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Abstract 

The RMn6 T 6-xXx family of compounds (R = rare earth; T = Ge, Sn; X = Ga, 

In) has seen a lasting and intensive series of studies over the past several years. In 

these systems, a spin reorientation process, whieh is a pure rotation of the mag­

netic structure relative to the crystal axes, can be used to determine the anisotropie 

contributions to the transferred hyperfine fields at the Sn sites. The anisotropie con­

tribution has been shown to be substantial in the MnSn2 and FeSn2 compounds, and 

is an important fraction of the overall transferred hyperfine field. A spin reorienta­

tion transition can be either temperature-induced, or field-induced (spin-flop). The 

temperature-induced spin reorientation generally results from a competition between 

the magnetocrystalline anisotropies of the rare earth and Mn sublattiees. The substi­

tution of Sn with Ga strongly affects the anisotropy, shown here to decrease the spin 

reorientation temperature with increasing x by 255 ± 18 K/Ga in TbMn6Sn6-xGax. 

However, the sublattice anisotropies seem unaffected by In substitution, and the spin 

reorientation temperature is nearly constant throughout a large range of In concen­

tration. A field-induced spin-flop can be achieved by applying a large enough field 

perpendicular to the direction of the moments. 

In this study, we show how both the temperature-induced SR and field-induced 

SF allow for the anisotropie field to be isolated from the isotropie contribution. The 

consistency between the two measurements of the anisotropie field indicates that 

the magnitude of the anisotropie contribution is independent of the driving force 

of the reorientation. We show that a complete 90° spin reorientation occurs in the 

ErMn6Sn5.89Gao.ll and TbMn6Sn6-xGax compounds (0.2 ::; x ::; 0.8), as weIl as in 

TbMn6Sn5.46Ino.54 at room temperature for an applied field of 0.57(3) T. The site 

preference for Ga substitution is investigated and compared with former results. Fi­

naIly, the anisotropie contribution at one of the Sn sites is shown to exceed 40% in 

aIl of the compounds investigated, and this site assignment is confirmed. 
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Résumé 

La famille de composés RMn6T6-xXx (R = terre rare; T = Ge, Sn ; X = Ga, In) 

a fait l'objet d'étude intense au cours des dernières années. Dans ces systèmes, un 

procédé de réorientation des moments magnétiques (une rotation pure de la structure 

magnétique relative aux axes crystallographiques) peut être utilisé pour déterminer 

les contributions anisotropes aux champs magnétiques hyperfins transférés aux sites 

de Sn, Bh!. La contribution anisotrope est grande dans les systèmes de MnSn2 et de 

FeSn2, et constitue une fraction importante du Bh! total. On induit une réorientation 

des moments magnétiques en changeant la température ou en appliquant un champ 

magnétique externe. En général, la réorientation température-persuadée est le résultat 

d'une compétition entre l'anisotropie magnétocrystalline de la terre rare et celle du 

Mn. Le remplacement du Sn par le Ga affecte fortement l'anisotropie, et une aug­

mentation en x diminue la température de la transition (Tsr ) par 255 ± 18 K/Ga 

dans TbMn6Sn6_xGax. Cependant, l'anisotropie ne semble pas être affectée par le 

remplacement du Sn par l'In, et T sr est presque constante au cours d'une série de 

concentrations d'In. Une réorientation champ-persuadée est induite en appliquant un 

grand champ magnétique perpendiculaire à la direction des moments magnétiques. 

Dans cette étude, nous démontrons que la contribution anisotrope à Bh! peut 

être déterminée à l'aide des deux procédés de réorientation. Le fait que les deux 

mesures du champ anisotrope sont concordantes indique que l'ampleur de la contri­

bution anisotrope ne dépend pas de la force d'entraînement qui induit la réorientation. 

Nous démontrons que, en conséquence d'une réorientation T-persuadé, les moments 

magnétiques subissent une rotation entière de 90° dans RMn6Sn6-xGax (R = Tb, Er; 

0,2 :S x :S 0,8), et aussi dans TbMn6Sn5.46Ino.54 à 300 K pour un champ magnétique 

externe de 0.57(3) T. Nous examinons aussi quel site de Sn subit la plus importante 

substitution avec le Ga, et le compare aux résultats obtenus par d'autres études. La 

contribution anisotrope à un des sites de Sn dépasse 40% dans tous les composés 

examinés, et l'identification de ce site est confirmé. 
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Chapter 1 

Introduction 

1.1 Transferred hyperfine fields in Sn alloys 

At a non-magnetic Mossbauer probe site in a crystal structure, any hyperfine field 

Bh! present at the site must be transferred to the atom from neighbouring magnetic 

moments. This form of hyperfine field is know as a transferred hyperfine field, and 

in a met allie system it receives two main contributions [1]: isotropie and anisotropie. 

As s electrons possess a non-vanishing probability inside the nuclear volume, they 

can interact directly with the nuclear moment [2]. The polarization of conduction 

electrons induces a spin imbalance at the nucleus, generating what is known as the 

Fermi contact field. This field is the isotropie contribution to Bh!' and it depends only 

on the magnitude of the neighbouring moments and the symmetry of their magnetic 

structure. The anisotropie contribution involves the bonding between the magnetic 

ion (typically a 3d transition metal such as Mn or Fe) and the non-magnetic Mossbauer 

probe, leading to a transferred field which depends on the relative orientations of the 

moments and their connecting bonds. The total transferred hyperfine field is given 

by [3]: 

(1.1 ) 

1 



2 CHAPTER 1. INTRODUCTION 

Compound Site Br;as (T) Nature of Bhf 

Snoo 4.9(2) Anisotropie 

MnSn2 Sn __ 6.9(2) Iso + Aniso 

Sn+_ 10.3(2) Iso + Aniso 

Sn++ 21.2(2) Iso + Aniso 

FeSn2 AU 2.7(2) Anisotropie 

Table 1.1: Measured hyperfine fields in MnSn2 and FeSn2 at 4.2 K. Snoo in MnSn2 is the only site 

for whieh the field is totaUy anisotropie, and eomparing this anisotropie field to the total Bhf at 

the three other sites (whieh reeeive both isotropie and anisotropie contributions) demonstrates the 

signifieance of the anisotropie contribution. Results from [3]. 

where Ui is the unit vector connecting each M6ssbauer probe to a 3d neighbour 

(there are n of them) with moment Mi. Ap and As are the dipolar (anisotropie) and 

contact (isotropie) fields due to a unit 3d moment. The first two terms represent the 

anisotropie contribution to Bh!' while the last term is the isotropie contribution. 

In the tetragonal CuAh-type MnSn2 and FeSn2 stannides, the Sn atoms are the 

non-magnetie M6ssbauer probes, and the 3d transition metals, the neighbouring mag­

netic ions. The magnetic symmetry of sorne (MnSn2 [3]) or aU (FeSn2 [4]) of the Sn 

sites is such that the isotropie contribution cancels, leading to a transferred hyper­

fine field that is totaUy anisotropie. Table 1.1 lists the measured hyperfine fields in 

MnSn2 and FeSn2. In MnSn2, the Snaa site is the only site for which the isotropie 

field cancels. By comparing this anisotropie field to the overaU transferred Bh! at the 

other Sn sites (whieh includes both' isotropie and anisotropie contributions), we see 

that the anisotropie field is a significant fraction of the total Bh!. The anisotropie 

contribution can also be expected to be as important in systems similar to MnSn2 

and FeSn2. 

The hexagonal HfFe6Ge6-type crystal structure of RMn6Sn6-xXx and RFe6Sn6-xXx 

(R = rare earth; X = Ga, In dopant) is characterized by relatively close 3d-Sn con­

tacts (through short Mn-Sn bonds), leading to a significant anisotropie contribution. 

The crystal and magnetic symmetries [5][6] are such that there is no cancelation of 
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the isotropie field at any of the Sn sites. As a result, the Sn sites in RMn6Sn6-xXx 

see contributions that are both isotropie and anisotropie (as was the case for three of 

the four Sn sites in MnSn2' Table 1.1). A measurement of the hyperfine field cannot 

distinguish one contribution from the other unless a pro cess is imposed which induces 

change in only one of them. One such process is spin reorientation, which is a pure 

rotation of the magnetic structure relative to the crystal structure. The size of the 

moments and their distances from the probe site do not change, nor does the magnetic 

symmetry. Since the isotropie Fermi contact field depends only on the magnitude of 

the magnetic moments and the magnetic symmetry, it cannot change under such a 

simple rotation of the moments. The anisotropie contribution, on the other hand, 

depends on the relative orientations of the moments and their connecting bonds, and 

is therefore changed by the reorientation and can be explicitly determined. 

1.2 Spin reorientation in RMn6Sn6 

Venturini et al. [7] carried out the first study of the thermal variation of the mag­

netie properties of the RMn6Sn6 (R = Sc, Y, Gd-Tm, Lu) series of compounds. 

Among these compounds it was found that for R = Tb-Ho, a second magnetic tran­

sition occured below the Néel point which was related to a reorientation of the easy 

axis magnetization from the basal plane to the c-axis. This was referred to as a 

temperature-induced spin reorientation, related to the interplay between the mag­

netocrystalline anisotropy of the Mn and rare earth sublattices (Sections 1.2.1 and 

1.2.2). A spin reorientation can also be induced by applying a large enough magnetic 

field (Section 1.2.3), first observed in TbMn6Sn6 by Hu et al. [8], and later studied 

using neutron scattering [9]. 



