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The crystal and magnetic structures of the TbNi2Mn compound have been refined by the Rietveld analysis
of neutron powder-diffraction data. The compound has a cubic C15b-type structure, in which Mn atoms
partially occupy both the 4a and 16e sites. Bulk magnetization measurements revealed magnetic ordering
below the Curie temperature TC=142 K. The values of magnetic moment are different for the Tb ion at the 4a
and 4c positions. In the 4c site, the Tb moment is determined to be 5.4�B /Tb ion. The low value of the Tb-ion
moment is indicative of the formation of a random magnetic anisotropy.
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I. INTRODUCTION

Intermetallic compounds of rare-earth �R� and
3d-transition �T� metals with the Laves phase structure were
the subject of extensive studies in the past decades owing to
their relatively simple crystal structure and outstanding mag-
netic properties such as giant magnetostriction1 and a large
magnetocaloric effect.2 The cubic MgCu2-type Laves phase

�C15, space group Fd3̄m� is a close-packed structure, the
formation of which is limited by the ratio of the atomic radii
of the constituent elements �1.10 to 1.30� and the concentra-
tion of valence electrons per atom.3,4 No homogeneity range
is usually observed for the binary RT2 compounds. However,
the zirconium-based hexagonal C14-type compound ZrMn2
has been reported to have a homogeneity region extending
from ZrMn1.8 to ZrMn3.4.

5 The C15-type Laves phase was
found in the �Zr1−xMnx�Co2+� alloys for 0�x�0.2.6,7

Recently, Wang et al.8 found that the RNi2Mn alloys with
R=Tb, Dy, Ho, and Er crystallize in the MgCu2-type struc-
ture. Their Curie temperatures �TC� were found to be consid-
erably higher than the TC values of the corresponding RNi2
and RMn2 compounds. For RNi2Mn compounds with differ-
ent R atoms, TC linearly depends on the de Gennes factor
with the largest reported value TC=131 K for TbNi2Mn.
This value is 3.5 and 2.4 times as large as that for TbNi2 and
TbMn2 counterparts, respectively. The spontaneous magnetic
moment of TbNi2Mn determined from the bulk magnetiza-
tion measurements amounts to 4.8�B per formula unit �f.u.�,8
which is considerably smaller than the value of gJJ�B
=9�B for the free Tb3+ ion and 6.1–7.8�B / f.u. for TbNi2
with the nonmagnetic Ni atoms.9 Assuming that the Ni atoms
give a negligible contribution to the magnetic moment of
RNi2Mn, Wang et al. suggested that the Mn atoms have a
rather large magnetic moment directed opposite to the mo-
ment of the Tb atoms.

The magnetic behavior of nickel in R-Ni intermetallics
has been a subject of debates. The formation of the R-Ni
compound is accompanied by the 3d-5d hybridization and
the charge transfer of the 5d electrons to the 3d band. As a
result, the Ni magnetic moment collapses for most of the
R-Ni compounds. However, accurate measurements show
that magnetic heavy R atoms may induce a small magnetic

moment of Ni. For the �GdxY1−x�Ni5 series it was shown that
nickel is not magnetically ordered in YNi5, while an induced
magnetic moment up to 0.16�B /Ni appears when Gd is sub-
stituted for Y.10 Recently, the Ni magnetic moment oriented
antiparallel to the rare-earth one was confirmed for GdNi2 by
using the magnetic Compton profile method.11 For the RNi2
compounds the exchange 4f-5d-3d interaction is rather weak
and the Curie temperatures are rather low.12 Observation of
relatively high-TC values for RNi2Mn allows one to assume
the appearance of the intrinsic magnetic moment on nickel
atoms, which contradicts the accepted picture of magnetism
of R-Ni compounds.

According to the Rietveld-refinement analysis of the x-ray
diffraction patterns of TbNi2Mn,8 the Mn and Ni atoms seat
in the 16d sites of the MgCu2-type structure with the occu-
pancies 25.9% and 74.1%, respectively. The 8a sites are not
fully occupied by Tb atoms. About 22.2% of these sites are
occupied by Mn atoms and 3.7% are empty. Since the Tb and
Mn atoms have different atomic radii, such a structure can
hardly be expected considering the generally recognized
rules of formation of the Laves phase. A strong tendency to
ordering was found for RNi2 compounds with the R deficient
compositions.13,14 A cubic structure of RNi2 with the regu-
larly arranged vacancies on the R site is a superstructure

�space group F4̄3m� of the cubic Laves phase.15 The order-
ing of the vacancies can be destroyed by application of ex-
ternal pressure or high temperature.16 Because of a large dif-
ference in the metallic radii of R and Mn atoms, one can
expect ordering of these atoms within the 8a sites in RNi2Mn
compounds.

