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Abstract We report here a comparison between a field-driven spin-flop (TbMng
Sns 46Ings4) and a temperature-driven spin reorientation (TbMngSng_,Ga,) in order
to demonstrate that the anisotropic contribution to B at the Sn sites can be obtained
through the moment reorientation and is independent of the driving force. We show
that a complete 90° spin reorientation can be achieved at 300 K in an applied field of
0.57(3) T and that the changes in hyperfine field due to the anisotropic contribution
exceed 45% at one of the Sn sites. Quantitative values for the anisotropic constant at
the three Sn sites are obtained.

Key words field-driven spin-flop - temperature-driven spin reorientation -
moment reorientation - anisotropic contribution

1 Introduction

As Sn is non-magnetic, any hyperfine field measured at a Sn site in a crystal structure
must be transferred to it from surrounding magnetic moments. This transferred hy-
perfine field has two main contributions [1]: isotropic and anisotropic. The isotropic
contribution is due to conduction band polarization, which induces a spin imbalance
at the nucleus. This is commonly referred to as the Fermi contact field, and depends
only on the magnitude of the neighbouring moments and the symmetry of their
magnetic structure. The anisotropic contribution involves the bonding between the
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magnetic ion and the non-magnetic Mossbauer probe, leading to a transferred field
which depends not only on the magnitude of the neighbouring moments, but also
on the relative orientations of those moments and their connecting bonds. In the
tetragonal CuAl,-type TSn, (T = Mn, Fe) stannides, the isotropic contribution to
the transferred hyperfine field at some (MnSn, [2]) or all (FeSn, [3]) of the Sn
sites cancels, resulting in a transferred hyperfine field that is totally anisotropic. The
hexagonal HfFesGeg-type structure of the RMngSng_, X, family of compounds does
not allow for such a cancellation, and both contributions to B are present. In this
case, the isotropic and anisotropic contributions cannot be distinguished unless a
process is induced which would change only one of them. The spin reorientation
process is a pure rotation of the magnetic structure relative to the crystal axes.
Since the moments do not change either size or distance from the Sn site, nor does
the magnetic symmetry change, the Fermi contact field cannot change under such
a rotation. The isotropic contribution can therefore be isolated from the overall
transferred hyperfine field at the Sn sites, and the anisotropic contribution can be
determined uniquely.

A spin reorientation can be either temperature-induced or field-induced. At room
temperature in HfMn¢Sne, the Mn moments are oriented in the ab-plane (the Mn
sublattice has planar anisotropy). In TbMngSng at room temperature, the Tb and
Mn moments lie along the c-axis, indicating the Tb sublattice to have uniaxial
anisotropy which dominates over the planar anisotropy of the Mn sublattice. As the
Tb anisotropy is more strongly temperature dependent, it decreases more rapidly on
heating than that of the Mn. At T, = 330 K [4], the two sublattice anisotropies are
equal, and above Ty, the planar Mn anisotropy dominates. The switch in dominant
anisotropy causes the Tb and Mn moments to undergo a spontaneous reorientation
from the c-axis to the ab-plane (on heating through T, ). Alternatively, by applying
a sufficient field perpendicular to the moment direction in a single crystal, we can
induce a spin-flop to the direction along which the field is applied.

We have previously studied the anisotropic transferred hyperfine fields in
TbMngSng_,Gay, (x =0.2,0.4,0.6 and 0.8) [5] through !'?Sn Mossbauer spectroscopy.
This system undergoes a temperature-induced spin reorientation from the ab -plane
to the c-axis on cooling through T;,. The temperature at which the spin reorientation
occurs was shown to decrease with increasing x. TbMngSns 46Ing 54 single crystals
undergo a spin-flop transition in quite modest fields around room temperature, and
the single crystals can be grown as thin platelets suitable for Mossbauer studies. Here,
we compare the spin-flop in TbMneSns 46Ing 54 single crystals with the temperature-
induced spin reorientation in TbMneSne_,Ga, in order to demonstrate that the
anisotropic contribution to the hyperfine field is independent of the driving force
of the reorientation. We confirm that the Tb and Mn moments lie along ¢ for T < T,
and use the electric field gradient to show that the spin reorientation in both systems
involves a full rotation of the moments by 90°. The anisotropic contribution to By is
determined through this rotation.

