. The dependence of the areas on tem-
perature show a decrease of magnetic order with increasing tem-
perature. The data for 250 K is virtually a straight line with neglible
amounts of hysteresis, indicating that at this temperature the sample
is paramagnetic. The dotted line serves as a guide to the eye.
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finding: �i� The NPD profiles exhibit a considerable intensity
increase of some Bragg reflections with a sample tempera-
ture decrease �e.g., at scattering angles 25°, 46°, 70°; Fig. 6�.
This intensity increase is due to ferro-/ferrimagnetic order
developing with the decrease of sample’s temperature �con-
sistent with the results of the macroscopic measurements;
Sec. III�. �ii� The magnetic contribution to �100� and �001� at
T�30 K �Fig. 7� requires a magnetic axis component per-
pendicular to �001� �basal plane component�. Whereas the
magnetic contribution to �100�, with the absence of a mag-
netic contribution to �001� at T	30 K, requires a magnetic
axis component along �001� �axial component�, and excludes
any basal plane component. This indicates that the transition
at 30 K is indeed a SRT, where, upon cooling, the magnetic
axis rotates from the axial direction toward the basal plane.
�iii� A careful examination of the NPD profiles at T�30 K
reveals a subtle but statistically significant broadening of re-
flections with h ,k�0 �e.g., �100�, �110�, �220��, with no ob-
servable broadening of reflections with h=k=0 �e.g., �001�,
�002��. This selective broadening is consistent with a crystal
symmetry reduction at the SRT. Such a reduction is indeed
required from magnetic symmetry considerations at T
�TSRT, as a basal plane component in a ferro-/ferrimagnetic
structure is inconsistent with the P6/mmm crystallographic
space group.13 The space group Cmmm, which allows this
component, is a maximal subgroup of P6/mmm.1

In view of the preliminary findings, eight alternative mod-
els �Table I� were studied in the Rietveld refinement of the
NPD data. The input to the Rietveld refinement contained the
crystallographic parameters �with the space group specified
by the model� in the first phase and the magnetic structure in

the second phase. For all models, all nonmagnetic param-
eters �e.g., Atomic positions, peak shape, FWHM, etc.� were
constrained to be equal among the two phases. Rietveld re-
finements of several models �Table I� were performed with
the dataset of each temperature. The models that best fit the
datasets show, upon cooling, the para-, axial, and canted
magnetic phases, in agreement with the NPD preliminary
findings and with the results of the macroscopic measure-
ments �Sec. III�. The proposed magnetic structures of the
present work �Table II, Fig. 8� consist of these best-fit mod-
els. In choosing the best-fit models, there were cases where
the quality of the fit �agreement factors� of the best-fit model
was only slightly better than another relevant model. In these
cases, we used the method of comparison between two mod-
els, devised by Prince.14 The Prince test shows that at T
�TSRT, the better agreement of model IV over models III
and V �Table I� to the NPD data is statistically significant,
with a confidence level of 99.99%. For the 12 datasets taken
at 33.7 K�T�149 K, when comparing models II and VI
�Table I�, the Prince test for each dataset do not show a
preference for any model. However, since out of the 12
datasets not a single dataset gives a better fit to model VI, we
reject this model, and accept model II �Table I, Fig. 8�. Re-
finements of �Co and �Tb to fit the 220 K data could not be
made to converge. Hence, the �2��Co,�Tb� surface was cal-
culated over a grid in the �Co-�Tb plane. The surface showed
a definite minimum at �Co��Tb�0, rendering no magnetic
order at 220 K.

The refined crystallographic and magnetic parameters for
the best-fit models are listed for selected temperatures in

FIG. 6. Rietveld refinement profiles for TbCo3B2 at 220, 33.7,
and 1.5 K. The plus signs are the raw powder diffraction data, the
solid line is the calculated �refined� profile, and the solid line at the
bottom is the difference between the observed and calculated pro-
files. The tick marks below the diffraction profile represent the po-
sitions of Bragg reflections. The diffraction profiles are normalized
for statistics. The emergence of extra intensities at Bragg positions
at 1.5 K indicates a ferro-ferrimagnetic order at this temperature.

