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Abstract
We have determined the magnetic structure of the intermetallic compound TmGa by
high-resolution neutron powder diffraction and 169Tm Mössbauer spectroscopy. This
compound crystallizes in the orthorhombic (Cmcm) CrB-type structure and its magnetic
structure is characterized by magnetic order of the Tm sublattice along the a-axis. The initial
magnetic ordering occurs at 15(1) K and yields an incommensurate antiferromagnetic
structure described by the propagation vector k1 = [0 0.275(2) 0]. At 12 K the dominant
ferromagnetic ordering of the Tm sublattice along the a-axis develops in what appears to be a
first-order transition. At 3 K the magnetic structure of TmGa is predominantly ferromagnetic
but a weakened incommensurate component remains. The ferromagnetic Tm moment reaches
6.7(2) µB at 3 K and the amplitude of the remaining incommensurate component is 2.7(4) µB.
The 169Tm hyperfine magnetic field at 5 K is 631(1) T.

Keywords: magnetic structure, Mossbauer spectroscopy, rare-earth intermetallics

(Some figures may appear in colour only in the online journal)

1. Introduction

The orthorhombic RGa (R = rare earth) intermetallic com-
pounds crystallize in the CrB-type Cmcm(#63) structure
with one R site and one Ga site, both 4c. The RGa com-
pounds were first prepared in the early 1960s [1–4] and have
recently attracted some interest due to their potential for use
in magnetocaloric-effect-based low-temperature refrigeration
applications [5–10]. In general, the RGa compounds order
ferromagnetically with a Curie temperature that ranges from
a high of 183 K in GdGa [11] to a low ∼15 K for TmGa
[12, 9]. Neutron diffraction work on TbGa was reported in
1964 by Cable et al [13] which showed that the Tb moments
order along the c-axis. In 1971, Barbara et al [14] used neutron
diffraction to show that ErGa orders in a canted structure
with ferromagnetism along the a-axis and antiferromagnetism
along the b-axis, with a canting angle of 34(3)◦ from the a-axis.
In a previous paper [15] we presented a neutron diffraction
study of HoGa in which we observed a spin-reorientation
of the magnetic structure of the Ho sublattice. We have also

recently used a combination of 155Gd Mössbauer spectroscopy
and neutron powder diffraction to study the spin-reorientation
in GdGa [16] in which the crystallographically equivalent Gd
4c sites split into two magnetically-inequivalent sub-sites.

The subject of this paper is TmGa which was reported
to be a ferromagnet with a Curie temperature of 15(1) K by
Gao et al [9]. Specific heat measurements on TmGa showed
two magnetic transitions occurring at 15 and 12.5 K, the upper
transition being the Curie temperature and the lower suggested
to be a spin-reorientation. Single-crystal magnetization mea-
surements on TmGa at 4.2 K by Gao et al [9] indicated that the
magnetic order is along the a-axis. A substantial magnetization
along the a-axis was observed and a Tm magnetic moment at
2 K of 6.06µB in an applied magnetic field of 7 T was reported.
This is significantly smaller than the ‘free-ion’ value of 7 µB.
It is also clear from the curvature of the magnetization data
presented by Gao et al [9] that the magnetic structure of TmGa
below the ‘Curie’ temperature is more complex than a simple
ferromagnet.
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In this paper we determine the magnetic structure and the
nature of the ∼12 K ‘spin-reorientation’ in TmGa using high-
resolution neutron powder diffraction and 169Tm Mössbauer
spectroscopy. We shall show that the magnetism of TmGa
is predominantly ferromagnetic but involves a coexistence of
commensurate and incommensurate components, suggesting
that the transition at ∼12 K is not a ‘spin-reorientation’ but
is likely to be a first-order transition from incommensurate
antiferromagnetism to commensurate ferromagnetism.