4 CHAPTER 1. INTRODUCTION 

1.2.1 Magnetocrystalline anisotropy 

The magnetization in ferromagnetic crystals will tend to align along a preferred crys­

tallographic axis, known as the easy axis because it is easiest to bring a demagnetized 

sample to saturation magnetization if the external field is applied along this axis [la]. 

The tendency of the magnetization to prefer an axis is referred to as the magne­

tocrystalline anisotropy and it refiects the lowest energy configuration of the magnetic 

moments. On an atomie seale, the magnetoerystalline anisotropy arises through the 

spin-or bit eoupling of the orbital states that are stabilized by the electrostatie field 

(crystal electric field) [11]. As the magnetic spins are coupled to the orbitaIs, and the 

orbitaIs themselves strongly cou pIed to the crystal lattice, then the spins in turn are 

coupled to crystal axes in the lattice, thereby introducing the anisotropy. 

The crystal field Hamiltonian at a rare earth site cornes from the Coulomb inter­

action between the charge distribution in the 4f shell and the potential created by the 

rest of the crystal. The crystal field parameter B~ combines the lattice potential and 

the shape of the charge distribution of the 4f shell (oblate or elongated). In general, 

the second order crystal field parameter (Bg) is the leading term in the crystal field 

Hamiltonian, and the sign of Bg will determine the easy direction: negative Bg favors 

an easy axis anisotropy, and positive Bg favors an easy plane anisotropy (Table 1.2). 

In all compounds, the magnetocrystalline anisotropy decreases with increasing 

temperature, and near the critical temperature Tc, there is no preferred orientation 

1 Ion 1 Bg (K) 1 () 1 

Tb3+ -0.57 0° 

Dy3+ -0.34 45° 

Ho3+ -0.11 48° 

Er3+ +0.12 90° 

Table 1.2: Crystal field parameters for several rare earth ions in RMn6Sn6. The sign of Bg 

determines whether the anisotropy is easy axis (-) or easy plane (+). The angle () represents the 

canting angle of the magnetization from the c-axis [5]. 



1.2. SPIN REORIENTATION IN RMN6 SN6 5 

for domain magnetization. The materials investigated in this study aU possess mag­

netocrystalline anisotropy, and it will simply be referred to as anisotropy. 

1.2.2 Temperature-induced spin reorientation 

At room temperature in antiferromagnetic HfMn6Sn6, the Mn moments lie in the 

ab-plane. The Mn sublattice is said to have easy plane anisotropy, meaning that 

the lowest energy configuration of the magnetic structure is with the moments in 

the ab-plane. In ferrimagnetic TbMn6Sn6 at room temperature, the Tb and Mn 

moments lie along the c-axis. The Tb sublattice therefore has easy axis anisotropy 

(along c) which dominates over the easy plane anisotropy of the Mn sublattice. The 

Tb sublattice anisotropy has the stronger temperature dependence, and decreases 

more rapidly on heating. At T sr = 330 K [7], the two sublattice anisotropies are 

equal, and above T sr 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 sr)' 

The simple competition between the two sublattice anisotropies is a valid descrip­

tion of the spin reorientation, because the temperature range in which it occurs is 

rather near to the ordering temperature (TN = 423 K). At high temperatures, only 

the second order crystal field parameter Bg contributes significantly, as higher order 

terms fall off much more rapidly with temperature. The Mn and Tb sublattices have 

positive and negative Bg parameters, respectively, and the two compete for domi­

nance. If the spin reorientation were to occur at very low temperatures where higher 

order terms are important, then a switch from Bg dominance to B2 dominance will 

induce a spin reorientation if the two have opposite signs. For example, the spin reori­

entation temperatures in the Dy and Ho ternary stannides are T sr = 33 K and 200 K, 

respectively, whereas the Néel points are TN = 393 K and 376 K. Neutron diffraction 

studies have shown that the peculiar behaviour of their magnetic properties is a re­

suIt of a competition between second and fourth order crystal field parameters [12]. 
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Furthermore, the spin reorientation in these two compounds is incomplete [5][13]. As 

the spin reorientations in these cases are an effect of the rare earth sublattice only 

(rather than as a consequence of a competition between rare earth and Mn sublattice 

anisotropies), the behaviour may not be as simple as the temperature-induced spin 

reorientation in TbMn6Sn6. 

1.2.3 Field-induced spin reorientation (spin-flop) 

If the spin system is to rotate, the orbitaIs also must rotate due to the spin-or bit 

coupling. However, there is a strong coupling between the crystal lattice and the 

orbitaIs, and a rotation of the spin axis away from the easy direction is resisted [14]. 

In order to force the magnetic moments to rotate in response to an applied field, the 

field must be large enough to overcome this resistance. Once this field is achieved, 

the moments will rotate towards the direction along which the field is applied. If a 

new local minimum is found, the moments will spontaneously undergo a spin-flop in 

order to minimize energy. 

1.3 Crystal structure of TbMn6Sn6 

The TbMn6Sn6 system has a HfFe6Ge6-type, P6/mmm crystal structure (Figure 1.1), 

with lattice parameters a = 5.53(1) A and c = 9.023(2) A [15]. The Tb atom is in the 

Tb-la site at (0,0,0), and the six Mn atoms sit in the Mn-6i sites. There are three 

Sn sites in the structure: Sn-2c, Sn-2d and Sn-2e. The coordinates of the atoms 

in the TbMn6Sn6 structure are listed in Table 1.3. Sn-2c and Sn-2d both sit in the 

center of hexagonal Mn6 prisms, with Sn-2c surrounded by three Tb neighbours and 

Sn-2d having none. An alternate site description is with Tb in the Tb-lb site at (0, 

0, 1/2), so that Sn-2d is then in the plane of three Tb neighbours instead of Sn-2c 

[15][16]. The Sn-2e site is distinct, slightly offset from a hexagonal plane of six Mn 

neighbours, with one Tb above and another Sn-2e below. 
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Figure 1.1: HfFe6Ge6-type crystal structure, which is in the P6/mmm space group. There are 

three Ge sites in this structure, and Hf and Fe have one site each. 

1 Atoll (site) 1 x 1 y 1 z 1 d (Mn-Sn) 1 

Tb-la 0 0 0 -

Mn-6i 1/2 0 0.2475(2) -

Sn-2c 1/3 2/3 0 2.74 A 
Sn-2d 1/3 2/3 1/2 2.78 A 
Sn-2e 0 0 0.3376(1) 2.88 A 

Table 1.3: Coordinates of atolls in the HfFe6Ge6-type structure of TbMn6Sn6 [15]. The Mn-Sn 

bond lengths are given by d. 

1.4 Magnetic structure of TbMn6Sn6 

It is simpler first to discuss the antiferromagnetic structure of HfMn6Sn6, where non­

magnetic Hf replaces magnetic Tb. The ordering temperature is T N = 575 K. The 

Mn sublattice has planar anisotropy, and thus the Mn moments are oriented in the 

ab-plane. The atoms are layered along c as Hf-Mn-Mn-Hf-Mn-Mn. Strong fer­

romagnetic interactions (JI) within the Mn-Mn slab force the moments in the slab 

to be parallel. The weakly ferromagnetic interaction (J2 ) in the Mn-Hf-Mn slab 

is overwhelmed by the antiferromagnetic interaction (J3 ) from the next-nearest Mn 

neighbours [17]. As a result, ferromagnetic Mn slabs (separated by Hf layers) are 
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Figure 1.2: Antiferromagnetic structure of HflvIn6Sn6, below T N = 575 K. 

antiferromagnetically coupled, leading to a sequence of moments 

Hf-Mn ( f- )Mn( f- )-Hf-Mn( ~ )Mn( ~) 

along the c-axis (Figure 1.2) and an overall antiferromagnetic structure. The Sn-2c 

site sits in the plane of the Hflayer, so the Mn moments above Sn-2c are antiparallei 

to those below it (Figure 1.3). As a result, there is no net transferred hyperfine field 

at Sn - 2c. The Sn - 2d site is offset from Sn - 2c, and lies between two ferromagnetic 

sheets so that the Mn moments above and below it are parallel. Therefore, the fields 

add at Sn - 2d and result in a large transferred hyperfine field. FinaIly, Sn - 2e is 

near to a single Mn sheet, so aIl of the Mn moments are parallel. This also yields a 

significant hyperfine field at Sn-2e due to the different Mn environment. 

When the Hf site is filled with a magnetic moment such as Tb, the magnetic 

structure is no longer antiferromagnetic. The ordering temperature is T N = 423 K 
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Figure 1.3: Orientation of the Mn moments surrounding the three Sn sites in HfMn6Sn6, which 

leads to a cancelation of the hyperfine field at Sn - 2c, in contrast to Sn - 2d and Sn - 2e. 

[7]. As the Tb-Mn interactions are st ronger than Mn-Mn, the Mn moments pre fer to 

be antiparallei to Tb, and antiferromagnetic coupling is introduced within the Mn­

Tb-Mn slab. AlI of the Mn moments are now parallei within the structure. Since 

the formerly anti-parallel arrangement of Mn moments in the Mn-Tb-Mn slab is now 

paralIel, the result is a non-zero transferred hyperfine field at Sn-2c (Figure 1.4). 