2 Experimental methods

The TbMneSne_,Ga, (x = 0.2, 0.4, 0.6 and 0.8) compounds were prepared by al-
loying stoichiometric amounts of ternary TbMneSns and TbMnsGag compounds in
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an induction furnace [6]. The resulting ingots were sealed under argon in quartz tubes
and annealed for 2 weeks at 973 K.

The TbMngSns; 46Ing 54 single crystals were synthesized using a flux method similar
to that previously reported by Clatterbuck et al. [7]. A mixture of TbMnsSne
and indium and tin metal (99.9% pure) with the atomic ratio TbMngSny;In3; was
compacted into pellets and put into a silica tube with a quartz-wool stopper. The
silica tube was sealed under argon (267 mbar) and heated to 1,273 K (at 50 K/h)
for 24 h, after which it was cooled to 1,223 K (6 K/h). The sample was then re-
heated to 1,263 K at the same rate and finally cooled slowly to 873 K in 65 h.
The tube was quickly removed from the furnace, inverted and centrifuged manually
using a David’s sling device. The (Sn,In) flux settled to the bottom of the tube and
the hexagonal crystal platelets (~1-2 mm in diameter and ~60 pum thick) remained
on the quartz-wool stopper. Some of the platelets were ground and analyzed by x-
ray diffraction Guinier patterns with Cu-K, radiation. Both TbMngSns 46Ings4 and
TbMneSne_,Ga, are isotypic with the HfFesGeg structure.

Maossbauer spectra were collected using a 10 mCi ''"SnCaSnOj; source and the
spectrometer was calibrated with a-Fe and a 3’Co source. Basic magnetic charac-
terization was carried out on a commercial 9 T susceptometer/magnetometer. For
the TbMng¢Sne_Ga, samples, the temperature was varied from 12 to 300 K using a
vibration-isolated closed-cycle refrigerator. The TbMngSns 46In¢ 54 sample was made
of single crystal platelets with the c-axis perpendicular to the plane of the plates.
The platelets were assembled in a mosaic and subject to external magnetic fields
from 0 to 1.53 T. The field was varied in a conventional electromagnet with the field
perpendicular to both the y-ray beam and the c-axis of the platelets. Spectra were
fitted using a conventional non-linear least-squares minimization routine.

In order to study the reorientation process, a reference frame must first be
identified. In a powder sample, the electric field gradient serves as a crystallographic
reference frame. The high point symmetries of the three Sn sites in RMngSng (6rmm
for Sn—2e and 6m2 for Sn—2¢ and Sn—2d) cause the crystallographic and electric
field gradient axes to coincide, guaranteeing that the principal axis of the electric
field gradient tensor V,, lies along a, b or c. The local hexagonal point symmetries
also impose axial symmetry (n = 0), such that the quadrupole splitting A is:

A — eQV.;
4

(3cos*0 — 1) 1)
where 6 is the angle between V_, and the hyperfine field at the Sn site due to the
surrounding magnetic moments. For 6 = 90°, A = —%eQVZZ and for 6 = 0°, A=
%eQVZZ, so that a change in A by a factor of —2 corresponds to a change in moment
direction by 90°.

The intensity of the second and fifth Mossbauer lines depends on the orientation
of the magnetic moments with respect to the y-ray (). Writing the intensity ratio as
3:R:1:1:R:3 for a six line Mossbauer pattern (for a % — % transition, such as in ''’Sn
Mossbauer spectroscopy), ¢ can be determined:

45in?9
_ 2
1 + cos?*® @)

For a single crystal, the moments point along a well defined direction with respect to
the y-direction. For example, the TbMngSns 46Ing 54 single crystal platelets are grown
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Figure 1 Crystal and magnetic structure of TbMngSne for temperatures above (left) and below
(right) the reorientation temperature, Ts.

with ¢ perpendicular to the plane of the plates, parallel to y. If the moments lie along
the c-axis, then y || ¢ || , giving ¥ = 0° and R = 0. If the moments are in the ab -plane,
then y || ¢ L u, giving ¢ = 90° and R = 4. For an oriented sample, R can be used to
determine the moment direction. For a powdered sample, R averages to 2 and this
information is lost.