2. Experimental methods

The TmGa sample was prepared in an argon-arc furnace.
Stoichiometric amounts of the pure elements (Tm (99.9%)
and Ga (99.999%)) were melted several times under pure
(less than 1 ppm impurity) argon to ensure homogeneity.
X-ray powder diffraction measurements were made at room
temperature on a PANalytical X’Pert Pro diffractometer using
Cu Kα radiation. Neutron diffraction experiments were carried
out on the Echidna high-resolution powder diffractometer at
the OPAL reactor in Sydney, Australia [17] using a neutron
wavelength (λ) of 2.4395(5) Å. The neutron diffraction data
were corrected for absorption effects and all patterns were
refined using the Rietveld method and the FullProf/WinPlotr
programs [18, 19].

Magnetization and susceptibility measurements were
made on a Quantum Design PPMS operating down to 2 K.
The susceptibility measurements used an ac-field of amplitude
796 A m−1 (10 Oe) with a frequency of 137 Hz. The isothermal
magnetization was measured in an applied field up to 9 T.

169Tm-Mössbauer spectra were recorded for TmGa
(∼10 mg cm−2) using a 30 mCi 169Er:168Er (10 wt%)Al
source prepared by neutron-activation in the OPAL reactor in
Sydney. The spectrometer was operated with the sample fixed
in a helium cryostat and the source mounted on an external
sinusoidal motion drive. Velocity calibration was obtained
using standard samples of TmFe2 [20] at 5 K and TmF3 [21]
at 80 K for the relevant operating conditions, cross-checked
with a laser interferometer. At 5 K, the linewidth of the outer
absorption lines of the TmFe2 spectrum was 16(1) mm s−1

(HWHM). (The 169Tm Mössbauer M1 transition involves
excited and ground state spins of 3

2
+

and 1
2
+

, as is the case
with the more familiar 57Fe transition. The source half-life is
9.4 d, the γ -ray energy is 8.4 keV and the ‘natural’ line width
is 8.1 mm s−1 [22, 23].)

3. Results

Refinement of the x-ray powder diffraction pattern obtained
at 295 K and shown in figure 1 confirmed the formation
of the orthorhombic CrB-type Cmcm phase. The Tm–Ga
phase diagram shows five stoichiometric compounds in the
range 25–65 at.% Tm and it proved impossible to prepare
single-phase TmGa. Our best sample contained ∼3 wt%
of Tm3Ga5, as determined from the Rietveld refinements
of the diffraction data. The refined lattice parameters of
TmGa at 295 K are a = 4.2619(2) Å, b= 10.7349(2) Å and
c= 4.0320(1) Å.

Figure 1. X-ray powder diffraction pattern of TmGa obtained at
295 K with Cu Kα radiation. The blue line shows the difference
between the experimental and refined theoretical patterns.

Figure 2. Temperature dependence of the ac-susceptibility of TmGa
obtained in an alternating magnetic field of amplitude 796 A m−1 at
a frequency of 137 Hz.

3.1. Magnetometry

In figure 2 we show the temperature dependence of the
ac-susceptibility of TmGa. Two clear magnetic transitions
occur with peak temperatures of 14.2(5) and 11.6(5) K, in
agreement with the results of Gao et al [9] (15 and 12.5 K). In
figure 3 we show the magnetization of TmGa obtained at 2 K
in an applied magnetic field up to 9 T. The field-dependent data
show that TmGa is predominantly ferromagnetic at 2 K with
a saturation moment of 5.7(1) µB at 9 T, substantially smaller
than the maximum value of 7 µB expected for Tm3+. These
results are in agreement with the findings of Gao et al [9]. We
clearly observe hysteretic effects in the magnetization curve.
If we extrapolate the magnetization to zero-field, allowing for
demagnetization effects, we obtain a ‘zero-field’ Tm moment
of 4.8(1) µB. This ‘zero-field’ moment will become significant
when we discuss the neutron diffraction refinements. The
pronounced gradient of the magnetization curve suggests that
even at 2 K the magnetic structure of TmGa is not quite a
simple ferromagnet (see below).

3.2. Neutron diffraction

In figure 4 (upper panel) we show the set of neutron diffraction
patterns obtained on TmGa over the temperature range 3–25 K.
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Figure 3. Magnetization of TmGa obtained at 2 K, showing both the
field-increasing and the field-decreasing curves.