In this paper, we present the results of x-ray and neutron-
diffraction study of TbNi2Mn. Our data suggest that the com-
pound has the C15b �AuBe5�-type structure. The 4c sites are
fully occupied by Tb ions, while the remaining Tb and a part
of Mn atoms randomly occupy the 4a sites. We determine
the magnetic structure of the compounds and show that the
Ni atoms possess a magnetic moment of at least 0.3�B. A
reduced Tb-ion magnetic moment at 4.2 K as determined
from the neutron diffraction and bulk magnetization mea-
surements allows us to assume the formation of a local
uniaxial magnetic anisotropy in the compound.

PHYSICAL REVIEW B 79, 184419 �2009�

1098-0121/2009/79�18�/184419�6� ©2009 The American Physical Society184419-1

http://dx.doi.org/10.1103/PhysRevB.79.184419


II. EXPERIMENT

The TbNi2Mn compound was prepared by induction melt-
ing of the pure elements in alumina crucible. An excess of
Mn �5 wt %� was added to compensate the Mn evaporation
during the melting and subsequent annealing. The as-cast
samples were wrapped in Ta foils, sealed in an evacuated
silica tube, and annealed at 870 °C for one week.

X-ray powder-diffraction measurements at room tempera-
ture have been performed on a DRON-type diffractometer
with Cr K� radiation. Neutron powder-diffraction data were
collected at temperatures 4.2 and 295 K on the D-3 diffrac-
tometer with the neutron wavelength �=2.424 Å at IMP,
Zarechny. The data were refined using the program
FULLPROF based on the Rietveld analysis.17 Measurements of
the magnetization curves were performed using an induction
technique in pulsed magnetic fields up to 15 T with the pulse
duration time of 8 ms in the temperature range 4.2–200 K. In
order to take into account the demagnetizing field, we used
the sample in the shape of a sphere of �3 mm in diameter.

III. RESULTS AND DISCUSSION

A. Crystal structure

The room-temperature x-ray diffraction pattern presented
in Fig. 1 confirms that the TbNi2Mn alloy crystallizes in the
face-centered-cubic lattice. The lattice parameter a
=7.184�1� Å almost coincides with that reported by Wang et

al.8 The most intensive lines can be indexed within the Fd3̄m
space group of the C15 Laves phase. However, the diffrac-
tion pattern shows a few relatively weak reflections, such as
�200� and �420�, which are forbidden for the C15-type struc-
ture. These data imply that the structure of the TbNi2Mn

alloy corresponds to a subgroup of the Fd3̄m space group. It
should be noted that the x-ray diffraction pattern of TbNi2Mn
presented in Ref. 8 also contained the �200� superstructure
reflection at 2�=24° �Cu K� radiation�, but it was attributed
to an impurity phase.

Since the neutron-scattering lengths of Tb, Ni, and Mn
atoms are substantially different �0.738, 1.03, and −0.373
�	10−14 m��, the formation of the superstructure has to be

evidenced more clearly in neutron-diffraction experiments.
Figure 2 shows the neutron-diffraction pattern taken at room
temperature which is much above the magnetic-ordering
temperature. It can be seen that the superstructure �200� and
�420� reflections have a much higher relative intensities than
those for the x-ray diffraction pattern of Fig. 1. The best
coincidence between the observed and calculated intensities
of the neutron-diffraction pattern was achieved within the

F4̄3m space group.