3 Results
3.1 Temperature-induced spin reorientation in TbMneSne_,Ga,

The TbMn¢Sng system has a HfFesGeg-type, P6/mmm crystal structure, with lattice
parameters a = 5.53 A and ¢ = 9.023 A [8]. There are three crystallographic Sn sites in
this structure: Sn—2c¢ (1/3, 2/3, 0), Sn—2d (1/3, 2/3,1/2) and Sn—2e (0, 0, 0.3356). The
Sn—2c and Sn—2d sites both sit in the center of hexagonal Mng prisms. Sn—2c is in
the plane of three Tb neighbours, while Sn—2d has no rare earth neighbours [5, 8].!
Sn—2e lies in a hexagonal plane of Mn atoms, with one Tb neighbour above and

n [5], the rare earth atom sits in the Tb—1a site at (0,0,0). Sn—2c has coordinates (%,%,0) and so it

is in the plane of three Tb atoms. In [8], the rare earth atom sits in the Tb—1b site at (0,0,%). Thus
Sn—2d is labeled as the site in the plane of the rare earths instead of Sn—2c.
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Figure 2 Left: 1198n Mossbauer spectra of TbMneSns4Gag e from 12 to 300 K. Right: quadrupole
splitting (fop) and hyperfine field (bottom) at the three Sn sites in TbMngSns 4Gag ¢, as functions of
temperature. The spin reorientation temperature (T, ) is 180(5) K.

one Sn neighbour below. Below Ty = 423 K, the magnetic structure of TbMneSne
is characterized by alternating ferromagnetic Mn and Tb layers, ordered in the
ab-plane and stacked along c¢ [4] (Figure 1, left). The structure is ferrimagnetic
due to strong antiferromagnetic coupling between the Mn and Tb layers. Cooling
through Ty, = 330 K [4] causes the moments to spontaneously reorient onto the
c-axis (Figure 1, right). The spin reorientation temperature (T, ) is a strong function
of Ga content (x), falling at 255 + 18 K/Ga for increasing x [5].

Figure 2 (left) shows the Mossbauer spectra of TbMngSns 4Gag ¢ from 12 to 300 K.
They consist of three subspectra (one for each Sn site) and a central Sn impurity.
The assignment of each subspectrum to a Sn site cannot be based on the magnetic
neighbours of the Sn sites. As shown in Figure 2 (bottom, right), two of the hyperfine
fields (Sn—2c and Sn—2d) exchange sequence at the reorientation. For instance, if the
largest field were to be associated with the site having the most magnetic neighbours,
the site assignment would be different depending on whether the measurement were
made above or below Ty, Instead, the site assignment in [S] was based on the
electrostatic environment (quadrupole splitting). This choice is not affected by their
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Table I Mossbauer parameters at 167 and 200 K in TbMneSns 4Gag 6

T<Ty (nllc) T>Ty(nlc)
167K 200 K
Site A (mm/s) Byr (T) A (mm/s) Bpr (T)
Sn—2¢ L11(3) 28.40(3) —0.51(3) 26.73(3)
Sn—2d 1.56(4) 29.91(4) —0.77(5) 25.18(5)
Sn—2e 0.21(3) 12.39(3) —0.07(3) 16.20(2)
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orientation since the projection of the electric field gradient tensor changes by the
same factor for all sites when the moments rotate. Table I lists the parameters for
T < Ty and T > Ty, where we see that the quadrupole splitting changes by a factor
of —2 on cooling through Ty, = 180(5) K (Figure 2, top right). This corresponds to a
change in moment direction of 90° (as discussed in Section 2), from the ab -plane for
T > T, to the c-axis for T < T,. The width of the transition is less than 5 K, so the
reorientation is an abrupt, well-defined transition.

