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Abstract
Solid solutions of Tb1−x Yx Co3B2 (x = 0.05, 0.1, 0.25, 0.4 and 0.5) were studied by neutron
powder diffraction, x-ray diffraction, AC susceptibility and SQUID magnetization
measurements. Their magnetic and crystallographic properties were deduced and examined
together with those previously published for the end compounds (x = 0, 1). These solid
solutions have hexagonal symmetry and are paramagnetic at RT, and undergo a magnetic
ordering transition of the Co sublattice, with the magnetic moments along the hexagonal axis, at
TCo ∼ 150(15) K, independent of Y concentration. A second magnetic ordering transition of
the Tb sublattice TTb � 30 K accompanied by the rotation of the magnetic moments towards the
basal plane, was observed for solid solutions with Y concentration x � 0.25. This transition
was also found to be accompanied by a crystallographic symmetry decrease. Unexpectedly,
neutron powder diffraction showed that the magnitude of the ordered magnetic moment of the
Tb ion decreases with Tb concentration.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The compound TbCo3B2 belongs to the Rn+1Co3n+5B2n

(R = lanthanide, n = 0, 1, 2, 3, ∞) family with n = ∞ [1]. At
room temperature (RT) it crystallizes in a hexagonal structure
with P6/mmm symmetry [2]. In TbCo3B2 (CeCo3B2-
type structure) the atoms are placed in the following sites
(table 1): Tb at 1a, Co at 3g and B at 2c [2]. This
compound, paramagnetic at RT, undergoes a high temperature
ferromagnetic ordering transition of the Co sublattice at TCo =
170(15) K, with magnetic moments aligned along the c axis.
The Tb sublattice orders at a lower temperature, TTb =
30(3) K, where a spin reorientation transition (SRT) occurs.
As temperature is lowered below TTb the moments rotate
towards the basal ab plane [3]. TCo was attributed to the
Co–Co exchange interaction while TTb was attributed to the

5 Author to whom any correspondence should be addressed.

Tb–Tb exchange interaction. Below TTb, components of
the magnetic moment appear in the ab plane, leading to an
orthorhombic distortion of the crystal lattice. Attributing the
high temperature transition to the Co–Co exchange interaction
was supported by the study of YCo3B2 [4], where only the
TCo transition was observed. It was also supported by the
study of HoCo3B2 [5], where a ferromagnetic ordering was
observed at TCo ∼ 150 K and ordering accompanied by a
spin reorientation was observed at THo ≈ 12 K. The latter is
attributed to an Ho–Ho exchange interaction similar to a Tb–
Tb exchange interaction for TbCo3B2. In order to study the
TTb dependence on the magnetic properties of the R atom and
to decouple the Co–Co (TCo) from the Tb–Tb (TTb) transitions,
five samples of Tb1−x YxCo3B2 (x = 0.05, 0.1, 0.25, 0.4
and 0.5) were prepared and studied by various magnetic and
crystallographic methods. The results were compared with the
published results of the end compounds (i.e. x = 0 and 1).
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Table 1. Unit cell basis of the P6/mmm, Cmmm and C2/m phases and their atomic sites. The unit cells are defined with respect to the
fundamental lattice vector of P6/mmm.

Space group P6/mmm(191) Cmmm(65) C2/m(12)

Unit cell basis a (1, 0, 0) (2, 1, 0) (2, 1, 0)
b (0, 1, 0) (0, 1, 0) (0, 1̄, 0)
c (0, 0, 1) (0, 0, 1) (0, 0, 1̄)

Coordinates Tb/Y 1a 0, 0, 0 2a 0, 0, 0 2a 0, 0, 0

Co 3g 1
2 , 0, 1

2

2c 1
2 , 0, 1

2 2d 0, 1
2 , 1

2

4f 1
4 , 1

4 , 1
2 4f 1

4 , 1
4 , 1

2

B 2c 1
3 , 2

3 , 0 4g x, 0, 0 4i x, 0, z

(x ≈ 1
3 ) (x ≈ 1

3 ; z ≈ 0)

2. Experimental details

Samples of Tb1−xYx Co3B2 (x = 0.05, 0.1, 0.25, 0.4 and
0.5) were prepared by arc melting the constituents in an argon
atmosphere followed by a subsequent annealing at 1200–
1300 K in vacuum for ∼120 h. 11B was used to minimize
absorption of thermal neutrons. The sample was characterized
by x-ray diffraction (XRD).