Figure 4. (Top) Neutron powder diffraction patterns of TmGa
obtained at (bottom to top) 25, 16, 12, 9, 6 and 3 K
(λ= 2.4395(5) Å). (Bottom) The same patterns as above but over
the narrower angular range of 2θ = 40◦–50◦.

Strong magnetic contributions are seen in the patterns obtained
at 12 K and below. These contributions are most pronounced
in the angular range 40≤ 2θ◦ ≤ 50 and in the lower panel of
figure 4 we show this angular range on an expanded scale. The
strong ferromagnetic contribution to the diffraction patterns
can also be seen in the three lowest-temperature patterns in the
angular range around 2θ ∼ 90◦.

The pattern obtained at 12 K shows magnetic contribu-
tions which are incommensurate with the Cmcm lattice. These

Figure 5. Refined neutron powder diffraction pattern of TmGa
obtained at 25 K (λ= 2.4395(5) Å).

Table 1. Crystallographic data for TmGa in the orthorhombic
Cmcm cell, refined from the neutron diffraction pattern obtained at
25 K: a = 4.2367(5) Å, b= 10.6472(11) Å, c= 4.0041(5) Å.

Atom Site Point symmetry x y z

Tm 4c m2m 0 0.3591(1) 1
4

Ga 4c m2m 0 0.0772(2) 1
4

are prominent at 2θ ∼ 43◦ and 47.5◦. Upon further cooling,
these incommensurate ‘satellites’ weaken as the strong central
(021) peak appears at 2θ = 45◦. The (021) peak is an al-
lowed nuclear/ferromagnetic peak for the Cmcm space group
(h+ k = even). However, the incommensurate satellites group
(h + k = even). However, the incommensurate satellites re-
main, even at 3 K, albeit with a reduced intensity. The pattern
at 12 K shows no magnetic contribution to the (021) peak.
Thus, we may say that the upper magnetic ‘event’ observed
at 14–15 K by magnetometry and specific heat measurements
corresponds to an initial magnetic ordering process that is
incommensurate with the lattice (i.e. antiferromagnetic). The
lower ‘event’ at 11.6–12.5 K corresponds to the development
of the dominant ferromagnetic order, as seen from the (021)
peak, rather than a spin-reorientation.

3.3. Nuclear diffraction pattern at 25 K

In figure 5 we show the neutron powder diffraction pattern
of TmGa, obtained at 25 K. The initial magnetic ordering
temperature is 14.2 K (figure 2) so the 25 K pattern comprises
only the nuclear scattering from the orthorhombic Cmcm cell.
In table 1 we give the atomic position parameters for TmGa
deduced from our refinement of the 25 K nuclear diffraction
pattern. The conventional R-factors for this refinement are
RF = 4.4 and RBragg = 4.7.

3.4. Magnetic diffraction pattern at 12 K

In figure 6 we show the neutron powder diffraction pattern
of TmGa, obtained at 12 K. At this temperature, the initial
magnetic ordering has commenced. The best refinement to this
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Figure 6. Refined neutron powder diffraction pattern of TmGa
obtained at 12 K (λ= 2.4395(5) Å). The two rows of Bragg position
markers are (top) nuclear and (bottom) incommensurate
magnetic k1.

Table 2. Representational analysis for the Tm(4c) site in TmGa with
a propagation vector [0 0.275 0]. The 4c site splits into two ‘orbits’.

Representation Moment direction

02 Y
03 Z
04 X

pattern involves the propagation vector k1 = [0 0.275(2) 0], in
standard reciprocal lattice units (2π/a etc). This incommen-
surate modulation of the Tm moments is either sinusoidal
or square-wave; we did not observe higher harmonics of
the k-vector which suggests sinusoidal modulation although
the relative weakness of the magnetic scattering precludes a
definitive resolution of this modulation.