FIG. 5. �a� Total molar heat capacity of TbCo3B2 �circles,
24 mg sample, present work� and of YCo3B2 �squares, Ref. 10�. �b�
Magnetic contribution to the molar heat capacity of TbCo3B2, cal-
culated by subtracting the YCo3B2 from TbCo3B2 of �a�.
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Table III. The P6/mmm lattice parameters, c and a, decrease
monotonically as the sample is cooled down to 30 K �Fig. 9�.
Below 30 K, where the orthorhombic distortion takes place,
c increases and the hexagonal a splits into two values
�a0 /�3,b0�, where a0 and b0 are the orthorhombic Cmmm
lattice parameters �Fig. 8�. In refining the canted magnetic
structure �model IV, T�30 K�, the magnetic axis was as-

sumed to be in the a0c plane, as the NPD data could not
provide any information regarding the azimuthal angle of the
magnetic axis.15 That is, ��x ,0 ,�z� was refined for �Tb and
for �Co.

The NPD-refined values of the magnetic moments in the
selected models are given in Fig. 10. The refined magnetic
moment per formula unit �fu� at 1.5 K is equal to �Table III�:
�Tb-3 ·�Co=5.2�2� �B-3 ·0.12�2� �B=4.8�2��B/ f.u. and is in
good agreement with the value of MH=0�5 K�=4.9�2�
�B/ f.u., obtained from the magnetization measurements.
This agreement corroborates the proposed ferrimagnetic
model �Sec. III A�.

V. DISCUSSION

The magnetic structure of TbCo3B2 has been studied, in
the present work, in the temperature range 1.5 K–220 K.
NPD, magnetic ac susceptibility, magnetization, and specific
heat measurements, were used in this study. It is found that
TbCo3B2 is paramagnetic at 220 K. Upon cooling, a ferri-
magnetic order sets in at TC�170�15�K, in which each of
the sublattices �Tb and Co� orders ferromagnetically, but are
coupled antiferromagnetically to each other �Fig. 8�. The
magnetic axis of this ferrimagnet is along the c axis. Upon
further cooling, at TSRT�30 K, the magnetic axis rotates

TABLE I. Models �Mod� of magnetic structures with their crystal structures, that were refined using the NPD data of the present work.
Agreement factors for the refinements of these models at two selected temperatures are given. The agreement factors of the best fit models
are given in bold.

Mod
Description of the
magnetic structure

Crystal
space
group

Agreement factors �%�

1.5 K 33.7 K

Rp RBragg Rwp Rp RBragg Rwp

I Paramagnetic P6/mmm 7.97 16.47 14.60 3.06 4.36 4.12

II Collinear	c axis P6/mmm 5.20 9.24 8.75 2.99 4.08 3.93

III Collinear�c axis Cmmm 3.36 3.67 4.55 No convergence

IV Collinear canteda Cmmmb 3.32 3.46 4.47 No convergence

V �Tb canted, �Co=0 Cmmm 3.36 3.59 4.52 No convergence

VI �Tb	c, �Co=0 P6/mmm 5.20 9.27 8.75 3.00 4.18 3.94

VII �Tb�c, �Co	c Cmmm 3.42 3.90 4.64 No convergence

VIII �Tb	c, �Co�c P6/mmmc 4.79 7.96 8.08 No convergence

a
� has been fit as an additional parameter and the refined value is 
�=74�2�°.
bWith crystal space group P6/mmm, agreement factors 3.42%, 3.62%, and 4.60% for RP, RBragg, and Rwp, respectively, are obtained.
cAt 1.5 K, the same model in Cmmm does not converge.

TABLE II. Models �Table I� used in the final Rietveld analysis
of the data taken at different temperatures. The values of TSRT and
TC are 30�3� K and 170�15� K, respectively.

Temperature Model

T	TC I

TSRT�T�TC II

T�TSRT IV

FIG. 7. Normalized integrated intensities of the �100� and �001�
reflections �at 2

25° and 37° in Fig. 7, respectively� as a function
of temperature. The dashed lines serve as guides to the eye. Notice
that �001� has a magnetic contribution only for T�30 K, but no
magnetic contribution at higher temperatures, where �100� still has
some contributions. This indicates that the spin axis is along �001�
at these temperatures.
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from the c axis toward the plane perpendicular to the c axis.
This SRT is accompanied by a sharp increase of the magni-
tude of �Tb, but not that of �Co �Fig. 10�, and by the onset of
an orthorhombic distortion of the basal plane �Fig. 9�.