Measurements of AC magnetic susceptibility were carried
out from RT down to 5 K on the five samples (x = 0.05, 0.1,
0.25, 0.4 and 0.5) and compared with previously measured
(using the same instrument) end compounds (x = 0 and
1) [3, 4]. The amplitude of the applied AC ( f ∼ 1.5 kHz)
magnetic field was 10 Oe. Calibration of the AC susceptometer
was done in the temperature range 7 K < T < 300 K using
a 42 mg powder sample of Ho2O3 (RT molar susceptibility
χM ∼ 89 × 10−3 emu mol−1). Liquid He was used for
cooling. In addition, SQUID magnetization measurements
were performed at 4–300 K and with H = 10 kOe, using the
Quantum Design MPMS5 instrument in the Racah Institute of
Physics at the Hebrew University of Jerusalem.

Neutron powder diffraction (NPD) measurements were
carried out using the medium resolution neutron powder
diffractometer (MRPD) and the high resolution neutron
powder diffractometer (HRPD) at the high flux Australian
reactor operated by the Australian Nuclear Science and
Technology Organization. The MRPD (λ = 1.665(1) Å,
2θ = 2◦–138◦, step 0.1◦) data was preferred for the magnetic
study due to the higher neutron flux, while the HRPD (λ =
1.492(1) Å, 2θ = 10◦–150◦, step 0.05◦) data was used, due
to its higher resolution, to study the crystallographic properties
in detail. Four samples (x = 0.05, 0.1, 0.25 and 0.5) were
measured using the MRPD at RT before cooling down to the
lowest temperature (LT) in the range of 6.5–7 K. NPD data
were collected upon heating at about 20 temperatures for each
sample. Due to the limited resolution of the MRPD, two of
those sample (x = 0.1 and 0.25) were also measured using
the HRPD, for higher accuracy of crystallographic parameter
determination. No NPD measurement was carried out for
x = 0.4. Both XRD and NPD data were analyzed using the
Rietveld refinement method with the FULLPROF code [6, 7].

Figure 1. Lattice parameters (a, b), (c) and c/a of Tb1−x Yx Co3B2

determined by Rietveld refinement of XRD (closed circles), NPD
(open circles) and Niihara’s [8] (diamonds). The lines represent the
prediction by Vegard’s law deduced from Niihara. The error bars are
smaller than the symbol’s size.

3. Results and analysis

The observed reflections in the RT x-ray diffraction patterns
of four samples (x = 0.05, 0.25, 0.4 and 0.5) proved the
high quality of the compounds. The impurities were found to
be negligible and the crystallographic parameters (a, c) were
found to be in excellent agreement with Vegard’s law, deduced
from the end compound results according to Niihara [8]
(figure 1). This result supports our hypothesis that the Y is
properly incorporated into the compounds. In the diffraction
pattern of the x = 0.1 sample small unidentified impurity lines
were found (<1% of strongest line). The existence of this
impurity in the x = 0.1 sample may indicate imperfections
in the crystallization of the main phase (e.g. vacancies),
and therefore may be the origin of the slight disagreement
of this sample’s refined cell parameters with Vegard’s law
(figure 1).

In the measurements of the molar AC susceptibility, χM,
versus temperature, an anomaly at TCo ≈ 150 K was observed
in all samples except for x = 0.1 (figure 2). The distinctive
behavior of this sample might be related to the existence of
an impurity phase in the sample (as was mentioned above).
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Figure 2. (a) Molar AC susceptibilities, χM, of the five samples along with the two end compounds as a function of temperature. (b) Zoom-in
of the TTb region. (c) Zoom-in of the 100–200 K region. The data for the end compounds (x = 0 and 1) were taken from previous
studies [3, 4]. The result of the x = 0.1 sample is not shown in (c), due to its signal being beyond the scale.