Just below the ordering temperature, the Mn sublattice anisotropy dominates over 

Tb, so the Mn and Tb moments are ordered in the ab-plane and stacked along c as 

Tb( --+ )-Mn( ~ )-Mn( ~)-Tb( --+ )-Mn( ~ )-Mn( ~) 

The structure is ferrimagnetic, which means that the exchange interaction between 

adjacent magnetic ions (Mn and Tb) leads to an antiparallei alignment of their mo­

ments [18] (Figure 1.5, left). This does not lead to antiferromagnetism because the 

magnetization of one sublattice exceeds that of the other. Cooling through T ST = 

330 K causes the moments to spontaneously reorient onto the c-axis, because below 

T ST the uniaxial anisotropy of the Tb sublattice dominates [19] (Figure 1.5, right). 

1.5 Summary of RMn6Sn6 magnetic properties 

The RMn6Sn6 family of compounds possesses a rich variety of magnetic properties. 

Most commonly, the rare earth and Mn sublattices show simultaneous ferromagnetic 
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Figure 1.4: Orientation of the Mn and Tb moments surrounding the three Sn sites in TbMn6Sn6 

for T sr < T < T N. There is no cancelation of the hyperfine field at Sn - 2c, because the antiparallel 

Tb moments force the moments in the Mn layers to be parallel. 

c c 

a 
T>Tsr T< Tsr 

• Mn-6i o Tb-la 
• Sn-2c 
o Sn-2d 
o Sn-2e 

Figure 1.5: Crystal and magnetic structure of TbMn6Sn6 for temperatures above (left) and below 

(right) the reorientation temperature, T sr = 330 K. 

ordering, and the antiferrornagnetic coupling between the lattices forces the structure 

to be ferrirnagnetic (R = Gd, Tb, Dy and Ho; Er and Tm are also ferrirnagnetic but 

the rare earth and Mn sublattices do not order sirnultaneously). In the diarnagnetic 

rare earth cornpounds, the Mn sublattice orders antiferrornagnetically, and in sorne 
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Figure 1.6: Temperature dependence of the various magnetic structures in RMn6Sn6. For the Ho 

compound, the moments gradually rotate between 125 K and 200 K. The Lu compound is canted 

below T N = 353 K. 

cases the structure is canted (YMn6Sn6 [7]). Figure 1.6 shows the temperature ranges 

of the various magnetic structures in most of the studied ternary rare earth stannides, 

as well as the spin reorientation observed in the Tb-Ho compounds. 

In DyMn6Sn6 and HoMn6Sn6, the spin reorientation pro cess is not complete [5]. 

The moments in the Ho compound at 4.2 K deviate from the c-axis by 50°, and 

gradually rotate into the ab-plane between 125 K and 200 K (see Figure 1.6). In 

the special cases of helimagnetic Er and Tm, the rare earth sublattices undergo a 

paramagnetic to ferromagnetic transition at a much lower temperature than the Mn 

ordering temperature (at 75 K and 58 K for Er and Tm). Below this transition 

temperature, the structure is ferrimagnetic. 
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1.6 Raie of Ga, In doping 

In the RMn6Sn6-xXx compounds with paramagnetic rare earths, the main effect of 

the Ga or In substitution is the modification of the relative strengths of the J 2 and J 3 

interactions (J2 is the weak ferromagnetic interaction in the Mn-R-Mn slab and J 3 is 

the antiferromagnetic interaction from next nearest Mn neighbours) [17]. The result 

of the change in J 2 and J 3 is the enhancement of the overall ferromagnetic char acter 

of the Mn sublattice. This is supported by observations in the RMn6 T 6-xXx systems 

(R = Sc, Y, Lu; T = Ge, Sn; X = Ga, In), which aIl undergo a paramagnetic to ferro­

magnetic transition above a critical X concentration, Xcrit [20]. For LuMn6Sn6_xlnx, 

this critical value is Xcrit = 1.2 [21]. 

For the paramagnetic rare earths, the Xcrit values are much lower. The ternary 

Gd, Tb, Dy and Ho stannides, for example, are ferrimagnetic over their who le ordered 

range, thus Xcrit = O. In the helimagnetic Er and Tm compounds, the enhancement 

of global ferromagnetic character results from increasing In doping levels, thereby 

increasing the temperature at which the compounds become ferrimagnetic. Above the 

critical In concentration (Xcrit = 0.5 for Tm and Xcrit = 0.2 for Er), the compounds 

are ferrimagnetic in their whole ordered range [22]. The decrease in Xcrit on going 

from Tm to Gd is related to increased R-Mn interactions for decreasing rare earth 

atomic radius [17]. 

For In concentrations just below Xcrit in the Er and Tm compounds, there are sev­

eral magnetic transitions: two ferrimagnetic and one antiferromagnetic. The ordering 

temperatures are shown in Table 1.4 for TmMn6Sn5.6Ino.4 and ErMn6Sn5.gIno.l. The 

final ferrimagnetic transition is referred to as re-entrant ferrimagnetism [22]. 

The observations made in the RMn6Sn6-xXx systems (X = Ga, In) show that 

Ga substitution plays a predominant role on the magnetocrystalline anisotropy. A 

general decrease in spin reorientation temperature (in the Tb, Dy and Ho compounds) 

resulting from increased Ga doping levels indicates that either the anisotropy of the 

Mn sublattice is enhanced by larger x, or that the Tb sublattice anisotropy suffers. 
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Ordering temperature (K) 

Magnetic structure TmMn6Sn5.6InoA ErMn6Sn5.9Ino.l 

Ferrimagnetic 322 342 

Antiferromagnetic 264 319 

Ferrimagnetic 111 141 

Xcrit 0.5 0.2 

Table 1.4: Ordering temperatures in the TmMn6Sn5.6InoA and ErMn6Sn5.9Ino.l compounds, for 

In concentrations just below Xcrit. The final transition is referred to as re-entrant ferrimagnetism. 

Results from [22]. 

At high Ga concentrations in TbMn6Sn6-xGax (x ~ 1), the Tb and Mn moments 

are in the ab-plane for the whole ordered range, indicating that the Mn anisotropy 

dominates at aH temperatures, again either because it is enhanced by the substitution 

or because the Tb anisotropy is severely reduced. In this case, no spin reorientation 

is observed. In [12], an example is shown for TbMn6Sn6Ga. 

Table 1.5 summarizes the easy directions of the magnetization (magnetocrystalline 

anisotropy) in most of the RMn6T6_xXx compounds (T = Ge, Sn; X = Ga, In) 

investigated thus far, and how they relate to Ga and In doping rates. A critical 

dopant concentration changes the magnetocrystalline anisotropy by changing the sign 

of the crystal field parameter of one of the sublattices. The sign change of Bg results 

in a change from easy axis to easy plane (or vice versa) and thus a spin reorientation. 

1 Dy 1 Ho 1 Er Tm Lu 

RMn6Sn6 Easy-axis Cone Cone Easy-plane - -

RMn6Sn5.5Ino.5 Easy-axis Cone Cone Easy-plane Easy-plane Easy-plane (x = 1.4) 

RMn6Ge5.3Gao.7 Easy-axis Cone Cone Easy-axis Easy-axis -
RMn6Ge5.2Gao.8 Easy-axis Cone Cone Easy-axis Easy-axis Easy-plane (x = 1.0) 

RMn6Sn4.9Gal.1 Easy-plane Cone Cone Easy-axis Easy-axis Easy-plane (x = 1.9) 

Table 1.5: Easy magnetization directions measured at 4.2 K in RMn6T6-xXx compounds (T = 

Sn, Ge; X = Ga, In) [17]. 

Figure 1.7 shows the relation between spin reorientation temperature and dopant 
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concentration in TbMn6Sn6-xXx (X = Ga, In) (Chapter 3 and [19]). While increased 

Ga concentrations strongly reduce T sn the effect of In substitution is much weaker 

(Tsr is nearly constant throughout the composition range of 0.2:::; x :::; 0.8), indicating 

that the substitution of In for Sn does not change the magnetocrystalline anisotropy 

of the sublattices in TbMn6Sn6_xInx. This observation is consistent through the series 

of rare earth compounds (R = Tb, Dy and Ho). 

280 -::.::: 240 

~ 200 
E-o 

160 

-- -.- -- -._- ---- ---
.x = In 
OX = Ga 

0.0 0.2 0.4 0.6 0.8 1.0 
X 

Figure 1.7: Effect of Ga or In substitution on the spin reorientation temperature in TbMn6Sn6-xXx 

(X = Ga, In). The results for TbMn6Sn6_xGax are discussed in Chapter 3 while those for 

TbMn6Sn6-xInx are from [19]. 

1.7 Site preference for X substitution 

The neutron diffraction study of TmMn6Sn6-xGax (x = 2.0 and 2.5) [23] showed 

a significant increase in occupancy factor corresponding to the Sn-2c site. Owing 

to the relative neutron scattering lengths of Sn and Ga, this means that the Ga 

atoms are substituting on the Sn-2c site. This was reinforced by an x-ray single 

crystal study of TmMn6Sn6-xGax (x = 1.2 and 2.6) [24], which showed a reduction 

in occupancy factor at Sn-2c and, to a lesser degree, at Sn-2d, confirming that the 

Ga atoms substitute at Sn - 2c. The substitution also occurs at Sn - 2d, but in smaller 

quantities. 
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We can also investigate the Ga site preference by considering Sn site volumes 

for samples with lower Ga doping levels than those studied through neutron and x­

ray diffraction (x < 1.2). In Figure 1.8 (left), the volumes of the three Sn sites in 

RMn6Sn6-xGax (R = Tm, Tb) are shown for 0 ::; x ::; 2.5. Sn-2c is the smaIlest 

of the three Sn sites. The site volumes were obtained using BLOKJE [25] and ceIl 

parameters from [12][23]. On the right-hand side of Figure 1.8, we show the percent 

change in site volume in response to doping, ~ V(%): 

~V(%) = Vx - Va x 100 
Vx 

(1.2) 

where Vx is the site volume for a given x composition and Va is that of the ternary 

compound. In Figure 1.8 (right), aIl ~V values are negative, as the site volumes 

decrease when Sn (17.81 A3) is replaced with the smaller Ga (11.74 A3). 