The C15b AuBe5-type crystal structure with the F4̄3m
space group is shown in Fig. 3. There are two kinds of Be
sites �4c and 16e�, and Au atoms occupy only the 4a sites.
For the case when Tb and a part of the Mn atoms in
TbNi2Mn are randomly distributed over the 4a and 4c sites,
we obtain the disordered MgCu2-type structure. The best re-
finement of the neutron-diffraction pattern has been obtained
when we assume that the 4c sites are fully occupied by Tb
atoms, while the 4a and 16e sites are occupied by Tb/Mn
and Ni/Mn atoms, respectively. The agreement factors
achieved are equal to RBr=2.2%, Rf =1.6%, and 
2=3.3. The
best refinement results are shown in Fig. 2. The atomic po-
sitions and site-occupancy factors are listed in Table I. Ac-

FIG. 1. X-ray diffraction pattern of the TbNi2Mn alloy. FIG. 2. �Color online� Room-temperature neutron-diffraction
pattern of the TbNi2Mn alloy. Symbols represent experimental data.
The line through these data points corresponds to the Rietveld
analysis with the structural parameters listed in Table I. The line
below shows the difference between the experimental and calcu-
lated intensities. The lowest line shows the difference for the model
of crystal structure suggested in Ref. 8.

FIG. 3. Crystal structure of AuBe5 �C15b� type.
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cording to these data, the chemical formula of the compound
can be rewritten as �Tb4�4c�Tb2.15Mn1.85�4a�Ni12.86Mn3.14�16e

which corresponds to the composition TbNi2.09Mn0.81. Our
attempts to fix the composition TbNi2Mn and/or to introduce
vacancies lead to an increase in the agreement factors.

In order to clarify the difference between our model of the
crystal structure of TbNi2Mn and that suggested in Ref. 8,
we performed the Rietveld-refinement analysis of our
neutron-diffraction patterns within the MgCu2-type structure
with the site-occupancy factors listed in Ref. 8. The deterio-
ration of the goodness-of-fit procedure, which is evidenced
by the lowest curve in Fig. 2, and the increase, for example,
in the RBr factor up to 7.66% implies that the model of the

AuBe5-type structure with F4̄3m space group is more ad-
equate for the TbNi2Mn compound.

B. Magnetic structure and properties

Figure 4 shows magnetization curves of the TbNi2Mn
sample measured at different temperatures. The sample
shows no anomalies that can be associated with the field-
induced magnetic transitions. The Curie temperature deter-
mined from the Arrot plots amounts to 142 K. This is an
intermediate value between those previously reported for
TbNi2Mn, 131 K �Ref. 8�, and 151 K.18 The reasons for this
difference are likely due to the difference in sample prepara-

tion technique, as well as in the compositions of these non-
stoichiometric alloys.

Using the Arrot plot we determine the spontaneous mag-
netization Ms=79 Am2 /kg at 4.2 K. This value corresponds
to the spontaneous magnetic moment �s=4.7�B / f.u. A close
value of 4.8�B / f.u. for TbNi2Mn was reported by Wang et
al.,8 while a larger saturation moment 5.59�B / f.u. was de-
termined in Ref. 18.

The magnetization curves show no tendency to saturation
in magnetic fields up to 15 T �Fig. 4�. This may be due to
several reasons. First, it may be caused by a polycrystalline
structure of the studied sample. For a random cubic sample
with a high magnetic anisotropy, the ratio of the spontaneous
to saturation magnetizations is 0.831 for the easy �100� axis
and 0.866 for the easy �111� axis. However, for TbNi2Mn at
4.2 K, the relation of Ms to the magnetization in the field
15 T�M15 T� gives the value Ms /M15 T=0.72. Second, the
high-field susceptibility may be due to a canting of the
Tb and T sublattices of the ferrimagnet, if the Tb-Mn �Ni�
exchange interaction is weak. This interaction can be esti-
mated from the dependence of the TC of the RNi2Mn com-
pounds with different R ions on the de Gennes factor G
= �g−1�2J�J+1�.8 Extrapolation of this dependence to G=0
yields the contribution of the T-T exchange interaction to the
Curie temperature as, approximately, 30 K. Considering the
Curie temperature of TbNi2Mn to be 142 K, we can assume
that the contribution of �110 K is associated with the
Tb-Mn �Ni� exchange interaction. The exchange field of this
interaction can be estimated as 165 T. Since the average mo-
ment of the 3d sublattice is 1.7�B / f.u. �see below�, the in-
crease in the magnetization due to the sublattice canting
should not exceed 3.4�B / f.u. in the field 165 T. For the
applied field of 15 T we can expect the maximum magneti-
zation growth from 79 to 84 Am2 /kg which is much smaller
than that observed experimentally. Finally, if we assume that
the zero-field magnetic structure is noncollinear, the high-
field magnetic susceptibility may be due to a gradual align-
ment of the noncollinear magnetic moments.