The anomaly in the range of TCo ≈ 150 K was also observed
in both end compounds TbCo3B2 [3] and YCo3B2 [4], where
it was attributed to the paramagnetic–ferromagnetic transition
in the Co sublattice. Thus, the present AC susceptibility
measurements support our previous suggestion [3, 5] that the
ferromagnetic ordering of the Co at TCo is independent of Y
concentration. This is unlike TTb, which decreases almost
linearly with the increase of Y concentration until it vanishes
in the vicinity of x = 0.4 (figures 2 and 3). This decrease is
anticipated as a result of the dilution of the Tb sublattice by the
non-magnetic Y atoms (see section 4). SQUID magnetization
measurements of the same samples (not shown) are in good
agreement with the AC results (figure 3).

The NPD data collected above TTb were analyzed using
the P6/mmm space group (table 1). The analysis of the
NPD data collected at MRPD for x = 0.05, 0.1, 0.25 and
0.5 samples at RT (table 2) yielded lattice parameters in good
agreement with XRD-refined values (figure 1). When cooled
down to LT, a significant intensity increase in some of the
NPD reflections was observed for x = 0.05, 0.1 and 0.25
samples (e.g. {100} and {101} (figure 4)). This increase
in intensity is presumably related to the magnetic ordering
transition observed in the magnetic measurements (cf figure 2).
The integral intensity of the line with the highest intensity
increase ({100} figure 4) is presented in figure 5 as a function
of temperature. The observed transition temperatures (figure 5)
decrease as x increases, and are in good agreement with the TTb

as observed in the magnetic measurements (figure 3).

Figure 3. TTb as a function of Y concentration measured by AC,
SQUID and NPD. The constant difference between TTb measured by
the SQUID and NPD and the TTb measured by the AC is due to the
nature of each measurement. While SQUID and NPD measure the
magnetization the AC measures the susceptibility directly (dM/dH ).
The error bars of AC and SQUID are smaller than the symbol’s size.

4. LT NPD analysis

In refining the crystallographic and magnetic parameters to
fit the diffraction patterns observed below TTb, a collinear
magnetic model was considered. In this model, the Tb
and Co sublattices are each ferromagnetic. The magnetic
axes of the two sublattices are allowed to be either parallel
(ferromagnetic) or antiparallel (ferrimagnetic) to each other

3
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Table 2. Refined values of structural and magnetic parameters of the four samples from the MRPD, at RT (a) and LT (b) temperatures.
Previously collected [9] data also used for the refinement of the x = 0.25 sample. (a) The a and c are lattice parameters (atomic positions are
presented in table 1). BTb/Y , BCo and BB are the isotropic thermal factors. χ2, Rp and Rwp are the reliability factor, weighted profile factor and
weighted squared difference [7]. Numbers in parentheses are standard deviations of the last significant digit. (b) The a, b and c are lattice
parameters, x (B) and z (B) are the boron coordinates and β is the angle between c axis and ab plane. μTb, μCo and θ are, respectively, the Tb
and Co magnetic moments and their angle to the hexagonal axis.

Sample, x 0.05 0.1 0.25 0.5

(a) RT results

Space group P6/mmm P6/mmm P6/mmm P6/mmm
Temperature (K) 300 300 300 300
a (Å) 5.05049(9) 5.0563(1) 5.04641(8) 5.04148(7)
c (Å) 3.01193(7) 3.0127(1) 3.01640(7) 3.02281(6)

BTb/Y (Å
2
) 0.7(1) 0.7(1) 0.68(7) 0.536(7)

BCo (Å
2
) 0.48(8) 0.70(12) 0.61(7) 0.41(7)

BB (Å
2
) 0.82(5) 0.66(9) 0.91(5) 0.87(5)