22~ D; CK r, TmMn6Sn6 _ xGax: 

8 • -1 v Sn-2c - • T 
ln 21 0 U c Sn-2d 
0< 0 0 -2 • o Sn-2e - VT Sn-2c 

CI) 20 
0 

~-3 8 c. Sn-2d 
<Je Sn-2e -::s > -4 - 19 0 <J 8 > 

",fT 'V -5 
CI) \l T 

TbMn6Sn6 _ xGax: \l 
~ 18 -6 ... Sn-2c .... 
00 \l • Sn-2d ~ \l -7 • Sn-2e 
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Figure 1.8: Left: Sn site volumes in TmMn6Sn6-xGax (open symbols) and TbMn6Sn6-xGax 

(closed symbols). Right: Percent change in site volume (~V) for the Tm and Tb compounds 

described above, which is negative because Sn is replaced with smaller Ga atoms, thereby decreasing 

the site volume. Cell volumes were calculated using parameters from [12] [23] and BLOK JE [25]. 

In TmMn6Sn5.sGaa.2 and TmMn6Sn5.5Gao.5, the three Sn sites have nearly equal 

~ V values, meaning that the volume of each Sn site decreases by the same amount 

in response to Ga substitution, and thus there is no clear site preference for x ::; 0.5. 

In TmMn6Sn4Ga2 and TmMn6Sn3.5Ga2.5, ~V for Sn-2c is the most negative. Since 
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Ga is sm aller than Sn, this suggests that Ga atoms substitute mostly at Sn-2c in 

TmMn6Sn6_xGax for x ~ 2, in agreement with the site preference determined through 

neutron scattering. 

By contrast, in TbMn6Sn5.2Gao.8, the Sn-2d site volume decreases the most in 

response to Ga substitution (largest -~V), while the Sn-2c site volume decreases the 

least (smallest -~V). This suggests that Ga atoms substitute mostly at the Sn-2d 

site, and show a slight preference for Sn-2e, in Tb compounds with low Ga doping (x 

< 1). This contradiets the site preference determined through neutron scattering, but 

is fully consistent with our recent Mossbauer study of TbMn6Sn6_xGax (0.2::; x ::; 0.8) 

compounds [16]. Since different doping levels give different site preferences, further 

Mossbauer studies on a series of substituted compounds such as YMn6Sn6-xGax and 

TbMn6Sn6_xInx, as weIl as neutron scattering studies of RMn6Sn6_xGax compounds 

with lower x « 2), should provide insight into the Ga site preference. 

Purpose of the study 

We present here the results for the temperature-induced spin reorientations in the 

ErMn6Sn5.89Gao.ll and TbMn6Sn6-xGax powders, and the field-induced spin-flop in 

TbMn6Sn5.46Ino.54 single crystals. We show that the spin reorientation is a 90° rota­

tion of the magnetie moments, and that the driving force of the reorientation does 

not change the anisotropie contribution to the transferred hyperfine field at the Sn 

sites. This contribution can thus be determined through either method. We show 

that the anisotropie contribution is large in aIl cases, and shows sorne relation to the 

concentration of the dopant atoms as weIl as to the choice of rare earth. 



Chapter 2 

Experimental methods 

2.1 Sample preparation 

The four TbMn6Sn6_xGax compounds (x = 0.2, 0.4, 0.6 and 0.8) were prepared 

by Venturini et al. by alloying stoichiometric amounts of ternary TbMn6Sn6 and 

TbMn6Ga6 in an induction furnace [23]. The resulting ingots were sealed under 

argon in quartz tubes and annealed for two weeks at 973 K. 

The ErMn6Sn5.89Gao.ll and TbMn6Sn5.46Ino.54 single crystals were synthesized us­

ing a flux method similar to that previously reported by Clatterbuck et al. [13]. For 

ErMn6Sn5.89Gao.ll, a mixture of ErMn6Sn6 and elemental gallium was compacted 

into pellets and put into a silica tube with a large amount of elemental tin, giving 

ri se to the atomic ratio ErMn6Sn31.5GaO.5. A quartz-wool stopper was placed in the 

tube, which was then sealed under argon (200 mm Hg). The same was do ne for 

TbMn6Sn5.46Ino.54, with a mixture of TbMn6Sn6, pure tin and indium metal (atomic 

ratio TbMn6Sn23In37). The silica tube was placed in a furnace and heated to 1273 K 

(at 50 K/h) for 24 h, after which it was cooled to 1223 K (6 K/h). The sample was 

then re-heated to 1263 K at the same rate and finally cooled slowly to 873 Kin 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 

17 
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Figure 2.1: Left: ErMn6Sn5.89Gao.ll single crystal. Right: Arrangement of TbMn6Sn5.46Ino.54 

single crystal platelets. The magnetic moments are along c, out of the plane of the crystals. 

hexagonal crystals remained on the quartz-wool stopper. In the RMn6Sn6-xXx series, 

it was found that the larger the rare earth element, the thinner the crystals. Further­

more, a larger concentration of dopant results in thinner crystals. ErMn6Sn5.89Gao.ll 

thus grew as a large single crystal (Figure 2.1, left) , and it was powdered for x-ray 

diffraction and Mossbauer spectroscopy. TbMn6Sn5.46Ino.54 single crystals grew as 

thin platelets ("-'1-2 mm in diameter and ,,-,60 J..Lm thick), with the c-axis perpendic­

ular to the plane of the plates. The single crystal platelets were sandwiched between 

two Kapton sheets, and assembled in a mosaïc to make the TbMn6Sn5.46Ino.54 sam pIe 

(Figure 2.1, right). Both compounds are isotypic with the HfFe6Ge6 structure. The 

composition of the crystals was verified using a SX50 electron probe at the Service 

Commun de Sondes Électroniques de l'Université de Nancy I-Henri Poincaré [26]. 

2.2 Principles of Mossbauer spectroscopy 

2.2.1 The Moss bauer effect 

When a free atom at rest emits a photon, the nucleus recoils to conserve the total 

momentum of the system. The recoil momentum p of the nucleus is thus equal and 

opposite to the momentum of the outgoing ')'-ray: 

E'Y 
P = Mv = -P'Y = -­

C 
(2.1) 
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where M is the nuclear mass, v the velocity change the nucleus experiences as a result 

of the recoil, E-y the ')'-ray energy, and c the velo city of light. The energy lost by the 

nucleus is the difference between the excited and ground state energies, E = Ee - Eg. 

In order to conserve energy, this energy difference must equal: 

1 2 p2 
E = - Mv + E-y = - + E-y 

2 2M 
(2.2) 

Energy conservation thus demands a recoil energy, ER, given by: 

(2.3) 

Equation 2.3 shows that there exists an explicit relation between the recoil energy 

and the energy of the emitted ')'-ray. 

When the emitting atom is bound in a solid lattice, the recoil mass M is the mass 

of the lattice as a whole, and ER in equation 2.3 is significantly reduced. Chemical 

binding energies in solids are on the order of 10 eV, which is considerably greater 

than the recoil energy ER of a free atom (Table 2.1). Otherwise, the atom would be 

dislodged from the crystal lattice. While the nucleus in a solid cannot recoil freely, it 

remains free to vibrate. If ER is similar to the characteristic phonon energy, the recoil 

energy will be dissipated by means of phonon creation. If however ER is less than 

the lowest phonon available to the system, the emission is referred to as recoilless, 

and the energy of the outgoing ')' is sim ply E-y = Ee - Eg. When this occurs in both 

source and absorber, the condition for resonance absorption of ')'-rays is satisfied [27]. 

The recoilless resonant absorption of ')'-rays was discovered by Rudolph Mèissbauer in 

1957, who received the Nobel prize in 1961 for the effect which now bears his name. 

2.2.2 119Sn Mossbauer spectroscopy 

In general, a Mèissbauer spectrum will consist of many resonance lines, because the 

electric and magnetic interactions between electrons and nuclei in both the source and 

absorber shift and split the nuclear levels (Figure 2.2 shows an example of magnetic 
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1 Source of energy 1 Symbol 1 Range ( eV) 

Mossbauer l'-ray E"( 104 - 105 

Chemical binding E B 1-10 

Free-atom recoil ER 10-1 _ 10-4 

Lattice vibrations (phonons) 10-1 _ 10-3 

Heisenberg natural linewidth rs 10-6 -10-9 

Table 2.1: Typical energies associated with the Mossbauer effect [28]. 

splitting for the ~ ---+ ~ transition in 119Sn). The study of these interactions, known 

as hyperfine interactions, is the main purpose of M6ssbauer spectroscopy, and they 

are discussed in greater detail in the following sections. The energy shift associated 

with these interactions is typically on the order of 10-6 eV. The absorption lines are 
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Figure 2.2: Magnetic splitting for the ~ --7 ~ transition in 119Sn. The only allowed transitions are 

for a change in m of 0 or ± 1, giving a six line Mossbauer pattern [29]. 
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Lorentzian, and the line width (f) is inversely proportional to the mean lifetime of 

the excited state (7) [30]. The Heisenberg naturallinewidth is given by .D.E.D.fs = ~, 

and naturallinewidths (given in Table 2.1) are typically smaller than the energy shi ft 

caused by hyperfine interactions. The possibility of resonant absorption is therefore 

lost, caused by the very interactions which are most meaningful in a M6ssbauer study. 

