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Spin-reorientation in GdGa
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Abstract We have determined the magnetic structure of the intermetallic compound
GdGa by »Gd Méssbauer spectroscopy and neutron powder diffraction. This
compound crystallizes in the orthorhombic (Cmcm) CrB-type structure. It orders
ferromagnetically at T, = 190(2) K and then undergoes a spin reorientation at
Tsg = 68(2) K. Between T, and Tgg, the magnetic structure is characterized by
ferromagnetic order of the Gd moments along the b-axis. On cooling below Tgg,
the Gd 4¢ magnetic moments split into two groups (2:2). At 3.6 K, the Gd moment is
6.7(4) np, and the Gd magnetic moments are in the b c-plane, canted by 84(3)° and
46(4)° with respect to the crystallographic b -axis. This splitting into two magnetically
inequivalent sites is confirmed by our 5 K *Gd Mossbauer results.

Keywords Magnetic structure - 1>3Gd Mdssbauer spectroscopy -
Neutron diffraction - Rare earth intermetallics

1 Introduction

The orthorhombic RGa (R = rare earth) intermetallic compounds crystallise in the
CrB-type Cmcm (#63) structure with one R site and one Ga site, both 4c. The
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RGa compounds were first prepared in the early 1960’s [1-4]. They order ferro-
magnetically with a Curie temperature ranging from a high of ~187 K in GdGa
[5-10] to a low of 15 K for TmGa [6, 11]. Neutron diffraction determinations of the
magnetic structures in this system have been reported for TbGa [12], ErGa [13] and
HoGa [14].

Hyperfine studies of the RGa series have been carried out using ''°Sn Mossbauer
spectroscopy on Sn-doped RGa samples [9, 15], ' Dy Méssbauer spectroscopy
[16] and Perturbed Angular Correlation spectroscopy [17]. In 1992, Nesterov et
al. [15] used '"Sn-doped samples to demonstrate that NdGa, HoGa and ErGa
undergo spin-reorientations upon cooling. This Mossbauer work was extended by
Delyagin et al. [9]. Within the last few years, the RGa compounds have attracted
some interest due to their potential for use as magnetocaloric-effect-based low-
temperature refrigeration materials [10, 18-20].

In this paper we present the results of our >Gd Méssbauer spectroscopy and
neutron powder diffraction work carried out on GdGa. This compound is a ferro-
magnet with a Curie temperature of 187(4) K [5-10] and was reported to undergo
a spin-reorientation at around 85 K [9, 10]. Electronic structure calculations on
GdGa by Liu and Altounian [21] predicted a Curie temperature of 187 K, in good
agreement with our experimental value of 190(2) K. Our interest in this compound
stems from the ''Sn Mossbauer work of Delyagin et al. [9] who found that while a
single sextet was sufficient to fit the ''”Sn spectra of Sn-doped GdGa between T, and
Tsg, below Tsg two equal-area sextets were required, in contrast to the other RGa
compounds that they studied where a single sextet was sufficient at all temperatures.
The fact that two sextets were required to fit the ''°Sn spectra obtained below Tgg
was interpreted as indicating that the crystallographically equivalent Gd 4c sites split
into two magnetically-inequivalent sites with different magnetic orientations within
the crystal cell. These authors used the magnitude and temperature dependence of
the electric quadrupole splitting to suggest that between T, and Tgg, the gadolinium
moments in GdGa lie in the ab-plane canted by an angle of 57° away from the
crystallographic g-axis. In their analysis, the subsequent reorientation leaves the
gadolinium moments in the ab-plane, but split into two distinct magnetic sublattices
canted by 30(5)° and 64(5)° away from the crystallographic a-axis.

Our aim here is to make a direct measurement of the ordering directions of the Gd
moments above and below Tsg using neutron diffraction and *>Gd Massbauer spec-
troscopy, and to determine if the Gd—4c site does indeed split into two magnetically
inequivalent sites below the reorientation temperature.

2 Experimental methods
2.1 Sample preparation and characterization

The polycrystalline GdGa sample was prepared by melting high purity starting
elements (Alfa Aesar, (Gd (99.9 %) and Ga (99.999 %)) in an argon-arc furnace
under a purified argon gas atmosphere. To promote homogeneity, the sample was
wrapped in Tantalum foil and then annealed at 850 °C for three weeks in an
evacuated quartz tube. The sample purity was checked by x-ray diffraction using a
Siemens D5000 diffractometer and Cu-K, radiation. The a.c. magnetic susceptibility
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was measured at a frequency of 377 Hz down to 4 K in a magnetic field of amplitude
1.5 mT.