Reliability factors:
χ2 0.838 0.497 0.801 0.721
Rp 3.23 4.41 3.47 3.68
Rwp 4.24 5.63 4.63 4.72

(b) LT results

Crystallographic parameters:
Space group C2/m C2/m C2/m P6/mmm
Temperature (K) 6.5 6.5 7 5.5
a (Å) 8.7345(6) 8.7480(6) 8.7334(2) 5.03761(7)
b (Å) 5.0484(3) 5.0496(3) 5.04138(9) —
c (Å) 3.00213(5) 3.00107(8) 3.00616(4) 3.01342(6)
β (deg) 90.116(4) 90.099(1) 90.0300(7) —
x (B) 0.331(2) 0.333(1) 0.3336(3) —
z (B) 0.005(5) 0.0149(4) 0.000(4) —
BTb/Y (Å

2
) 0.47(6) 0.6(1) 0.51(6) 0.43(7)

BCo (Å
2
) 0.40(5) 0.60(9) 0.77(5) 0.46(7)

BB (Å
2
) 0.71(5) 0.42(7) 0.75(4) 0.67(5)

Magnetic parameters:
Space group P1 P1 P1 —
μTb (μB) 5.07(5) 4.13(9) 2.4(1) —
μCo (μB) −0.010(7) −0.03(3) −0.10(6) —
θ (deg) 76(2) 46(3) 50(6) —
Reliability factors:
χ2 0.950 0.677 0.697 1.31
Rp 2.69 3.97 2.79 3.5
Rwp 3.42 5.19 3.56 4.72

and are aligned with an angle θ to the hexagonal axis.
This model was previously found in TbCo3B2 to be in the
ferrimagnetic state [3]. The basal plane component of the
magnetic moment does not conform with hexagonal symmetry.
Therefore, SRT (where θ �= 0) must be accompanied by a
symmetry decrease as was found in TbCo3B2 [3], where an
orthorhombic distortion was observed and an orthorhombic
Cmmm unit cell was used to describe the crystallographic
structure below TTb [10]. Furthermore, with 0◦ < θ < 90◦,
the magnetic symmetry is lower than orthorhombic. Thus, a
further symmetry decrease must be taken into consideration
for the structure found below TTb. The maximal subgroup
of Cmmm consistent with 0◦ < θ < 90◦ is the monoclinic
C2/m space group, with the formal magnetic space group
C2′/m ′ [10].

Hence, three models, in which the crystallographic
structure is either P6/mmm, Cmmm or C2/m (henceforth
hexagonal, orthorhombic or monoclinic, respectively), were

refined in order to find which crystallographic space group best
fits the NPD patterns of each sample. The magnetic structure in
the three models were described by magnetic phases containing
only magnetic atoms using the P1 space group. Refinements
of the x = 0.05 sample data measured at MRPD yielded
significantly better agreement with the monoclinic model for
all patterns below TTb (table 3), with the formal C2′/m ′
magnetic space group. The refined lattice parameters clearly
show (figure 6) that the degeneracy of the lattice parameters
(a = b hexagonal model, a/

√
3 = b monoclinic model) is

lifted below TTb (i.e. a/
√

3 �= b, monoclinic model), due to the
crystal symmetry decrease [4]. However, an attempt to use the
orthorhombic and monoclinic models for the crystal structure
(phase 1) in the analysis of the x = 0.1 and 0.25 sample data
measured at MRPD did not improve the fit (table 3). This is
probably due to the limited resolution of the MRPD.

The three models yielded very similar refined magnetic
parameters (magnitude and orientation). The analysis yielded
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Table 3. The reliability factors for the three crystallographic models used for LT diffraction.