The temperature dependence of the hyperfine fields at the three Sn sites is
shown in Figure 2 (bottom right). On cooling through T, By, increases at Sn—2d
and decreases at Sn—2e, and both are dramatic effects. In contrast, the hyperfine
field at Sn—2c¢ increases only slightly through the reorientation. The temperature
dependence of By was fitted to two Brillouin functions: one for T < Ty and
another for T > Ty,. The two Brillouin curves were extrapolated to 0 K, and the
difference §B;; was normalized to the 0 K By with p || c¢. This gives the fractional
change in hyperfine field, AB,;, plotted in Figure 3 as a function of composition (Ga
content, x). The fractional change in B differs significantly for each site, and there
is evidence for a slight increase in |[ABy| for increasing Ga content.
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Figure 4 Left: Magnetization of TbMngSns 46Ings4 in an applied field range of 0 to 9 T and for
T < T The applied field is perpendicular to the c-axis. Right: Temperature dependence of the spin-
flop field in TbMneSns 46Ing 54 for T < Ty,. The dotted line is a guide to the eye.

3.2 Field-induced spin-flop in TbMngSns 46100 54
3.2.1 Magnetometry

The thermal variation of the magnetization of the single crystals measured above
room temperature indicates the Néel point to be T y=397 K for TbMngSns 46In 54. In
addition, the compound displays a spin reorientation transition at Ty, = 317 K char-
acterized by a change of the easy direction from the ab-plane at high temperature
(T > Ty,) to the c-axis for T < Tj,.

Figure 4 (left) shows the magnetization of a TbMngSns 46Ings4 single crystal as
a function of applied field, where B, is perpendicular to ¢, and T < T,. In an
applied field of ~0.5 T at room temperature, a spin-flop is induced to the direction
along which B, is applied (ab-plane). This confirms the moments are along the c-
axis at room temperature. The spin-flop field increases with decreasing temperature
(Figure 4, right). As the spin-flop field is expected to exceed the available 9 T at
220 K, the spin-flop is unattainable for 211 K and below.

3.2.2 Mossbauer spectroscopy

Figure 5 (left) shows the Mdssbauer spectra for TbMngSns 46Ing 54 in applied fields
ranging from 0 to 1.53 T. In order to assign the subspectra to Sn sites as seen in
Section 3.1, the sample was cooled to 12 K where the Mdssbauer lines are more
distinguishable. The site assignments at 12 K followed those of the TbMng¢Sne_,Ga,
case [5] and sample parameters are shown in Table II. At 300 K, the quadrupole
splittings were set to those determined at 12 K and the fields and isomer shifts were
adjusted freely. The area constraint was 1:1:1.

For the single crystal platelets of TbMneSns 46Ings4, the moments are oriented
along a unique direction with respect to the y propagation direction. Through
magnetometry it was shown that at 295 K and below, the moments are along the
c-axis (parallel to y). The intensity ratio R is plotted in Figure 5 (top right) as a
function of applied field.
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Figure 5 Left: 1198n Mossbauer spectra of TbMngSns 4Gag ¢ from 0 to 1.53 T. Right: R ratio (top)
and quadrupole splitting (bottom) of the three Sn sites as functions of applied field. The spin-flop
occurs at Byr =0.57(3) T.

Table II Mossbauer parameters at 12 K in TbMngSns 4Gags and TbMngSns 46Ing 54. The com-
parison of parameters between the two similar compounds guided the site assignment in
TbMngSns 46In¢ 54

T=12K Tan(,Sn5A4Gao,() (lL || C) Tan6Sn5_4()InoA54(,u H C)

Site A (mm/s) By (T) A (mm/s) Byr (T)
Sn—2¢ 1.23(2) 30.57(2) 1.09(5) 26.26(2)
Sn—2d 1.55(3) 32.39(3) 1.33(9) 27.94(3)
Sn—2e 0.14(2) 13.64(2) 0.02(4) 12.23(2)

For B, < By, R = 0 confirms that the moments are parallel to the y-rays (¢ = 0°)
and thus to c¢. Once the spin-flop has occurred, an abrupt change in R from 0 to
3.7(1) is observed, indicating a change in moment direction. R is not 4 as expected
for a full rotation into the ab-plane. This could either be due to an incomplete
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Table III In TbMneSns4Gage, the two T < Ty and T > T, Brillouin curves are extrapolated to
T = 0 K. The difference B, is normalized to the 0 K By with u || ¢ to give the fractional change
AByy. In TbMngSns 46Ing 54, the two B, < By, and B, > By, lines of slope —1 are extrapolated to 0 T.
The difference §By,s is normalized to the 0 T By with w | ¢, giving ABy,y