2.2 Mossbauer spectroscopy

The 50 mCi '*Sm source was prepared by neutron activation of >*SmPd;. The
source and sample were mounted vertically in a helium flow cryostat and the drive
was operated in sinusoidal mode. The 86.55 keV Mossbauer y-photons were isolated
from the various x-rays emitted by the source with a high-purity Ge detector.
The drive system was calibrated using a laser interferometer with velocities cross
checked against both ’CoRh/a-Fe at room temperature and '>SmPd;/GdFe, at
5 K. The sample temperature was monitored with a calibrated Cernox thermometer.
The spectra were fitted using a non-linear least-squares minimization routine using
an exact solution to the full Hamiltonian [22]. The electric quadrupole coupling
constants (ground state) obtained from the fits are referred to as eQV ;.

2.3 Neutron diffraction

Natural gadolinium is the most powerful neutron absorbing element in the Pe-
riodic Table and conventional powder diffraction on a sample such as GdGa,
which contains 50 at.% Gd, is impractical. However, we have used a large-area,
flat-plate sample holder [23] to great effect in recent studies of highly-absorbing
samples [24-28] and this method was used in the present study of GdGa. Neutron
diffraction experiments were carried out on the C2 multi-wire powder diffractometer
(DUALSPEC) at the NRU reactor, Canadian Neutron Beam Centre, Chalk River,
Ontario. To prepare the flat-plate samples for the neutron diffraction measurements
~ 170 mg (about a 1/e absorption thickness) of finely powdered material was spread
across a 2.4 cm by 8 cm area on a 600 um thick single-crystal silicon wafer and
immobilised using a 1 % solution of GE-7031 varnish in toluene/methanol (1:1).
A second silicon wafer was used as a cover. The two plates were mounted in an
aluminium frame and loaded into a closed-cycle refrigerator with the sample in a
partial pressure of helium to ensure thermal uniformity. The plate was oriented with
its surface normal parallel to the incident neutron beam to maximise the total flux
onto the sample and the measurements were made in transmission mode. A neutron
wavelength (1) of 1.3286(1) A was used as no long-period antiferromagnetic ordering
modes were expected. All full-pattern magnetic and structural refinements employed
the FullProf/WinPlotr suite [29, 30] with neutron scattering length coefficients for
natural Gd taken from the tabulation by Lynn and Seeger [31]. As all of the key
magnetic reflections occurred below 260 = 35°, no absorption correction was applied,
however the data were truncated at 260 = 35° to minimise the potential impact of
angle-dependent absorption effects.

3 Results
Refinement of the x-ray powder diffraction pattern obtained at 295 K (Fig. 1)

confirmed the formation of the CrB-type Cmcm orthorhombic phase. Small amounts
(around 3 wt% total) of GdGa, and Gd,0O3 impurity phases were present in the
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Fig. 1 X-ray powder 9000
diffraction pattern of GdGa

obtained at 295 K with Cu-K,,

radiation. The sets of Bragg 7000
markers (top to bottom)
represent GdGa, GdGa, and
Gd,03
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Table 1 Crystallographic data ‘Ao Site Point symmetry y
(at 295 K) for GdGa
determined by x-ray Gd 4c m2m 0.3614(3)
diffraction Ga 4c m2m 00785(5)

Orthorhombic Cmcm (#63)

a=4345(DA b =11.0193)A ¢=4.108(1) A
Rirage = 7.3 Rp=8.1

The 4c site is generated by (0,
v, )

sample. The crystallographic data obtained by refinement of the x-ray diffraction
pattern are given in Table 1.

In Fig. 2 we show the temperature dependence of the a.c.-susceptibility and the
magnetization (obtained in a field of 50 mT) of GdGa. The Curie temperature of
GdGa is 190(2) K and the spin-reorientation of the magnetic structure at 68(2) K is
clear in all signals.

3.1 Neutron diffraction

In Fig. 3 we plot the neutron powder diffraction patterns of GdGa, showing the
nuclear pattern obtained at 220 K and also the differences between the patterns at
110 K and 220 K and between 3.6 K and 220 K. These difference plots show the
magnetic contributions to the overall scattering.

In Fig. 4 we show the refinements of the neutron powder diffraction patterns
of GdGa, obtained at 220 K (in the paramagnetic state showing only the nuclear
scattering), at 110 K (between T, and Tgg in the ferromagnetic state) and at 3.6 K
(below TSR)'

The conventional R-factors for the refinement of the nuclear scattering in the
220 K pattern are R = 7.6 and Rpagg = 10.65.