MRPD HRPD

x P6/mmm Cmmm C2/m P6/mmm Cmmm C2/m

0.05 χ2 1.04 1.02 0.950 — — —
Rwp 3.58 3.54 3.42 — — —
Rexp 3.52 3.51 3.51 — — —

0.1 χ2 0.662 0.722 0.677 0.563 1.02 0.408
Rwp 5.13 5.36 5.19 12.1 16.3 10.3
Rexp 6.31 6.31 6.30 16.12 16.12 16.11

0.25 χ2 0.695 0.696 0.697 0.623 0.472 0.262
Rwp 3.56 3.56 3.56 12.6 11.0 9.59
Rexp 4.27 4.26 4.26 15.95 15.95 15.94

Figure 4. NPD of the x = 0.05 sample collected at MRPD at 300 K
(top) and 6.5 K (bottom). Data (circles), Rietveld refinement profile
(solid line) and their difference (solid line at the bottom) are
depicted. Lines are indexed using the P6/mmm lattice. The arrow
points to reflection {100} (according to P6/mmm) which shows the
most significant increase at LT.

the temperature dependence of the magnitude of the ordered
magnetic moment (figure 7), as well as the angle θ (not shown)
in all samples which undergo a phase transition. The TTb

linearly decreases as x increases, again in excellent agreement
with AC and SQUID results (figure 3). Furthermore, the
analysis yielded a clear decrease of the Tb magnetic moment
from the free-ion value (table 2 and figure 7).

In order to study the expected symmetry reduction in
the x = 0.1 and 0.25 samples, high resolution diffraction
of both samples was collected at HRPD. At first, the LT
HRPD data were analyzed following the same hexagonal
model used for the analysis of the MRPD data. The
refined crystallographic and magnetic values deduced from

Figure 5. Integrated intensity of the {100} reflection (figure 4) as a
function of temperature for x = 0 [3], 0.05, 0.1, 0.25 and 0.5
samples. The statistical error bars are smaller than the symbol’s size.
Constants: 12, 9, 6, 3, and 0 were added to the respective curves for
clarity of presentation.

this analysis are in agreement with the values found in the
MRPD analysis for both samples. However, refinements of
the HRPD data yielded significantly better agreement (table 3)
with the monoclinic model for all patterns below TTb (e.g. for
the x = 0.25 sample at T = 4.6 K, Rwp is 12.6%,
11%, and 9.59% for hexagonal, orthorhombic and monoclinic
models, respectively). The refined lattice parameters for both
samples clearly show that the degeneracy (the equality of the
normalized basal lattice parameters) of the lattice parameters
a and b in the hexagonal model is lifted (i.e. a/

√
3 �= b)

when analyzing the data using the orthorhombic or monoclinic
models, in support of the expected orthorhombic/monoclinic
distortion below TTb. Again, as is the case for the MRPD data,
in the HRPD data analysis, no significant difference between
the refined magnetic parameters (magnitude and orientation
of magnetic axis) was detected when comparing the analysis
of the hexagonal and monoclinic models. It is worth noting
here that attempts to analyze the data for T > TTb with the
monoclinic model were made for all samples. These attempts
yielded at every temperature either cell parameters with the
ratio a/b = √

3 (i.e. no orthorhombic/monoclinic distortion)
or could not be converged.

5
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Figure 6. Lattice parameters of the x = 0.05 sample as a function of
temperature. The monoclinic and hexagonal models were used for
refinements below and above TTb, respectively. The lines serve as
guides to the eye. Wherever not clearly indicated, error bars are
smaller than the symbol’s size.

As previously discussed [3], the magnetocrystalline
anisotropy energy strongly depends on the magnitude of
the magnetic moment ([3] and references therein). The
Tb contribution to the magnetocrystalline anisotropy energy
favors alignment of magnetic moments in the hexagonal basal
plane ab, while the magnetocrystalline anisotropy energy
contributed by the Co site favors alignment of magnetic
moments along the hexagonal c axis. Dilution of the Tb
site with the non-magnetic Y atom weakens the anisotropy
contributed from the Tb site. Therefore, as x increases, it
is expected to find the magnetic moments aligned closer to
the hexagonal c axis. This is indeed the case (table 2(b))
for the x = 0.05 and 0.25 samples, for which θ = 76(2)◦,
50(6)◦ were observed. The anomaly at the x = 0.1 sample
(θ = 46(3)◦) might be again related to the existence of
impurities in this sample (see section 3). The refinements of
the x = 0.25 sample were previously published [9, 11], yet
the models were refined to the data again in this work using
the most recent modifications applied. The results are in good
agreement with what was previously published, although few
differences exist, especially in the magnitude of the ordered
Tb magnetic moments, due to some improvements made in the
models during the work.