In order to consider all possible magnetic structures
allowed for TmGa, we carried out representational analysis
for the Tm 4c site using the BASIREPS program, part of the
FullProf/WinPlotr suite [18, 19]. The decomposition of the
magnetic representation, for k1 = [0 0.275 0], comprises three
one-dimensional representations:

04c
Mag = 10(1)2 + 10(1)3 + 10(1)4 (1)

and the basis vectors of these irreducible representations are
given in table 2.

The best refinement was obtained with the Tm moments
aligned along the a-axis, corresponding to the 04 represen-
tation. The refined amplitude of the Tm magnetic moment
at 12 K is 3.1(1) µB with a magnetic phase of 0.13∗2π
between the two Tm ‘orbits’. The conventional R-factors for
this refinement are RBragg = 5.3, RF = 3.2 and RMag = 9.9.

3.5. Magnetic diffraction pattern at 3 K

In figure 7 we show the neutron powder diffraction pattern of
TmGa, obtained at 3 K. At this temperature, the magnetic
ordering is well established. Our initial refinement to this

Figure 7. Refined neutron powder diffraction pattern of TmGa
obtained at 3 K (λ= 2.4395(5) Å). The three rows of Bragg position
markers are (top) nuclear, (middle) ferromagnetic k2 and (bottom)
incommensurate magnetic k1.

Table 3. Representational analysis for the Tm(4c) site in TmGa with
a propagation vector [0 0 0]. The respective atomic positions are
(x, y, z), (x̄, ȳ, z̄), ( 1

2 + x, 1
2 + y, z), and ( 1

2 − x, 1
2 − y, z̄).

Representation
Ordering
mode

Magnetic
group

Moment
arrangement

02 GY Cm′c′m′ +−+−

03 FZ Cm′c′m ++++

04 GX Cm c m′ +−+−

05 FY Cm′c m′ ++++

07 FX Cm c′m′ ++++

08 GZ Cm′c m +−+−

pattern involved two propagation vectors: a dominant ferro-
magnetic component k2 = [0 0 0], as evidenced by the strong
(021) peak between the two incommensurate ‘satellites’, along
with the incommensurate k1 = [0 0.271(3) 0], essentially the
same as found at 12 K.

Representational analysis for the Tm 4c site and the prop-
agation vector k2 = [0 0 0] yields the magnetic representation

04c
Mag = 10(1)2 + 10(1)3 + 10(1)4 + 10(1)5 + 10(1)7 + 10(1)8 (2)

and the basis vectors of these irreducible representations are
given in table 3. In this table we have also included the mag-
netic space groups associated with the purely ferromagnetic
k2 = [0 0 0] order.

The ferromagnetic component of the Tm order also has
the Tm moments aligned along the a-axis, consistent with
the magnetometry/susceptibility data and corresponding to the
07 (Cmc′m′) representation. The refined Tm ferromagnetic
component is 5.2(1) µB. The weakened incommensurate
modulation of the Tm moments, propagating along the b-axis,
has an amplitude of 2.1(2) µB, significantly reduced from
the value of 3.1 µB observed at 12 K. The conventional
R-factors for this refinement are RBragg = 7.3, RF = 4.2 and
RMag = 16.4.

At this point, there was a glaring inconsistency between
the good refinement of the 3 K neutron diffraction pattern and
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Figure 8. Ferromagnetic (left) and incommensurate (right) magnetic
structures of the Tm sublattice in TmGa, shown as projections onto
the ab-plane. Two cells along the b-axis (vertical direction) are
shown.

the 169Tm Mössbauer results. As we will show in section 3.7,
the 169Tm Mössbauer spectrum of TmGa recorded at 5 K is a
reasonably sharp magnetically split sextet that corresponds
to a Tm3+ moment of 6.67(5) µB, much larger than the
ferromagnetic Tm moment of 5.2(1)µB deduced from the
initial refinement of the 3 K neutron diffraction pattern. The
Tm moment deduced by Mössbauer spectroscopy is almost
saturated (gJ J → 7 µB for Tm3+). However, as discussed
earlier, our magnetization measurements, as well as those of
Gao et al [9], support the lower value of the Tm moment.