The magnetic structure of TbNi2Mn has been determined
from the powder neutron-diffraction pattern at 4.2 K pre-
sented in Fig. 5. As it follows from the comparison of Figs. 2
and 5, both the low- and high-temperature neutron diagrams
contain the same reflections. Therefore, the wave vector of a
magnetic structure is k=0. Using this k value, we performed
a symmetric analysis of magnetic structures which could be
realized in the TbNi2Mn compound. The results of the analy-
sis are presented in Tables II and III.

It was found that the ordering of magnetic moments at
both 4a and 4c sites is described by the basis functions of the
only irreducible representation �5 �Table II�. Within this rep-
resentation, the magnetic moments can be oriented along the
edges �100�, face diagonals �110�, and space diagonals �111�
of the crystal unit cell. Only a collinear alignment of the
moments is allowed.

For the 16e sites, a wide variety of the magnetic structures
can appear. As one can see from Table III, the magnetic
ordering of the moments at the 16e position may be both
ferromagnetic ��5� and antiferromagnetic ��2, �3, �4, and �5��.
We performed the refinement of the experimental neutron-
diffraction pattern of Fig. 5 for different combinations of the

TABLE I. Results of the refinement of room-temperature
neutron-diffraction pattern for the atomic positions and site occu-
pancies in the C15b unit cell of the TbNi2Mn compound �a
=7.1842 Å, RBr=2.2% , Rf =1.6% , 
2=3.3�.

Atom Position x /a y /a z /a

Occupancy
coefficient
at 295 K

Tb 4a 0 0 0 0.538�1�
Mn 4a 0 0 0 0.462�1�
Tb 4c 0.25 0.25 0.25 1.0

Mn 16e 0.624�1� 0.624�1� 0.624�1� 0.196�1�
Ni 16e 0.624�1� 0.624�1� 0.624�1� 0.804�1�

FIG. 4. �Color online� Magnetization curves of TbNi2Mn at dif-
ferent temperatures.
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basis functions. The minimum values of the agreement fac-
tors �
2=12.8, RBr=3.5%, Rf =2.5%, and Rmag=5.3%� are
achieved for the magnetic structure described by the basis
functions of the �5 representation for all the crystallographic
sites. For this structure, the average magnetic moments of the
ions occupying the 4a and 4c sites are parallel to each other,
but they are antiparallel to the moments at the 16e positions.
The refined values of the average moments at the 4a, 4c, and
16e positions are equal to �a=4.2�2�, �c=5.4�2�, and �e
=0.49�3��B, respectively. The total magnetic moment is
5.0�7��B / f.u., which is in satisfactory agreement with the
results of the bulk magnetization measurements �4.7�B / f.u.�.

Since we used powder unpolarized neutron diffraction, we
cannot distinguish how the magnetic moments are oriented
relative to the crystallographic axes. X-ray diffraction study
of the aligned sample, which is a standard way of determin-
ing of the easy magnetization direction, cannot be applied to
the paramagnetic at room-temperature TbNi2Mn compound
with the cubic lattice. It should be noted that the Laves phase
TbT2 compounds for T=Ni, Co, Fe have the �111�-type easy
axis.9,19,20

In order to determine the values of the Tb-, Mn-, and
Ni-ion moments from the average moments at the 4a, 4c,
and 16e sites we have to make several additional assump-
tions. To reduce the number of variables we postulate the

moments of Mn atoms at the 4a and 16e positions to be the
same. The Ni ions are known to possess only a small induced
moment in the RNi2 compounds.11 However, if we assume
�Ni=0 for TbNi2Mn then the Tb moment at the 4a position
exceeds its free-ion value 9�B for all the considered models
of the magnetic structure. To reduce the Tb moment we have
to accept that Ni ions possess magnetic moment in TbNi2Mn.
This result can be explained qualitatively by a change in a
number of 3d electrons. Since Mn has less 3d electrons than
Ni, alloying with Mn may cause electron transfer from the Ni
to the Mn 3d subband, which may lead to splitting the Ni
subband. On the other hand, the appearance of the Ni mag-
netic moment will lead to an increase in both T-T and R-T
exchange interactions, which corroborate well with the ob-
served growth of the Curie temperature.