5. Discussion

In general, the magnetic properties of Tb1−x Yx Co3B2

presented here support our model of the magnetic behavior
of the RCo3B2 compounds [3–5]. It is shown here that TTb

depends on the dilution of the magnetic R site with a non-
magnetic atom such as Y. TTb decreases from ∼30 K for x =
0 [3] to ∼14 K for x = 0.25 (figure 3). The absence of TTb in
the x = 0.5 and 1 samples strongly supports our conjecture that
the spin reorientation transition is driven by the R–R exchange
interaction. Regarding TCo, our AC susceptibility and SQUID
magnetization results show that it does not change with the
magnetic dilution of the R site. It also seems to be independent

Figure 7. The ordered Tb magnetic moment versus temperature in
the x = 0, 0.05, 0.1 and 0.25 samples. The data for x = 0 were taken
from previous work [3].

Figure 8. Tb ordered magnetic moment as a function of the Y
concentration x , measured by NPD and INS.

of R (i.e. TbCo3B2 [3], YCo3B2 [4] and HoCo3B2 [5]). These
two properties (dilution and R independence of TCo) show that
TCo is entirely governed by the Co–Co exchange interaction,
regardless of the type of R atom.

NPD analyses show a considerable decrease in the
magnitude of the ordered magnetic moment of the Tb ion,
μTb, with non-magnetic Y dilution (figures 7 and 8). In a
recent study of the x = 1 and 0.25 samples using inelastic
neutron scattering (INS) [11], it was shown that the ground
state of the Tb3+ ion above TTb is a non-magnetic singlet.
The magnetic ordering on the Tb sublattice was found to
be ‘self-induced’. This is a unique mechanism, where a
fluctuating small magnetic exchange field causes admixture of
the excited magnetic state into the non-magnetic singlet ground
state (see [11] and references therein). This admixture leads to
a small magnetic moment (in the ground state), resulting in an
increase in the exchange field, which, in turn, will result in
further increase in the magnetic moment. If the temperature is
low enough, this process will continue until a critical point is
reached, where magnetic order will set in. Such an admixed
ground state can carry magnetic moments smaller than the
fully quenched 6 μB. Diluting the Tb with non-magnetic

6
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Y lowers the exchange interaction strength and leads to a
further reduction in the Tb magnetic moment. In addition, the
magnitudes of these ground state magnetic moments calculated
from the INS measurements μTb = 5.6(3) and 3(1) μB for
x = 0 and x = 0.25, respectively, are in good agreement with
our NPD results (figure 8).

6. Conclusion

Tb1−xYx Co3B2 solid solutions are paramagnetic at RT and
undergo ordering of the Co sublattice at TCo ∼ 150 K for all
x in 0 � x � 1. This ordering temperature is independent
of either x or R (lanthanide). At a lower temperature, TTb,
an ordering of the Tb sublattice sets in for Y concentration
of x � 0.25. For x = 0.5 no TTb was observed above
4 K. The value of TTb depends approximately linearly on the
Y concentration. The magnetic ordering of the Tb sublattice
drives the reorientation of the magnetic axis towards the
basal plane (the Tb easy magnetic axis). This reorientation
is accompanied by a symmetry decrease from hexagonal to
monoclinic. Unexpectedly, it is found that the magnitude of
the ordered magnetic moment of the Tb ion μTb decreases with
the Tb dilution. This observation was recently explained [11]
by a unique mechanism of ‘self-induced’ magnetic ordering of
the Tb sublattice.
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