The resolution of this discrepancy lies in recognizing that
the two propagation vectors describing the magnetic structure
of the Tm sublattice in TmGa actually describe different
magnetic phases rather than a single, longitudinally-modulated
ferromagnetic phase. In other words, the lower-temperature
magnetic transition is most likely a first-order transition
below which some of the Tm moments are ferromagnetically
ordered whilst the others remain incommensurate and these
two magnetic phases coexist.

A new refinement of the 3 K neutron diffraction pattern
using the ferromagnetic Tm moment of 6.67(5) µB, found
by 169Tm Mössbauer spectroscopy, yields phase fractions of
60(3)% ferromagnetic and 40(3)% incommensurate antiferro-
magnetic. The calculated net magnetization of TmGa at 3 K, is
therefore 4.0(2) µB per formula unit, in reasonable agreement
with the magnetometry measurements (2 K). The conventional
R-factors for this new refinement are RBragg = 6.2, RF = 3.8
and RMag = 14.4.

In figure 8 we compare the ferromagnetic and incom-
mensurate magnetic structures of the Tm sublattice in TmGa,
drawn using the FullProf-Studio program. These structures are
shown as projections onto the ab-plane with two cells-lengths
along the b-axis, to illustrate the incommensurate propagation
along the b-axis.

3.6. The crystal field in TmGa

Gao et al [9] measured the ac-susceptibility of a single-crystal
of TmGa along the three principal crystallographic axes and

one can use this information to estimate the second-order
crystal field terms acting on the Tm3+ ion. Following the
procedure outlined in the papers by Boutron [24, 25] and
Bowden et al [26] and employed by Shohata et al in their
study of the RGa series [27, 28], the paramagnetic Curie
temperatures along the a, b and c axes of a single-crystal
with orthorhombic symmetry can be written as

θa = θ + (2J − 1)(2J + 3)(B20+ B22)/10 (3)
θb = θ − (2J − 1)(2J + 3)B20/5 (4)
θc = θ + (2J − 1)(2J + 3)(B20− B22)/10 (5)

where θ is the paramagnetic Curie temperature in the absence
of crystal-field effects, J is the total angular momentum of
the Tm3+ ion (J = 6) and the crystal-field parameters B20
and B22 are measured in units of kelvin. It is implicit in the
above equation that the principal z-axis of the crystal-field
is taken to be the crystallographic b-axis. The measured
values of the paramagnetic Curie temperatures are θa = θb =

+16 K and θc =−21 K [9], yielding crystal-field parameters of
B20 =−0.37 K and B22 =−3B20 =+1.11 K. The arbitrary
choice of the b-axis as the z-axis of the electric field gradient
(EFG) clearly does not correspond to the ‘principal axis’
since |B22| > |B20|. If we rotate the crystal-field frame so
that the new z-axis is the crystallographic c-axis we obtain
B20 = +0.75 K and B22 = 0, i.e. the principal EFG frame.
Furthermore, these parameters yield an EFG asymmetry pa-
rameter η of zero (= |B22|/|B20|). We note here that the
suggestion of η= 0 is not dictated by the orthorhombic m2m
point symmetry of the Tm site. The observation of η ∼ 0
reflects the weakness of the anisotropy between the crystal
a- and b-directions (it is implicit in this simplified discussion
that the higher-order crystal-field effects have been neglected.
The fact that the Tm magnetic order is along the a-axis, as we
shall see later, clearly illustrates the effects of terms other than
the second-order crystal-field used in the above discussion).
The observation that B20 (relative to the c-axis) is positive
indicates that the easy direction of magnetic order of the Tm
sublattice is perpendicular to the c-axis i.e. in the ab-plane.
This is fully consistent with our neutron diffraction work and
the single-crystal susceptibility results [9].

3.7. 169Tm Mössbauer spectroscopy

In figure 9 we show our set of 169Tm-Mössbauer spectra
recorded over the temperature range 5–295 K. Above 15 K
the spectra are asymmetric paramagnetic doublets whose
quadrupole splitting decreases with increasing temperature
as the higher levels of the Tm3+ crystal field split 4f shell
are thermally populated. The temperature dependence of the
quadrupole splitting is shown in figure 10.