It is clear from the difference plots in Fig. 3 that the magnetic scattering is rather
weak. The diffraction pattern obtained at 110 K (Fig. 4) i.e. magnetically ordered
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Fig.2 (Top) Temperature
dependence of the in-phase =" 600+ &y GdGa R
(%) and out-of-phase (x”)
a.c.-susceptibility of GdGa
obtained at 377 Hz in a

magnetic field of 1.5 mT. iy,

(Bottom) Magnetization of = %@ . % 7
GdGa obtained in a field of = 2001 e X o J
50 mT o

50mT
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Fig. 3 Neutron powder T T T T T
diffraction pattern of GdGa 160~ 1.32864
obtained at 220 K (green, top),

the difference between the

110 K and 220 K patterns 120
(blue, middle) and between
3.6 K and 220 K (red, bottom).
The neutron wavelength was
1.3286(1) A. The plots have
been offset vertically for
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but above the spin-reorientation temperature, shows magnetic contributions from
the Gd sublattice. There are no additional peaks that might signal antiferromagnetic
order and all magnetic contributions add to the existing Bragg nuclear peaks i.e. the
propagation vector k is [0 0 0]. The dominant magnetic contributions occur at the
(110), (021) and (111) positions, with scattering angles of 260 ~ 18.7°,22.9°, and 26.3°,
respectively. The lack of a magnetic contribution at the (020) position (20 ~ 13.7°) is
significant.

In order to consider all the symmetry-allowed magnetic structures for GdGa,
we carried out Representational Analysis for the Gd site using the BASIREPS
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Table 2 Representational analysis for the Gd(4c) site in GdGa with the space group Cmcm and a
propagation vector [0 0 0]

Representation Ordering mode Magnetic (Shubnikov) group Moment arrangement
I Gy Cm'c'm/ b4
I'3 Fz Cm'c'm + 4+ ++
T4 Gy Cmcm' + — -
Is Fy Cm'cm’ NS
Iy Fx Cm 'm’ + 4+ ++
I'g Gy Cm'cm + - +—

The respective atomic positions are (0, y, %), O, vy, %), + the (%, %, 0) C-translation

program, part of the FullProf/WinPlotr suite [29, 30]. The decomposition of the mag-
netic representation comprises six one-dimensional representations, each appearing
once:

Taeie = 102 + 1T + 1T + 1Ts + 177 + 1T 1)

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

We can rule out the antiferromagnetic modes I';, I'y and I's on the strength
of the magnetometry and susceptibility work that clearly indicates ferromagnetic
order. Thus, we are left with ferromagnetic order along one of the orthorhombic
crystal axes. The absence of any magnetic intensity at the (020) peak suggests
ferromagnetic order along the b -axis, corresponding to the I's (Cni'cm’) mode. Our
best refinement to the 110 K neutron diffraction pattern of GdGa was achieved
with a Gd magnetic moment of 4.6(1) up oriented along the b -axis. The refined Gd
moment is in excellent agreement with the Gd magnetisation data of Zhang et al.
[10] (~ 110 JT'kg™! — 4.5 up). The conventional R-factors for the refinement of
the 110 K pattern are Ry = 6.2, Rpagg = 6.2 and Rype = 8.1.

Upon further cooling, we observe a progressive increase in the magnetic con-
tribution to the (110) peak at 20 = 18.7°, relative to that of the (021) peak at
20 = 22.9°. Similar changes occur at other peaks, indicating that the magnetic order
tips away from the crystal b-axis. This spin-reorientation has been observed in
a.c.-susceptibility measurements (Fig. 2 and [10]) and also by '"Sn Mossbauer
spectroscopy [9].

Analysis of the neutron diffraction pattern obtained at 3.6 K (Fig. 4) and the
difference pattern between 110 K and 3.6 K (Fig. 3) showed that a single Gd
magnetic contribution was insufficient for the refinement of the 3.6 K diffraction
pattern. The four Gd magnetic moments in the Cmcm cell split into two (2:2)
magnetically inequivalent groups, differing only in their orientations. We find that
the Gd moments are within the b c-plane, canted by 84(3)° and 46(4)° from the b -axis,
respectively. The refined Gd moment is 6.7(4) np at 3.6 K, in excellent agreement
with the ‘free-ion’ value of 7 up. The conventional R-factors for the refinement of
the 3.6 K pattern are Rr = 7.3, Rpragg = 7.2 and Ry = 11.7.

3.2 % Gd Méssbauer spectroscopy

In Fig. 5, we show the '3 Gd Méssbauer spectrum of GdGa, obtained at 5 K. As with
the neutron diffraction pattern taken below Tgg, we found that a single magnetically-
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Fig. 5 ' Gd Mossbauer
spectrum of GdGa, obtained
at 5 K. The green (Gd-1) and
blue (Gd-2) lines represent the
two equal area subspectra, as
described in the text

Absorption

Velocity (mm/s)

split component was insufficient to fit this spectrum and the fit requires two equal-
area components. In this instance, the Mossbauer data provide unequivocal proof
of the splitting of the Gd 4c sites. The two subspectra have essentially the same hy-
perfine parameters, as expected since they originate from the same crystallographic
site. The only difference between the two sites is 6, the angle between the hyperfine
field and the principal axis of the electric field gradient (EFG), V... Due to n being
near its maximal value of 1, positive and negative eQV,, give similar fits with the
condition that & — (90° — 0), so while the magnitude of eQV_, can be found, its sign
is indeterminate. In Table 3 we show the values for negative eQV ;.