If the 'l'-ray source is Doppler shifted, then the energy range of the outgoing 'l'-rays 

encompasses that of the shift between energy states, and resonant absorption can 

occur when the incident and absorber energies match. The Doppler shift energy is 

given by: 

v 
.D.E = -E"( 

c 
(2.4) 

where v is Doppler velocity of the source. With this approach, the resulting M6ssbauer 

spectrum has velo city in mm/s on the x-axis, instead of energy. The naturallinewidth 

of Sn foil (from 119Sn M6ssbauer spectroscopy) is approximately 0.470(2) mm/s. 

There are several approaches to Mossbauer spectroscopy. The most popular is the 

transmission mode, with the sam pie between the source and detector. This is the 

approach used throughout this work, and an example of the setup is shown in Figure 

2.3. The setup consists of a 'l'-ray source, a detector, and a mechanical drive, and aIl 

are part of the spectrometer. The source is attached to an electromechanical trans­

ducer or drive, which is usually driven trapezoidally to give the desired Doppler shift 

and M6ssbauer absorption spectrum. Typical drive velocities for 119Sn are ±30 mm/s. 

Since in the transmission mode the detector counts the 'l'-rays that were not absorbed 

by the sam pie , it is the loss in incident counts which is plotted against velocity to 

give the absorption spectrum. Therefore the spectral lines point downwards. Other 

M6ssbauer spectroscopy approaches are 'l'-ray backscattering, x-ray backscattering, 

and conversion electron M6ssbauer spectroscopy, which aIl are backscattering meth­

ods. This approach yields emission spectra consisting of 'l'-radiation that has been 

re-emitted from the sample. In these cases, the lines in the spectra are emission lines, 

which point upwards. 
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Figure 2.3: M6ssbauer drive, source, sample and detector. The M6ssbauer source is mounted on 

the drive [31]. 

Mossbauer source, spectrometer and detectors 

The Mossbauer source used in this study was a 10 mCi 119mSn CaSn03 source, who se 

decay scheme is shown in Figure 2.4. A 25 /-lm Pd filter is added to the spectrometer's 

snout (just beyond the source) because the energy of the Sn-Ka x-ray, also emitted by 

the source, is very near to the Sn-')' used in the experiment, and it must be filtered to 

avoid interference. 119Sn Mossbauer spectra were obtained using this source and two 

detectors: a Na! scintillation (photomultiplier) detector (Figure 2.5, right), and a 2 

121- ---,-------- 89.54 keV 

;!+ 
2 

-----L.-"TTT,---- 23.875 ke V 

-----~~------ 0 

Figure 2.4: 1198n decay scheme. The energy of the 1198n M6ssbauer 'Y is 23.875 keV. 
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Figure 2.5: Left: 119Sn M6ssbauer source, mounted on a loud-speaker in the M6ssbauer spectrom­

eter. Middle: M6ssbauer spectrometer. The source is mounted within the snout, and a 25 /Lm Pd 

filter is placed on the snout to eliminate the contaminant Sn-Ka signal. Right: Na! scintillation 

detector. 

atm Xe/C02 proportional counter. Both detectors show a linear relationship between 

photon output and initial (input) ,-ray energy for E-y > 10 keV (the 1l9Sn, has E-y = 

23.875 keV). The NaI detector is the more efficient detector, but it is switched to the 

proportional counter for the in-field measurements of TbMn6Sn5.46Ino.54 because the 

external field would affect the photomultiplier tube within. It is however the standard 

detector used in ,-ray spectroscopy [32]. The source, spectrometer and detector are 

shown in Figure 2.5. 

2.2.3 Debye-Waller factor and Debye temperature BD 

Sinee recoilless ,-ray resonant absorption is key in the Mossbauer effect, we define f as 

the proportion of events that are resonantly absorbed with respect to the total number 

of ,events. This fraction is known as the recoil-free fraction, or alternatively the 

probability of zero-phonon events, as both effects guarantee that E-y = Ee - Eg. The 

recoil-free fraction depends on the free atom recoil energy (<x E~), on the properties 

of the solid lattice, and on the temperature of the sample. As the forces acting within 

the nucleus are extremely short ranged compared to those which hold the lattiee 

together, the nuclear decay is independent of vibrational state, and conversely, the 

vibrational state is independent of the nuclear decay. The probability of recoilless 
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emissions is reduced to: 

(2.5) 

where Li is the initial vibrational state (note that for recoilless emission Li = LI), 

k = pin is the wavevector for the emitted ,-ray and x is the coordinate vector of 

the center of mass of the decaying nucleus [33]. Since Li is normalized, equation 2.5 

becomes: 

f -k·x =e (2.6) 

The Debye model abandons the concept of a single vibrational frequency. The model 

instead assumes a continuum of oscillator frequencies with maximum WD, and follows 

the distribution formula N(w) = const x w2• We may define a characteristic Debye 

temperature BD as nWD = kBD [34]. The Debye model then leads to: 

f = exp [_ 6ER {~ + (~) 21BDIT xdx }] 
kB D 4 BD a eX - 1 

(2.7) 

In the low temperature approximation corresponding to T « BD, the recoil-free 

fraction is given by: 

At T = 0 K, 

[ 
3 ER ER 7r

2 2] f(T) = exp --- - -3-T 
2 kBD kBD 

fa = exp [_ 3ER ] 
2kBD 

and finally in the high temperature limit where T 2: ~BD, 

[ 
6ERT] f(T) = exp - kB'b 

(2.8) 

(2.9) 

(2.10) 

The area of the resonant absorption lines in a Mossbauer spectrum is determined 

by the probability of recoilless absorption, and thus relates to the recoil-free fraction. 

Furthermore, a 119Sn Mossbauer pattern of a Sn-bearing sample with several Sn 

environments will have a subspectral component for each different Sn environment 

or site. The subspectral areas represent the distribution of each site in the sample 
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structure. The subspectral area of a site which has a very low j-factor will be under­

represented at high temperature, where the probability of recoilless absorption is 

small. In such a case, the sample must be analyzed at low temperature to get an 

accurate representation of the environments within it. As se en in equation 2.9, even 

at 0 K the recoil-free fraction depends on the Debye temperature. The recoil-free 

fraction can only reliably be determined through a temperature scan from which the 

Debye temperature can be obtained. In order to calculate the Debye temperature of 

a Mossbauer spectrum, the natural logarithm of the fraction of absorbed counts is 

plotted against the temperature (in the high-T limit) or the square of the temperature 

(in the low-T limit). The slope of the linear fit gives () D for either regime. To determine 

the Debye temperature of a subspectrum, the total absorption is normalized to the 

subspectral area. 

It is useful to calculate the Debye temperature if there is a need to determine 

the nature of unknown subspectral components in a Mossbauer pattern. An example 

of this will be seen in Chapter 3, where an elemental Sn impurity appears in the 

Mossbauer spectra of ErMn6Sn5.89GaO.U. In addition, sinee the Sn atoms in sorne 

of the Sn sites in RMn6Sn6-xXx are substituted with Ga or In, there should be 

a reduction in the Mossbauer subspectral area associated with the site on which 

the substitution occurs. In order to ensure that this is an effect of site occupancy 

rather than a decrease in recoil-free fraction, the Debye temperatures for each of the 

subspectra can be calculated and compared. 

2.2.4 Hyperfine interactions 

The total interaction Hamiltonian for an atom is given by: 

H = Ho + He + HM + HQ + ... (2.11) 

where Ho refers to aH terms in the Hamiltonian except the hyperfine interactions, 

He the Coulomb interactions (electric monopole), HM the magnetic di pole hyperfine 
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Figure 2.6: Effect of isomer shifts on single Mossbauer resonance Hnes in Sn metal and Sn02, 

which reflects the difference in electrostatic environment between the metal and oxide systems. 

interactions, and HQ the electric quadrupole interactions. 

The Coulomb term He changes the separation between the nuclear ground and 

excited states, and is known as the isomer shift [35], because it shifts the resonance 

lines in a Mossbauer spectrum (Figure 2.6). The isomer shi ft of elemental Sn from 

119Sn Mossbauer spectroscopy is 8 = 2.56 mm/s [36]. 

Quadrupole splitting .6. 

Any nucleus with a spin quantum number greater than l = ~ has a non-spherical 

charge distribution. The magnitude of the charge deformation is known as the nu­

clear quadrupole moment, Q. The electronic charge distribution is seldom spherically 

symmetric, resulting in an electric field gradient at the nucleus. This electric field 

gradient is described by the tensor: 

(2.12) 

where V is the electrostatic potential. A coordinate system can be chosen such that 

the tensor is diagonal, and conventionally, V zz = eq is defined as the maximum so that 
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the orientation of the nuclear axis with respect to the principal axis, z, is quantized 

[37]. Since the tensor is traceless (Vxx + Vyy + Vzz = 0), the quadrupole interaction 

splits the nuclear energy levels without shifting the center of the resonance lines [38] 

(Figure 2.7). If we define 'Tl = VX~~YY, the tensor can then be entirely specified by 

two parameters: Vzz and 'Tl, defined as the asymmetry parameter. The quadrupole 

splitting is due to interactions of the nuclear quadrupole moment with the electric 

field gradient, and the Hamiltonian is given by: 

eQVzz [A2 'Tl A2 A2] 
HQ = 41(21 _ 1) 31z - 1(1 + 1) + 2(1+ - L) (2.13) 

where e is the proton charge, l is the spin, and Î + and Lare ladder operators. 