The present ac-susceptibility data show a broad peak cen-
tered at �170 K �Fig. 2�, M�T� data show separation of the
ZFC and FC curves at �185 K �Fig. 2�, M�H� data show the
disappearance of hysteresis losses somewhere in the region
130 K�T�250 K �Fig. 4�, and no magnetic order was ob-

served by means of NPD at 220 K. All of the above is con-
sistent with TC=170�15�K in this compound.

In ions of the light and heavy lanthanides, the spin and
magnetic moment are parallel and antiparallel to each other,
respectively �Hund’s third rule�. Experimental data show that
the magnetic moments in the R and Co sublattices in the
RCo5 �and RCo4B� system are parallel and antiparallel to
each other for the light and heavy lanthanides,
respectively.2,16 This is since, in these systems, the R-Co
coupling is dominated by the spin-spin exchange interaction.
The proposed magnetic structure of TbCo3B2 at T�TC con-
curs with the above rule, indicating that also in TbCo3B2 it is
the exchange between the Co and Tb spins that determines

TABLE III. Refined values of structural and magnetic parameters of TbCo3B2, at 5 selected �out of 16�
temperatures. Rietveld refinements of the 220 and 33.7 K data were performed in the hexagonal P6/mmm
space group, and of the 1.5, 18.6, and 26.9 K data, in the orthorhombic Cmmm space group �Fig. 8� �Ref. 1�.
Atom positions in the hexagonal space group are Tb�0,0,0�, Co� 1

2 ,0 , 1
2

�, and B� 2
3 , 1

3 ,0� �sites 1a, 3g, 2b,
repectively�; and in the orthorhombic space group Tb�0,0,0�, Co1� 1

2 ,0 , 1
2

�, Co2� 1
4 , 1

4 , 1
2

�, and B�x ,0 ,0� �Ref.
1�. The magnetic parameters 
�, �Tb, and �Co were refined with the magnetic axis in the aO−c plane �Fig. 8�.
BTb, BCo, and BB are the isotropic thermal factors. A sample absorption coefficient of �R=1.56 was mea-
sured and used in the refinements. Numbers in parentheses are the estimated standard deviations �esd� of the
refined values. Where esd values are absent, the parameter was not refined.

T �K� 1.5 18.6 26.9 33.7 220

aO �Å� 8.7487�5� 8.7487�6� 8.7484�4�
a �Å� 5.0509�2� 5.0523�2�

bO �Å� 5.0496�3� 5.0499�4� 5.0508�3�
c �Å� 2.9971�1� 2.9970�1� 2.9969�1� 2.9968�1� 3.0022�1�

x 0.667�3� 0.667�5� 0.667�1�
BTb �Å2� 1.01�1� 0.97�3� 0.93�3� 0.86�3� 1.11�3�
BCo �Å2� 0.68�2� 0.68�3� 0.71�3� 0.73�3� 0.82�2�
BB �Å2� 1.15�2� 1.15�2� 1.15�2� 1.14�3� 1.30�2�
�Tb ��B� 5.2�1� 4.8�1� 2.5�4� 0.9�1� 0

�Co ��B� −0.12�2� −0.09�2� −0.15�3� −0.21�11� 0


� �°� 74�2� 75�1� 49�3� 0 0

FIG. 8. Schematics of the proposed ferrimagnetic structures. �a�
The high symmetry �hexagonal�, high temperature �30 K�T
�TC� structure. The magnetic axis is along the z axis �model II�. �b�
The low-symmetry �orthohexagonal�, low-temperature �1.5 K�T
�30 K� structure. The magnetic axis is canted at an angle 
� from
the z axis, so that ��x /�z�Tb= ��x /�z�Co=tan�
�� �model IV�.

FIG. 9. Lattice parameters versus temperature. aO and bO were
refined in the Cmmm representation �Fig. 8�, whereas a was refined
in the P6/mmm representation. When the orthorhombic distortion
vanishes, bO=aO /�3=a. The dashed lines serve as guides to the
eye. Statistical errors are smaller than the symbols and are not
shown.
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the relative orientation of the moments between the sublat-
tices and leads to the ferrimagnetic structure.