The Gd 4c site has m2m point symmetry, which allows for a non-zero EFG
asymmetry parameter, 7, and forces the EFG axes to align with the crystallographic
axes. There is, however, no requirement that the principal axis (z) aligns with
any particular crystallographic axis. The hyperfine magnetic field, By, at the Gd
site is almost entirely due to the local contribution of the Gd moment, so it is
collinear with the Gd moment. The angle, 6, between V_, and B, can thus be
related to the direction within the crystallographic reference frame if the EFG —
crystallographic axis assignment can be established. Therefore, the only remaining
issue is whether there is such an assignment which makes the '%Gd Méssbauer and
neutron diffraction results consistent.

We first consider the results of Table 3, with negative eQV_,. Directing the z—axis
of the EFG along the crystallographic c-axis, and the x—axis along the a-axis, with
the fitted azimuthal angle (¢) equal to 90°, places the hyperfine field (and hence
the Gd moments) in the yz-(EFG)-plane or b c-(crystallographic)-plane, consistent
with the neutron diffraction data presented above. Furthermore, ¢ = 90° means
that 6 represents a rotation away from the c—axis so that the angle between the
moments and the b —axis is 90° — 0. Thus, the Gd moment directions obtained from
155Gd Méssbauer spectroscopy (90(2)° = 90° — 6541 and 41(2)° = 90° — H4_») are
in excellent agreement with those derived from neutron diffraction (84(3)° and
46(4)°). The EFG axis — crystallographic axis assignment for negative eQV,, is thus
(XYZ)=(abc). For positive eQV,,, the angles are 6 — 90 — 6, so the correct EFG
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Table 3 Hyperfine parameters of GdGa obtained by '3 Gd Massbauer spectroscopy at S K. I. S. =
isomer shift, B,y = hyperfine field, = EFG asymmetry parameter

Component LS. (mm/s) eQV;; (mm/s) Byr (T) n 0 ¢ Area (%)
Gd-1 0.47(1) —1.45(3) 39.5(3) 0.87(1) 02 90 50
Gd-2 0.46(1) —1.43(3) 39.8(3) 0.88(1) 49(2) 90 50

axis — crystallographic axis assignment is (-XZY)=(ab ), which yields the same
moment directions in the crystallographic cell as the negative eQV,, case.

3.3 19Sn Mossbauer spectroscopy

Delyagin et al. [9] used '"”Sn doping in the RGa compounds to study the magnetic
order of the R sublattice by ''”Sn Méssbauer spectroscopy. Since the Sn replaces Ga
which also occupies a 4c site, the EFG constraints discussed with respect to the Gd—
4c site in the previous section also apply. There is, however, no reason for the EFG
axis — crystallographic axis assignments of the Gd and (Ga/Sn) sites to be the same.

The Sn dopant is non-magnetic, so any hyperfine field at this dopant site is
transferred from the neighbouring magnetic order of the R sublattice. Information
about the ordering directions can be deduced by determining the orientation of the
hyperfine field (assumed collinear with the R magnetic order) within the principal
axis frame of the EFG at the '"Sn site. The original analysis by Delyagin et al. [9]
placed the Gd moments within the ab-plane, at angles of 30(5)° and 64(5)° relative
to the a-axis. However, this is inconsistent with our neutron diffraction results that
place the Gd moments in the b c—plane.

In light of this, we re-evaluated the ''?Sn Mossbauer spectrum taken at 5 K. An
analysis of all possible EFG — crystallographic axis assignments was undertaken
with the angles constrained to 6; = 0° and 6, = 45° within the bc-plane. We found
that with the assignment (YZX)=(abc), the calculated peak positions were almost
indistinguishable from the pattern generated with the 6, = 30° and 6, = 64° angles
found by Delyagin et al.. With the (YZX)=(abc) axis assignment, we obtain agree-
ment between the ''”Sn Mossbauer spectroscopy, our '3 Gd Méssbauer spectroscopy
and neutron powder diffraction results.

4 Conclusions

We have used >Gd Méssbauer spectroscopy and neutron powder diffraction to
show that the magnetic order of the Gd sublattice in GdGa is ferromagnetic along the
orthorhombic b-axis below its Curie temperature of 190(2) K. Upon cooling below
68(2) K, the Gd moments split into two magnetically inequivalent sublattices which
cant away from the b-axis within the bc-plane, and at 3.6 K make angles of 84(3)°
and 46(4)°, relative to the b-axis. This splitting of the Gd 4c site into two subgroups is
particularly prominent in the '3 Gd Méssbauer spectrum which provides unequivocal
evidence that such a splitting occurs.
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