Below 12 K, the spectra are dominated by a magnetically-
split sextet, consistent with the ferromagnetic order determined
by neutron diffraction. However, the 12.9 K spectrum is
intriguing in that it has the form of a broadened paramagnetic
doublet even though it is located well within the tempera-
ture range over which the incommensurate antiferromagnetic
structure is observed. A key feature of all the Mössbauer
spectra is the relaxation line broadening. Even at 5 K, the
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Figure 9. 169Tm Mössbauer spectra of TmGa covering the temperature range 5–295 K. (Note the different velocity scales in the two plots.)

Figure 10. Temperature dependence of the quadrupole splitting,

1EQ = |
1
2 eQVzz

√
(1+ η2

3 )|, of the excited (I = 3/2) 169Tm
nuclear level in paramagnetic TmGa (solid symbols). For
comparison, the temperature dependence of the quadrupole shift
term, 2ε = 1

2 eQVzz , derived from the magnetic 169Tm-Mössbauer
spectra, is also included (open symbols). The lines are provided as a
visual guide.

fitted linewidths for the outer lines of the TmGa spectrum are
larger than those obtained for the TmFe2 calibration spectrum
(HWHM of 21 mm s−1 compared with 16 mm s−1). An
explanation for the apparent contradiction may lie in temporal
fluctuations of the incommensurate phase’s local Tm moments
at a rate that is slow in terms of the neutron scattering time
but comparable to the 169Tm nuclear Larmor precession. For
the neutron wavelength of 2.4395 Å employed here, a single
neutron scattering event (e.g. traversing a distance of 20 unit
cells) represents a measurement time of t ∼ 0.01 ns. At 5 K, the
magnetic hyperfine field measured at the 169Tm nucleus (see
below) corresponds to a Larmor precession time of τ ∼ 0.5 ns
which is 50 times larger. This value will increase further as the
temperature increases and the hyperfine field is reduced. If we

accept that relaxation broadening is a signature of the incom-
mensurate phase, then the presence of an additional broadened
doublet (green lines) in the 10 K spectrum offers support
for the neutron diffraction results where the incommensurate
mode was observed to persist to temperatures well below the
first-order transition temperature.

Because of the large magnetic splitting involved, the 5 K
169Tm spectrum can be interpreted in terms of a simple (first-
order perturbation) nuclear Hamiltonian, using conventional
notation:

HN = gnµN Bhf Îz +
1

12 (eQVzz)[3 Î 2
z − I (I + 1)] (6)

with a fitted hyperfine field of Bhf = 631(5) T and an electric
field gradient of Vzz =−54.7(9)× 1021 V m−2. It is reason-
able to assume that any transferred magnetic hyperfine field
at the 169Tm nuclei from the neighboring ferromagnetically
ordered Tm moments is negligible and this is undoubtedly the
case relative to the overwhelming 4f contribution. Therefore
we can assume that the measured Bhf is fully 4f in origin. In any
event, the contributions to the 169Tm hyperfine field in TmGa
will be proportional to 〈Jz〉. Comparison of the experimental
hyperfine field value with the ‘free ion’ value of 662.5 T [29]
then yields a CF-quenched expectation value of 〈Jz〉 = 5.71(5)
and hence a local Tm3+ moment of 6.67(5) µB, just 5% less
than the maximum allowed value of 7 µB.

4. Conclusions

We have used neutron powder diffraction to show that the ini-
tial magnetic ordering at 14.2 K of the Tm sublattice in TmGa
is incommensurate antiferromagnetic along the orthorhombic
a-axis. A second magnetic transition at 11.6 K is suggested to
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be first-order in which the majority of the Tm moments effec-
tively ‘lock-in’ to a dominant ferromagnetism along the a-axis
with the minority remaining in the incommensurate state. At
3 K the Tm ferromagnetic moment is 6.7(1) µB and 60(3)%
of the Tm moments are involved in the ferromagnetic order.
The 169Tm hyperfine magnetic field measured by Mössbauer
spectroscopy at 5 K is 631(5) T.
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