As the x-axis of the Mossbauer pattern is velocity in mm/s, obtained by Doppler 

shifting the energy of the source ,-ray, it is more useful to have a quadrupole com­

ponent expressed in velocity units. The conversion factor is the velo city shift cor­

responding to a 1 eV shift in the Hamiltonian of equation 2.13. The quadrupole 

splitting is expressed as: 

~ = ~ 3eQVzz (2.14) 
E"{ 4/(2/ - 1) 

Typical 119Sn quadrupole splittings vary between 0 mm/s and 3 mm/s. The effect of 

quadrupole splitting on a single 119Sn Mossbauer resonance line is shown in Figure 

2.7. 

Hyperfine Field Bh! 

The hyperfine splitting is caused by the interaction of the nuclear magnetic moment 

with the internaI magnetic field generated by the motion of electrons. The hyperfine 

field is thus to a first approximation assumed to be proportional to the magnetic 

moment through the relation [39]: 

(2.15) 

where Ah! is the hyperfine interaction constant and ft the magnetic moment. In 

a-Fe, Bh! = -33 T and ft = 2.2 ftB, giving a hyperfine interaction constant of 
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Figure 2.7: Effect of a quadrupole splitting on a 119Sn Mossbauer singlet (along with an isomer 

shift). 

Ah! = -15 T / /lB in 57Fe. The sign of Bh! cannot be distinguished through Mossbauer 

spectroscopy, and the hyperfine field in 57Fe is simply 33 T. This hyperfine field splits 

the nuclear levels, resulting in a six line Mossbauer pattern according to the selection 

rules on spin. 

Continuing with the example of 57Fe, when an external field B ext is applied in the 

i direction, the Fe moments will align preferentially i along the direction of Bext. The 

i d electrons will induce an i spin imbalance in the s electrons of Fe. This induces 

a l spin imbalance at the Fe nucleus, and thus the 57Fe hyperfine field Bh! (1) is 

antiparallel to the applied field Bext (i). The observed hyperfine field is expressed as: 

(2.16) 

When the observed hyperfine field is plotted as a function of applied field, the rela­

tionship is linear, with a slope of -1 (an example of this is shown in Chapter 5, for 

the spin-flop of TbMn6Sn5.46Ino.54). 

In contrast to equation 2.15, it is slightly more accurate to express the hyperfine 
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field as a combinat ion of sever al fields: 

(2.17) 

Bep and Bcond represent the spin polarization of core and conduction electrons. Borb 

and Bdip are the anisotropie terms, proportional to the orbital moment or to the 

dipolar field, respectively [40]. This expression of the hyperfine field is identical to 

that of the hyperfine field transferred to non-magnetic Sn atoms, shown in equation 

1.1 of Chapter 1: 

(2.18) 

The Sn transferred hyperfine fields in RMn6Sn6 compounds vary between 0 T and 

34 T, as they depend on the magnetic moments which surround a Sn site. 

Combined magnetic and quadrupole interactions 

Bhf = 21.57(3)T 
= 1.99(2)mm/s 

t:. = O.39(2)mm/s 

6 = 1.89(1)mm/s. t:. = 1.41(1)mm/s 

-15 -5 5 15 
Velocity {mm/s} 

Figure 2.8: 119Sn Mossbauer spectrum of YFe6Sn6, which combines chemical isomer shift, 

quadrupole splitting and hyperfine field parameters. 

In the RMn6Sn6 compounds, both the quadrupole splitting and hyperfine field 

are present, in most cases at aH three Sn sites. Figure 2.8 shows the variation in the 
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appearance of 119Sn M6ssbauer patterns resulting from different Sn environments in 

Mossbauer spectroscopy and spin reorientation 

The M6ssbauer parameters can be used to characterize the spin reorientation in the 

RMn6Sn6 systems, but 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 RMn6Sn6 (6mm for Sn - 2e and 6m2 for Sn - 2c 

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 zz lies along 

a, b or c. The local hexagonal point symmetries also impose axial symmetry (TJ = 0), 

such that the quadrupole splitting ~ is: 

(2.19) 

where () is the angle between V zz and Bh! at the Sn site due to the surrounding 

magnetic moments. For () = 90°, ~ = -~eQVzz and for () = 0°, ~ = ~eQVzz, so that 

change in ~ by a factor of - 2 corresponds to a change in moment direction by 90°. 

Another of the M6ssbauer parameters that can be used to identify the spin re­

orientation is R. The intensity of the second and fifth M6ssbauer lines depends on 

the orientation of the magnetic moments with respect to the 'Y-ray ('!9). Writing the 

intensity ratio as 3:R:1:1:R:3 for a six line M6ssbauer pattern, '!9 can be determined: 

R = 4sin2 '!9 
1 + cos2'!9 

(2.20) 

For a single crystal, the moments point along a well defined direction with respect 

to the 'Y-direction. For example, the TbMn6Sn5.46Ino.54 single crystal platelets are 

grown with c perpendicular to the plane of the plates, parallel to 'Y. If the moments 

lie along the c-axis, then 'Y Il c Il Il, giving '!9 = 0° and R = O. If the moments are 

in the ab-plane, then 'Y Il c -L Il, giving '!9 = 90° and R = 4. Thus for an oriented 
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sam pie , R can be used to determine the moment direction. For a powdered sample, 

R averages to 2 and this information is lost. 

Calibration, magnetometry, refrigeration and external fields 

In addition to the 119Sn source described previously, a second source was used in this 

study for the purpose of calibration. The calibration of the spectrometer is a necessary 

and first step to a M6ssbauer experiment because it will determine the true positions 

of aU resonance lines as weU as help identify possible equipment malfunctions. A 

100 mCi Rh 57CO source was used in conjunction with an a-Fe foil for the calibration 

of the spectrometer. This is a common choice, because the metaUic iron spectrum 

has six hyperfine components which give a linearity check as weU as defining a zero 

[41]. The six line Fe pattern (B h ! = 33 T, R", 2 and 8 = -0.09(1) mmjs) was fitted 

as a reference for an successive isomer shift and hyperfine field measurements, and 

the room temperature spectrum is shown in Figure 2.9. 

a-Fe calibration 

-8 -4 0 4 
Velocity (mm/s) 

Figure 2.9: a-Fe calibration with a maximum velo city of 8 mm/s. 

Basic magnetic characterization was carried out on a Quantum Design PPMS 9 T 

susceptometerjmagnetometer. For the RMn6Sn6_xGax (R = Tb, Er) samples, the 
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temperature was varied from 12 K to 300 K using a vibration-isolated closed-cycle re­

frigerator (Figure 2.10). The TbMn6Sn5.46Ino.54 mosaïc (Figure 2.1, right) was subject 

to external magnetic fields from 0 T to 1.53 T. The field was varied in a conventional 

electromagnet with the field perpendicular to both the ')'-ray beam and the c-axis of 

the platelets. Finally, Mossbauer spectra were fitted using a conventional non-linear 

least-squares minimization routine. The routine uses a sum of Lorentzian lineshapes, 

and the line positions are calculated as a first order perturbation because the hy­

perfine fields in the Sn alloys are much larger than the quadrupole splittings. In 

cases where the two values are similar, this approach is not as accurate and the full 

Hamiltonian solution is required [31]. 

Figure 2.10: Vibration-isolated closed-cycle refrigerator, used to produce temperatures between 

12 K and 300 K for the TbMn6Sn6-xGax samples. 



Chapter 3 

Spin reorientation in 

Er Mn6Sn5.89GaO.ll 

In Chapter 1, the magnetic moments in RMn6Sn6 were shown to undergo a spon­

taneous temperature-induced spin reorientation from the ab-plane to the c-axis on 

cooling through T sr ' In the Tb compound, this occurs at a rather high temperature, 

T 81' = 330 K. At high temperatures, the M6ssbauer lines overlap significantly. Isolat­

ing the spin reorientation from background temperature dependence of the moments 

is challenging. 

Also, the temperature dependence of the moments is st ronger at high tempera­

tures, so that isolating the thermal changes in the moments due to the spin reori­

entation is a challenge. The same transition takes place in the ternary RMn6Sn6 

compounds for R = Dy and Ho, but in both cases the reorientation is incomplete [5]. 

For the Er compounds, a small amount of Ga substitution at the Sn sites induces a 

spin reorientation below 100 K, as shown by Yao et al. [41]. We present here the 

evolution of the hyperfine parameters in the ErMn6Sn5.89Gao.ll compound. 

33 
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Figure 3.1: Magnetization of ErMn6Sn5.89Gao.ll in an applied field of 1 T, parallel to the c-axis. 

3.1 Magnetometry 

The Mn sublattice of the ternary ErMn6Sn6 compound orders antiferromagneti­

cally at T N = 352 K [7] (the Er sublattice remains paramagnetic), and the com­

pound orders ferrimagnetically at 75 K. With a small amount of Ga substitution, the 

ErMn6Sn5.89GaO.11 compound is ferrimagnetic in its whole ordered range below the 

Néel point T N = 372 K (for the In-substituted compound, the critical In concentra­

tion above which this occurs is Xin = 0.2). The thermomagnetic curves for an applied 

field of Bo = 1 T parallel to the c-axis are shown in Figure 3.1, for 2 K < T < 60 K. 