Using the above assumptions and the occupation coeffi-
cients listed in Table I, we obtained the values of the Tb-ion
moments at the 4a and 4c sites to be 9.0 and 5.4�2��B,
respectively. The Mn- and Ni-ion magnetic moments are
equal to 1.4�2� and 0.3�2��B, respectively. Here, the Ni mo-
ment is the minimum required for the Tb moment to not
exceed its free-ion value.

A reduced average Tb-ion magnetic moment of 5.4�B for
the 4c site implies that some of the Tb moments deviate from
the average magnetization direction. Owing to a random oc-
cupation of a part of the 4a sites by the Mn ions, the local
easy axes for the Tb atoms at the 4c sites may be randomly
distributed over the crystal. The complete field-induced
alignment will lead to the increase in the Tb-ion moment at
4c position up to 9�B /atom, which causes the magnetization
growth from 79 up to 123 Am2 /kg. This estimation is in
agreement with the observed behavior of the high-field mag-
netization curves of TbNi2Mn at low temperature �Fig. 4�.

The partial magnetic disordering in TbNi2Mn is evi-
denced also by a presence of broad maxima of the diffusive
scattering on the neutron diagram recorded at 4.2 K �see Fig.
5�. These maxima can be clearly seen near the Bragg �111�
and �220� reflections. Since the intensity of these reflections
depend, mainly, on the Tb-ion magnetic moments, one can
assume that the diffusive maxima near the �111� and �220�
reflections originate from fluctuations of the Tb-ion magnetic
moments. The correlated length of the fluctuations, estimated
from the half width of the diffusive maximum near the �111�
reflection, is equal to approximately 7–10 Å. The long-
range magnetic order in TbNi2Mn is affected by the short-
range magnetic fluctuations which are localized within the
elementary cell.

TABLE II. Basis functions of the irreducible representations of the space group F4̄3m at the positions 4a
and 4c for the wave vector k=0.

Representation

Atom

1�0, 0, 0� 2�0, 0.5, 0.5� 3�0.5, 0, 0.5� 4�0.5, 0.5, 0�
1�0.25, 0.25, 0.25� 2�0.25, 0.75, 0.75� 3�0.75, 0.25, 0.75� 4�0.75, 0.75, 0.25�

�5 �r ,0 ,0�a �r ,0 ,0� �r ,0 ,0� �r ,0 ,0�
�0,r ,0� �0,r ,0� �0,r ,0� �0,r ,0�
�0,0 ,r� �0,0 ,r� �0,0 ,r� �0,0 ,r�

ar=0.333.

FIG. 5. �Color online� Neutron-diffraction pattern of TbNi2Mn
at 4.2 K. Symbols represent experimental data. The line through
these data points corresponds to the Rietveld refinement. The lowest
line shows the difference between the experimental and calculated
intensities.
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IV. CONCLUSION

In summary, we studied a TbNi2Mn compound by x-ray,
neutron diffraction, and bulk magnetization measurements.
We found the superstructure reflections in both x-ray and
neutron-diffraction patterns, which indicate that the com-

pound has the AuBe5-type structure �space group F4̄3m�
rather than the MgCu2-type Laves phase structure suggested
previously. The magnetic structure can be described by the
basis functions of the �5 irreducible representation as an an-
tiparallel ferrimagnetic ordering of the averaged Tb, Mn, and
Ni moments. The Ni atoms possess a magnetic moment of at
least 0.3�B. It is the appearance of the Ni magnetic moment
that may be responsible for the observed drastic increase in
the Curie temperature of TbNi2Mn in comparison with that
of TbNi2. However, the magnetic structure of TbNi2Mn can-
not be considered as a simple collinear ferrimagnet. The Tb
magnetic moment in the 4c site is considerably reduced. The

neutron-diffraction patterns at 4.2 K indicate strong magnetic
fluctuations with the correlation length of 7–10 Å. The
magnetization curves exhibit an enhanced high-field suscep-
tibility and no saturation in magnetic fields up to 15 T. All
these features are attributed to the formation of a random
magnetic anisotropy and noncollinear arrangement of the Tb-
ion magnetic moments at the 4c position.
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