TbMngSns 4Gag 6 TbMngSns 461n0.54
T-induced B,-induced
Site 8By (T) ABjr (%) 8Byr (T) ABjr (%)
Sn—2¢ 0.6(2) 2.6(5) 0.02(2) 0.9(9)
Sn—2d 3.9(2) 12.7(4) 2.38(4) 10.4(2)
Sn—2e —49(1) ~34(2) —41(1) —45(3)

rotation of the moments or to saturation effects. However, the factor of —2 change in
quadrupole splitting (Figure 5, bottom right) associated with the spin-flop confirms
that the rotation is complete. Therefore, the effect is likely due to the saturation of
lines 2 and 5, caused by samples which are somewhat thick (the platelet thickness is
~60 pum).

Figure 6 shows the hyperfine fields at the three Sn sites as functions of applied
field. For increasing B,, the spin-flop is associated with an increase in By at Sn—2e,
and a decrease at Sn—2c¢ and Sn—2d. These effects are identical to those observed in
the thermally-driven spin reorientation in TbMngSne_,Ga,.The field dependence of
By s was fitted to two lines of slope —1: one for B, < B, and another for B, >Byy. The
lines were extrapolated to 0 T, and the difference 6By was normalized to the 0T B¢
with u || ¢ to give the fractional change in hyperfine field, ABys. In Table 111, AB,f is
compared to that obtained in the thermally-driven reorientation in TbMngSns 4Gags.
The close agreement between the two measurements of ABj; demonstrates that
the anisotropic contribution can be obtained through both temperature-induced and
field-induced spin reorientation and that it is independent of the driving force. The
fractional change in hyperfine field due to the anisotropic contribution is large and
negative in the case of Sn—2e, and smaller and positive at the Sn—2c and Sn—2d sites.
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Table IV Vector sum over the six Mn neighbours (A) for the three Sn sites in applied fields B, <
Byr and B, >Byy. The arrows in the third column indicate the magnitude Aj/A ),

AI/A,
B, < Byy By > Byy
Site nlc u:(%,%,O)u AALIA,
Sn—2¢ (0,0,3.97w) (0.72u, 0.721, 0) — 1.01 2.96 1
Sn—2d (0,0,4.02) (0.701, 0.7041, 0) — 0.9914 3.03
Sn—2e (0,0,0.461) (1961, 1.964, 0) — 2.77 1 —231pu

Since the isotropic contribution to B is independent of moment orientation, the
changes in By due to the spin-flop directly relate to the anisotropic contribution.
The hyperfine field transferred to the Sn sites is given by [2, 3]:

6 6 6
Bhf: <Ap ZU[(ILi'ui) YPZ ) +ASZN4 (3)
i=1 i=1

i=1

where w; is the unit vector connecting each Sn atom to a specific Mn atom with
moment u;. A, and A, are the dipolar and contact fields due to a unit Mn moment.
A, is also referred to as the anisotropic constant. The last term in Eq. 3 is the
isotropic contribution from the Mn shells around the Sn atoms, while the first two
terms represent the anisotropic part of the transferred hyperfine field. For the spin-
flop, we will only consider the first term (A) of Eq. 3 involving the dot product,
because the second term is independent of moment direction. The dot product
(@i - w;) is amaximum when the moment and Mn—Sn bond are parallel, and zero when
they are perpendicular. From the crystal structure we know that the Mn-Sn bonds
make angles of 35° (Sn—2c¢ and Sn—2d) and 73° (Sn—2¢) with the c-axis. From the
Mossbauer results discussed above (and from magnetometry and neutron scattering
[9]), at T < T, we know that the moments point along ¢ for B, < B, and in the
ab-plane for B, > Bys. As all the angles and orientations are known for any B, the
anisotropic constant A, can be determined.