In the isostructural RCo5 system, many magnetic proper-
ties such as the magnitude of �R at the lowest temperature
�LT� and the value of TSRT can be calculated from the solu-
tions of the Hamiltonian:17

H = K1
R sin2 
� + K1

T sin2 
� + g�B J · HM, �1�

where 
� is the angle between the magnetic and the unique
axes �colinearity is assumed�, HM is the exchange field at the
R ion site, �B is the Bohr magneton, and g and J are the
Landé factor and the total angular momentum of the trivalent
R ion, respectively. The superscripts R and T represent the
rare earth and transition metal ions �R and Co in RCo5�,
respectively.

The first and second terms in Eq. �1� represent the mag-
netocrystalline anisotropy energy contribution from the R
and Co sites, respectively �in units of energy density�, and
the third term represents the interaction of the rare earth mo-
ment with the exchange field that originates mainly from
Co-Co exchange, neglecting Tb-Tb exchange �for RCo5�.

A general calculation of K1
T is very difficult, due to the

unlocalized character of the 3d electrons of Co. On the other
hand, as the 4f magnetic electrons have a much more local-
ized character, K1

R could be estimated through18

K1
R � −

3

2
B2

0�O2
0� , �2�

where B2
0O2

0 is the first term in the expansion of the crys-
talline electric field �CEF� interaction within Stevens’ opera-
tor equivalent Hamiltonian formalism.19 �O2

0� is the thermal
average of the first-order Stevens operator, O2

0=3Jz
2−J�J

+1�, and B2
0 is the second-order crystal field parameter,17

B2
0 = �J�r4f

2 �A2
0, �3�

where �J and �r4f
2� are the Stevens multiplicative factor and

the effective squared spatial span of the electron cloud,
which depend solely on the 4f ion under investigation �e.g.,
Ref. 17�, while A2

0 depends mainly on the crystal structure
of the compound.

For Rn+1Co3n+5B2n, one can state a “rule of thumb,” ac-
cording to which A2

0 �Eq. �3�� becomes more negative when
n increases, hence enhancing the CEF effects. This can be
understood within the point-charge-model expression for A2

0

�see, for instance, Ref. 20�, in which the in-plane and out-of-
plane neighbors contribute positively and negatively to A2

0,
respectively. Hence, when going from TbCo5 �n=0� to
TbCo3B2 �n=��, the replacement of the in-plane Co ions by
negatively charged B ions decreases positive contributions,21

and the shortening of the c-axis further increases negative
contributions. For example, in the Smn+1Co3n+5B2n system,
Mössbauer spectroscopy measurements show that A2

0

changes from −698 to −2203 K Å2 when n changes from 0
to �, respectively.21

The magnetic structures and their temperature evolution
proposed in the present work could be in a first stage quali-
tatively described by the RCo5 Hamiltonian �Eq. �1��. How-
ever, a more accurate treatment will possibly require addi-
tional terms, such as a Tb-Tb exchange term �see later�.
Upon cooling, the Co sublattice spontaneously orders ferro-
magnetically at TC�170 K. This ordering is driven by the
Co-Co exchange and the magnetic axis is along the c axis.
This order induces, through the exchange term �third term� in
Eq. �1�, a ferromagnetic order of a small component of �Tb
on the Tb sublattice. The Co and Tb sublattices are coupled
antiferromagnetically, as expected of Tb �heavy R�. To con-
cur with the axial magnetic order �experimentally found in
the present work�, it is stipulated that K1

T	0. As in RCo5, it
is expected that K1

T is approximately independent of
temperature.17 Below TC, at T close to TC, the ordered com-
ponent of �Tb �i.e. �Jz

2�, see above� is small, leading to a
small value of K1

R and the K1
T term in Eq. �1� dominates. As

the temperature is decreased, the ordered component ��Jz
2��

increases �insert, Fig. 10�, leading to an increase in the mag-
nitude of K1

R, but keeping K1
T+K1

R positive. At �30 K, an
ordering transition driven by the Tb-Tb exchange sets in on
the Tb sublattice, leading to a sharp increase in the ordered
component of �Tb �i.e., �Jz