The anomaly at T sr = 35(2) K marks the spin reorientation transition. This temper­

ature is in fair agreement with that measured in the polycrystalline ErMn6Sn5.8GaO.2 

compound (Tsr = 36 K) [41]. 

Figure 3.2 shows the thermomagnetic curves for Bo both along and perpendicular 

to the c-axis, and for 2 K < T < 450 K. An additional anomaly appears between 

170 K and 225 K: the magnetization decreases but only when the applied field is per­

pendicular to the c-axis. This cannot be in response to a spin reorientation because 

the spin reorientation at 35(2) K is observed for both Bo ..L c and for Bo Il c (Figure 

3.2). The decrease in magnetization is instead related to re-entrant ferrimagnetism, 
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discussed in Section 1.6, and the stabilization of a helimagnetic structure in a narrow 

and intermediate temperature range [22]. The increasing antiferromagnetic char acter 

of the Mn sublattice upon cooling indicates that the Mn moments in the Mn-Er-Mn 

slab prefer to be antiparaIlel. On the other hand, the Er-Mn interactions are grow­

ing st ronger with decreasing temperatures, favouring an antiparaIlel alignment of the 

rare earth and Mn sublattices, and forcing aIl of the Mn moments to be paraIlel. The 

competition between the two effects is the origin of re-entrant ferrimagnetism. The 

persistence of spontaneous magnetization in the present case indicates that the ferri­

magnetic to helimagnetic transition is not complete. The ferrimagnetic arrangement 

is most likely partly broken in this temperature range (170 K to 225 K), resulting in 

a canted or conical structure (Figure 3.3). 
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Figure 3.2: Magnetization of ErMn6Sn5.89Gao.ll in an applied field of 1 T, both parallel and 

perpendicular to c, for 2 K < T < 450 K [25]. 
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Figure 3.3: Left: helimagnetic structure of ternary (Er,Tm)Mn6Sn6' Right: canted or conical 

arrangement of the magnetic moments in ErMn6Sn5.89Gao. 11 , resulting from an incomplete transition 

from ferrimagnetism to helimagnetism in response to Ga doping [24]. 

3.2 Mossbauer spectroscopy 

The 12 K Mossbauer pattern of ErMn6Sn5.89Gao.11 powder is shown in Figure 3.4. 

At 12 K, the pattern shows relatively distinguishable lines and was fitted with three 

subspectra, one for each Sn site, and a central impurity (spectral area 2.4%, and 

isomer shi ft 8 = 2.72(6) mm/s relative to a-Fe). The fits were designed to permit 

the areas of the three sextets to be adjusted freely. The Mossbauer parameters given 

by Mazet et al. [42] for TbMn6Sn6 at 4.2 K served as a guide to estimating the 

quadrupole splittings of the 12 K pattern. The uniqueness of the hyperfine parameters 

given by the fit allows for the unambiguous assignment of each of the three Mossbauer 

sextets to a specifie Sn site. 

The three subspectra at 12 K have quadrupole splittings ~ - 1.55(2) mm/s, 
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Figure 3.4: Mossbauer spectrum for ErMn6Sn5.89GaO.ll at 12 K. 
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1.17(2) mm/s and 0.03(2) mm/s and hyperfine fields Bh! = 33.56(2) T, 32.12(2) T 

and 15.54(2) T respectively. The site assignments are based on previous studies of 

HfMn6Sn6 at 100 K, whose crystal structure is identical to that of ErMn6Sn5.89Gao.ll 

but with antiferromagnetic order [1]. The arrangement of magnetic moments around 

the Sn-2c site in HfMn6Sn6 is such that there is no net transferred hyperfine field 

(Figure 1.3 in Section 1.4). The quadrupole splitting at Sn-2c in HfMn6Sn6 is mea­

sured to be ~ = 1.1 mm/s, and assuming the replacement of non-magnetic Hf with 

magnetic Er has litt le or no effect on the crystalline electric field, we can assign the ~ 

= 1.17(2) mm/s sextet in ErMn6Sn5.89Gao.ll to the Sn-2c site. The hyperfine field 

of 32.12(2) T is entirely due to the trigonal Er plane which surrounds Sn-2c. We can 

attribute the slightly larger ~ = 1.55(2) mm/s (Bh! = 33.56(2) T) to the geomet­

rically similar Sn-2d (in HfMn6Sn6, ~ = 1.6 mm/s at Sn-2d). It is not surprising 

that the quadrupole splittings and hyperfine fields at the Sn-2c and Sn-2d sites 

are close, because the only difference between the two sites is a plane of Er atoms 

surrounding Sn-2c (the bond lengths are 2.74 A and 2.78 A for Sn-2c and Sn-2d). 
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The remaining sextet (~ = 0.03(2) mm/s and Bh! = 15.54(2) T) is assigned to the 

Sn-2e site (~ = 0.02 mm/s for Sn-2e in HfMn6Sn6). This assignment is also a 

reasonable one because the quadrupole splitting and hyperfine field are much sm aller 

than for the other Sn sites, owing to the drastically different Mn environment. The 

Sn-2e site assignment will be confirmed in Chapter 6. 

Figure 3.5: M6ssbauer spectra of ErMn6Sn5.89Gao.ll , from 12 K to 300 K. The spin reorientation 

transition occurs at T sr = 38(2) K. 

The nature of the impurity phase (8 = 2.72(6) mm/s at 12 K) can be determined 

by heating the sample to room temperature from 12 K, and by determining the Debye 

temperature from the thermal evolution of the recoil free fraction (Chapter 2). The 

M6ssbauer spectra from 12 K to 300 K are shown in Figure 3.5. The total absorption 

(normalized to the baseline) was plotted as a function of temperature and from this 

a Debye temperature of ()D = 165(5) K was measured (Figure 3.6), as calculated in 

the high-temperature limit. The isomer shift and Debye temperature for j3-Sn are 
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Figure 3.6: Natural log of the recoil-free fraction (total absorption divided by baseline) as a 

function of temperature, in the high-temperature limit (see Chapter 2). From the slope, the Debye 

temperature of ErMn6Sn5.89GaO.ll and the impurity phase (eDsJ are measured. 

o =2.56 mm/s [35] and BD = 135 K [43], and those for SnO are 0 =2.71 mm/s [44] 

and BD = 181(2) K [45]. Since the isomer shifts and Debye temperatures compare 

relatively well, the impurity phase in ErMn6Sn5.89Gao.ll is likely to be elemental Sn, 

SnO, or a mixture of both. 

At 12 K, the Mossbauer lines are mostly distinct, but increasing temperature in­

troduces dense overlapping of several of the Mossbauer lines, notably at T > T ST ' 

Thus the fitting of spectra for 12 K < T < 300 K involved a few carefully constructed 

constraints. The spin reorientation is expected to be a full 90° rotation of the mo­

ments, and since such a rotation corresponds to a change in quadrupole splitting by 

a factor of -2 (Section 2.2.4), we can estimate the quadrupole splittings for T > 

T ST based on those fitted at 12 K. The areas of the three Mossbauer sextets were 

constrained (allowing the central Sn impurity area to vary and eventually vanish) to 

the average values seen at T « T ST) because as long as the three subspectra have the 

same recoil-free fraction and Debye temperature, the area ratio between them cannot 

change. This constraint allows for the quadrupole splittings and hyperfine fields (as 
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Figure 3.7: Quadrupole splittings of the three Sn sites in ErMn6Sn5.89GaO.ll between 12 K and 

300 K. 

weIl as the isomer shifts) to be adjusted freely, provided all of these parameters are 

well behaved. 

The spin reorientation transition is characterized by a drastic change in appear­

ance of the spectra between 35 K and 40 K. Figure 3.7 shows the quadrupole split­

tings of the three Sn sites as functions of temperature. The factor of - 2 change in 

quadrupole splitting on cooling through 38(2) K marks the spin reorientation (Table 

3.1). As discussed in Section 2.2.4 of Chapter 2, this corresponds to a rotation of 

the moments by 90° at T sr = 38(2) K, from the ab-plane for T > Tsr to the c-axis 

for T < Tsr . The width of the transition is less than 5 K, so the reorientation is an 

abrupt, well-defined transition. 

T < T sr (J.L Il c) T > T sr (J.L .1 c) 

35 K 40 K 

Site ~ (mm/s) Eh! (T) ~ (mm/s) Eh! (T) 

Sn-2c 1.11(2) 31.99(2) -0.51(2) 31.87(2) 

Sn-2d 1.54(3) 33.46(3) -0.81(3) 30.33(2) 

Sn-2e 0.07(2) 15.45(2) -0.03(2) 20.53(2) 

Table 3.1: Mossbauer parameters at 35 K and 40 K in ErMn6Sn5.89Gao.ll. 
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The temperature dependence of the hyperfine fields at the three Sn sites is shown 

in Figure 3.8. In the discussion ab ove , the assignment of each subspectrum to a Sn 

site was based on the electrostatie environment (quadrupole splitting) at each Sn site. 