Table IV lists the values for A, at Sn—2c, Sn—2d and Sn—2e in applied fields
above and below the spin-flop field. When the moments flop into the ab-plane
from the c-axis, A; decreases at Sn—2c¢ and Sn—2d, while it increases at Sn—2e.
Comparisons between AA /A , and ABy s show that despite their relative magnitudes
being inconsistent, the signs of both quantities agree for all three Sn sites. The
sign of AA;/A, for each Sn site mirrors the behaviour of the overall transferred
hyperfine fields of Figure 6 and Table III, indicating that the anisotropic and
isotropic contributions have the same sign. The Sn—2e site was previously assigned
by elimination in TbMngSng_,Ga, [S]: Sn—2c¢ was assigned to the subspectrum which
most reflected the values seen in HfMngSng [1], the Sn—2d site assignment was
argued based on similarity to Sn—2c, and the remaining subspectrum was assigned
Sn—2e. Here we see that Sn—2e is unique because it has a negative AA|/A, and
ABjy. This distinction allows the Sn—2e site to be directly identified and confirms
that the site assignment in TbMngSng_,Ga, was correct.

In the tetragonal MnSn, system (/4/mcm, a = 6.659 A, c =5.447 A, with Mn—4a
at (0, 0, 0.25) and Sn—8h at (0.1623,0.6623, 0)), there is no spin reorientation or
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Table V Calculated anisotropic contributions to B¢ at the three Sn sites in TbMngSns 46Ing 54. The
anisotropic field B ;l‘\f is equal to B from Table 111

Site AAA) (1) B,ff (T) Ay (T/up)
Sn—2¢ 2.96 0.02(2) 0.003(2)
Sn—2d 3.03 2.38(4) 0.39(2)
Sn—2e —2.31 —4.1(1) 0.89(5)

spin-flop, and AA; is simply A;. The size of A;/A, is 0.96 u and the magnitude
of the Mn moment is u = 2.33 up [2]. The antiferromagnetic environment of the
Snyy site guarantees that the transferred hyperfine field at Sny is purely anisotropic.
The anisotropic transferred hyperfine field B ;l‘f relates to the anisotropic constant A,
through:

B;‘f
PTAA

4)

At Snyo, B;:‘f =4.9(2) T, giving the anisotropic constant A, = 2.19(1) T/up [2]. For
the spin-flop in TbMneSns 46In 54, the anisotropic field B ,:‘f is taken as the difference
between the w || ¢ and u L ¢ hyperfine fields extrapolated to B, = 0 T (6B; from
Table IIT). From room temperature neutron diffraction studies of TbMngSng, we
know that the Mn moment is 1.99(6) up [9]. The anisotropic constant A, in
TbMngSns 46Ing 54 can therefore be determined for all three Sn sites (Table V).

The anisotropic constants at the Sn sites in TbMngSns46Ingss are significantly
smaller than A, measured at the Sny site in MnSn, (which is the only site allowing
for the cancellation of the isotropic contribution). As the anisotropic contribution
is related to the localization of electrons on the Mn-Sn bond, and therefore to
covalency effects [2], the smaller anisotropic constants seen here could suggest that
the Mn—Sn bonds in TbMneSns 46In¢ 54 are less covalent. Parasitic anisotropic effects
arising from Tb-Sn bonding could also reduce the Mn—Sn anisotropic contribution
in this system, leading to smaller anisotropic constants.

4 Conclusions

The Mossbauer study of the temperature-induced spin reorientation and the field-
induced spin-flop (in TbMngSng_,Ga, and TbMngSns4Ingss respectively) has
demonstrated that the anisotropic contribution to the transferred hyperfine field
is independent of the force which drives the reorientation. We have used mag-
netometry and Mossbauer spectroscopy to show that the moments are along the
c-axis for T < Ty,. The change in anisotropic field at the reorientation is seen to
be largest at the Sn—2e site, and the identification of this site is validated. The
anisotropic contribution has been shown to be substantial, though less than in the
MnSn; system, a possible consequence of weaker covalent bonding or contributions
from Tb—Sn bonds. Future investigations of non-magnetic rare earth compounds will
be performed with the intent of evaluating the possibility of a parasitic anisotropic
effect from R-Sn (R = magnetic rare earth) bonding. The replacement of magnetic
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Tb with a non-magnetic rare earth atom also allows for further studies of covalency
effects in the RMngSng system.
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