2��, hence, making the first term
sharply more negative. At this temperature, K1

T+K1
R be-

comes negative, leading to the SRT �i.e., sending 
�=0 to

�=� /2�. This model �Eq. �1�� can only have two solutions
for 
��=0,� /2� and cannot explain the experimental result
of canted magnetic axis �
�=74°�. To explain the experimen-
tal result of canted magnetic axis, one needs to introduce an
additional term with the next order anisotropy constant, say
K2

R sin4 
�, to the Hamiltonian.
Magnetic transitions at TC�170 K were also observed in

Tb0.75U0.25Co3B2,22 CeCo3B2,23 HoCo3B2,24 and YCo3B2.25

Evidently, this transition is present in RCo3B2, independent
of R. Moreover, it exists for diamagnetic R�=Y�, corroborat-
ing our proposition that it is Co-Co exchange driven. In the
course of the SRT, �Co decreases slightly, whereas �Tb in-
creases sharply. For RCo5 with R=Tb, Ho, Dy, which un-
dergo SRT at a characteristic temperature, a decrease in �Co
and an increase in �R during SRT are also observed. How-
ever, in TbCo3B2 the increase in �R is much more prominent
�the increase in TbCo5 is only �10%�.26 This is consistent
with our proposal that the SRT in TbCo3B2 is driven by onset
of Tb-Tb ordering �due to presumably RKKY exchange�

FIG. 10. The refined values of the magnetic moments of Tb
�circles�, �Tb, and of Co �squares�, �Co, versus temperature. The
dashed lines serve as guides to the eye. At 220 K, �Co��Tb�0
were deduced from a minimum in the �2 surface �Sec. IV�.
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transition. No such transition exists in TbCo5, where �Tb,
which is near saturation, increases slowly, exhibiting a small
and a broad change at the SRT. We have no explanation for
the small decrease in �Co at the SRT, in both systems.

Experimental26 and theoretical20,27 studies of RCo5 show
that the magnitude of the ordered R magnetic moment at LT
is close to its free-ion value �for TbCo5, �Tb=8.5 �B,28 com-
pared to the free-ion value of 9 �B, Table IV�. However, for
TbCo3B2, the present NPD data show that �Tb�LT�
=5.2�1� �B �Table III�, which is significantly lower than the
free-ion value. The NPD data of HoCo3B2 show �Ho�4 K�
=5 �B,24 half of the free Ho-ion value. A similar result was
deduced from macroscopic measurements on DyCo3B2,
�Dy�LT��7.6 �B,29 compared to a free-ion value of Dy
�10 �B. That is, when going from RCo5 �n=0� to RCo3B2

�n=��, the ordered R-sublattice magnetic moment at LT de-
creases significantly. This is due to the increase of CEF with
n, and is consistent with the above “rule of thumb”. In addi-
tion, canting of the magnetic axis with respect to the unique
crystal axis typically appears in systems with non-negligible
CEF-driven anisotropy such as RCo5 and R2Fe14B,30,31

whereas in systems such as R2T17 and RT2M2 �T—transition
metal�, in which exchange interactions �third term, Eq. �1��
dominate, such canting is not common. The hexagonal
TbCo3B2 undergoes an orthorhombic distortion �Figs. 8 and
9� for T�TSRT, whose magnitude reaches 2.8�2�10−4 at
1.5 K �Table III�. The corresponding �-magnetostriction con-
stant, ��,2, is equal to 3.0�2� ·10−4.32 No orthorhombic distor-
tion was detected �XRD� in any of the RCo5 compounds,33

and for TbCo5 it was estimated33 that ��,2�10−4 �Table IV�.
The larger � magnetostriction in TbCo3B2 as compared to
TbCo5 is more evidence for the stronger anisotropy in
TbCo3B2.

It has been well established, that, for Rn+1Co3n+5B2n, the
Co magnetic moment, �Co, decreases with an increase of n,
that is, when the number of average neighboring
B-containing planes increases.3,16,34 For example, for TbCo5,
�Co�3g��1.7 �B, while for TbCo3B2, �Co�3g��0.12 �B.
This is related with the increase of the average distance be-
tween two neighboring Co-containing planes �i.e., �2 Å for
TbCo5, and �3 Å for TbCo3B2�, along with hybridization of

the Co�3d� orbitals with the nonmagnetic B�2p� orbitals,35–37

both lead to a decrease in HM �the exchange term in Eq. �1��.
This weakening of the exchange as one goes from TbCo5 to
TbCo3B2 also leads to the decrease in TC and TSRT
�Table IV�.

In TbCo3B2, where the contribution to K1
T �Eq. �1��

comes from a single Co site, the 3g site �Fig. 1, Table III�,
we have found that K1

T, namely K1
�3g�, is positive. On the

other hand, in the isostructural RCo5 it was found that K1
�3g�

is negative, however, K1
T�=2K1

�2c�+3K1
�3g�� is

positive.17,38–40 The 3g Co3 layer is sandwiched between a
pair of TbCo2 and TbB2 and TbB2 layers, in TbCo5 and
TbCo3B2, respectively �Fig. 1�. Hence, it is the replacement
of Co2 by B2 in the pair of TbCo2 layers that changes the
sign of K1

�3g� from negative in TbCo5 to positive in
TbCo3B2. Furthermore, it was found experimentally in
Rn+1Co3n+5B2n �R=Y , La;n=1, 2 , 3�,41 that the contribu-
tion to K1

T from a Co3 layer is negative whenever sand-
wiched between a pair of RCo2 layers, and is otherwise posi-
tive. Hence, present results extend the above result to the
n=� case.

VI. SUMMARY

TbCo3B2 is hexagonal and paramagnetic at room tem-
perature. Upon cooling, it undergoes a first magnetic-
ordering phase transition at TC�170 K, driven by the Co-
Co exchange. Below TC, the c-aligned ferromagnetic Co and
Tb sublattices are coupled antiferromagnetically. At TSRT
�30 K, the Tb-Tb exchange drives a second phase transi-
tion, leading to a sharp increase of �Tb. This increase leads to
a sharp increase in the single-ion anisotropy energy of the Tb
ion, and, correspondingly, in the crystalline magnetostrictive
energy. Consequently, below TSRT, the magnetic axis is
canted away from the c axis �i.e., spin-reorientation transi-
tion�, and the crystal lattice is orthorhombically distorted.

This behavior replicates, though on a significantly lower-
temperature scale, the magnetic behavior of the isostructural
TbCo5. The replacement of Co2 by B2 in the TbCo3B2 struc-
ture leads to the following �Table IV�: �i� A decrease in the
Co-Co exchange due to an increase in the Co-Co distance.
�ii� A decrease in �Co due to B�2p� and Co�3d� hybridiza-
tion. �iii� The contribution to K1

T from the Co�3g� site
changes from negative to positive. �iv� An increase in the
magnetocrystalline anisotropy energy due to an increase in
CEF. �v� A decrease in �Tb due to an increase in CEF. The
decreases in the Co-Co exchange and in �Co are responsible
for the decrease in TC. Consequently, �Tb remains small
down to the temperature, where the ordering transition of the
Tb sublattice takes place, where it increases sufficiently to
drive the spin-reorientation transition. The increase in the
magnetocrystalline energy is responsible for the larger mag-
netostriction, and the observed orthorhombic distortion.

These effects are not unique for the Tb ion. A low TC has
already been observed in several other RCo3B2 compounds
and solid solutions, and it is expected that RCo3B2 will rep-
licate, with the above differences, the magnetic behavior of
their corresponding RCo5 compounds, for all R.

TABLE IV. Selected magnetic and crystallographic properties of
TbCo3B2 �present work�, and TbCo5. Magnetic moments are given
at 1.5 K and 4 K for TbCo3B2 and TbCo5, respectively. Cell pa-
rameters are given at 220 K and room temperature for TbCo3B2 and
TbCo5, respectively.

Property TbCo3B2 TbCo5

TC �K� 170�15� 98442

TSRT �K� 30�3� 40042

�Tb ��B� 5.2�1� 8.528

�Co �3g� ��B� −0.12�2� −1.726

�Co �2c� ��B� ¯ −1.526

��,2 �10−4� 3.0�2� �133

a �Å� 5.0523�2� 5.050�3�5

c �Å� 3.0022�1� 4.009�2�5
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