This assignment cannot be based on the magnetic neighbours of the Sn sites because, 

as shown in Figure 3.8, 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 magnetie neighbours (in this case Sn-2c for T > 

T sr), the assignment would be different depending on whether the measurement were 

made above or below T sr ' Instead, the site assignment was based on the quadrupole 

splitting, because the projection of the electric field gradient tensor changes by the 

same factor for aIl sites when the moments rotate. 
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'V o Sn-2e 
28 
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Figure 3.8: Hyperfine fields ar the three Sn sites in ErMn6Sn5.89Gao.1l (12 K < T < 300 K). 

The hyperfine fields at the three Sn sites each behave differently through the 

reorientation (Figure 3.8). On cooling through T sr , Bh! decreases dramatically at 

Sn-2e, increases substantially at Sn-2d, and increases only very slightly at Sn-2c. 

In Chapter 1, it was shown that the spin reorientation affects only the anisotropie 

contribution to the hyperfine field. Therefore, in order to determine the anisotropic 

contribution, it is necessary to quant if y the changes in Bh! due to the reorientation. 

The temperature dependence of Bh! was fitted to two Brillouin functions: one for T 
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< T sr and another for T > T sr' Each of the Brillouin curves was extrapolated to T sr 

to give the fractional change in hyperfine field, 

AB _ 8Bhf 
II hf - Bsr 

hf 
(3.1) 

where 8Bhf is the difference and Br:; is the hyperfine field at T sr for J-L Il c. As refl.ected 

in the plot of hyperfine fields, this fractional change differs significantly for each site 

(Table 3.2). Chapter 6 gives a full discussion on the calculation of the anisotropie 

contribution to the hyperfine field using 8Bhf and Bh!' 

Site 8Bhf (T) ~Bhf 

Sn-2c 0.4(2) 0.011(4) 

Sn-2d 3.3(2) 0.100(6) 

Sn-2e -4.9(1) -0.314(6) 

Table 3.2: The two T < T sr and T > T sr Brillouin curves are extrapolated to T = 0 K in 

ErMn6Sn5.89Gao.U. The difference 8Bhf is normalized to the 0 K Bhf with fL Il c to give the 

fractional change ~Bhf' 

In ErMn6Sn6, the Mn sublattice orders antiferromagnetically at 352 K , whereas 

the Er sublattice orders ferromagnetically at 75 K [13], at which point the structure 

undergoes an antiferromagnetic to ferrimagnetic transition. This transition do es not 

however imply a spin reorientation, because the second order crystal field parameters 

(Bg) of both sublattices are both positive. The easy plane anisotropy in ErMn6Sn6 

has been shown to be relatively weak [25]. Since a small amount of Ga doping results 

in a spin reorientation from the ab-plane to the c-axis, this indicates that the Ga 

substitution has changed the Er anisotropy from easy plane (ab) to easy axis (c) [46]. 



Chapter 4 

Spin reorientation in 

TbMn6Sn6-xGax 

In the previous section, it was shown how a low level of Ga doping in ErMn6Sn6-xGax 

sufficed to induce a spin reorientation below 100 K. We now wish to examine dop­

ing effects on spin reorientation in RMn6Sn6, but two main issues arise for the 

ErMn6Sn6-xGax compounds: their magnetic structures are complicated, and they 

must be doped with Ga or In in order to undergo a spin reorientation transition. It 

is thus simpler to choose a rare earth compound which has an easy axis anisotropy to 

compete with the planar Mn anisotropy, so that the spin reorientation occurs without 

doping and is a much cleaner transition. The moments in ternary TbMn6Sn6 undergo 

a 90° spin reorientation at T sr = 330 K (Section 1.2.2), and doping in TbMn6Sn6-xGax 

allows the easy plane anisotropy of the Mn sublattice to dominate over wider tem­

perature ranges. As a result, the substitution drives T sr down to a more convenient 

temperature range. Here, the effect of Ga substitution on the spin reorientation 

temperature in TbMn6Sn6-xGax (0.2 ::; x ::;0.8) is discussed. 

43 
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Figure 4.1: Left: 119Sn Mëissbauer spectra of TbMn6Sn5.4GaO.6 from 12 K to 300 K. Right: 

quadrupole splitting (top) and hyperfine field (bottom) at the three Sn sites in TbMn6Sn5.4GaO.6, 

as functions of temperature. The spin reorientation temperature (Tsr ) is 180(5) K. 

4.1 Mossbauer spectroscopy 

Figure 4.1 (left) shows the Mossbauer spectra of TbMn6Sn5.4Gao.6 from 12 K to 

300 K. They consist of three subspectra (one for each Sn site) and a central Sn 

impurity. The areas of the three Mossbauer sextets were constrained to the average 

values seen for T « T sr. The assignment of subspectra to Sn sites was not only based 

on the Mossbauer parameters of HfMn6Sn6, as in the previous chapter, but also on 

the similarities between the two RMn6Sn6-xGax (R = Er, Tb) compounds. Table 4.1 

lists the parameters at 12 K for the x = 0.2 and ErMn6Sn5.89Gao.ll compounds. The 

comparison is made at 12 K where the Mossbauer lines are more distinguishable and 

where the moments are parallel to the c-axis. 

The x-ray single crystal refinement and neutron diffraction study of RMn6Sn6-xGax 
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T = 12 K ErMn6Sn5.89GaO.ll (/1 Il c) TbMn6Sn5.8GaO.2 (/111 c) 

Site ~ (mm/s) Bh! (T) ~ (mm/s) Bh! (T) 

Sn-2c 1.00(2) 32.12(2) 1.11(1) 30.44(4) 

Sn-2d 1.50(3) 33.56(2) 1.57(3) 32.94(4) 

Sn-2e 0.00(2) 15.54(2) 0.16(1) 13.81(2) 

Table 4.1: Mossbauer parameters at 12 K in ErMn6Sn5.89Gao.ll and TbMn6Sn5.8GaO.2. The 

comparison of parameters between the two similar compounds guided the site assignment in 

TbMn6Sn5.8Gao.2 (and subsequently the other three TbMn6Sn6-xGax compounds). 

(R = Tm, Tb; x = 1.2-2.6) [23][24][12] showed that Ga substitution occurs at both the 

Sn - 2c and Sn - 2d sites, with a distinct preference for Sn - 2c, while mostly avoiding 

Sn-2e. The present M6ssbauer study of the TbMn6Sn6-xGax compounds in con­

trast shows this substitution to occur mostly on Sn-2d. The area of the M6ssbauer 

subspectrum associated with the Sn - 2d site shows a strong dependence on Ga con­

centration. The systematic reduction of the area of the Sn-2d component with in­

creasing x indicates the de-population of Sn atoms at the Sn-2d site caused by their 

replacement by Ga atoms (Figure 4.2). There is also evidence for a slight bias for the 

Sn - 2e site. After renormalizing to the Sn - 2c area, the Sn - 2e areas show a weak 

dependence on the level of Ga doping and decrease with x in the same manner as 

Sn-2d, though the effect is much smaller. It should also be noted that a different site 

preference was reported for In-substituted compounds [47], for which the In atoms 

prefer the Sn - 2d site. 

In Chapter 2, it was shown that a comparison of the Debye temperatures of the 

three Sn sites can be used to confirm that a reduction in spectral areas is not an effect 

of reduced recoil-free fractions. Figure 4.3 shows the temperature dependence of the 

total absorption for the three Sn sites, and the resulting Debye temperatures (for 

the high-temperature limit). Since the three BD values are within error, the reduced 

spectral area at Sn-2d and Sn-2e discussed above is indeed a result of reduced Sn 

occupancies. 
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Figure 4.3: Debye temperature of the three Sn sites in TbMn6Sn5.6Ga0.4. They are near ta within 

error of one another, indicating that the reduction in spectral areas shown in Figure 4.2 is not an 

effect of reduced recoil-free fractions. 

Figure 4.1 (top, right) shows the temperature dependence of the quadrupole split­

tings at the three Sn sites in TbMn6Sn5.4Gao.6. On cooling through T sr = 180(5) K, 

il. changes by a factor of -2, as seen in the previous chapter. This again corresponds 

to a change in moment direction of 90° from the ab-plane for T > Tsr to the c-axis 
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T<Tsr(J.Lllc) T > T sr (J.L .1 c) 

167 K 200 K 

Site ~ (mm/s) Bhf (T) ~ (mm/s) Bhf (T) 

Sn-2c 1.11(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) 

Table 4.2: Mossbauer parameters at 167 K and 200 Kin TbMn6Sn5.4GaO.6. 

for T < Tsr . The change by a factor of -2 in the quadrupole splitting is consis­

tent throughout the entire range of Ga composition. Table 4.2 shows the hyperfine 

parameters in TbMn6Sn5.4Gao.6 for T < Tsr and T > Tsr . 

The hyperfine fields at the three Sn sites in TbMn6Sns.4 Gao.6 are plotted with 

temperature in Figure 4.1 (bottom, right). On cooling through T sr , Bh! 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. These 

observations are identical to the behaviour seen in Section 3.2 of Chapter 3 for the 

ErMn6Sn5.89Gao.1l compound. The fractional change in hyperfine field .6.Bh! for each 

Sn site (obtained by fitting each temperature dependence to two Brillouin curves, as 

described in the previous chapter) is plotted as a function of composition in Figure 

4.4. There is evidence for a slight increase in I.6.Bh!1 for increasing Ga content, x. 

The spin reorientation temperature (Tsr ) is a strong function of Ga content (x), 

showing a significant decrease of 255 ± 18 KI Ga as x increases from 0.2 to 0.8 (Figure 

4.5). The extrapolated reorientation temperature for x = 0 is T sr = 330(19) K, in 

excellent agreement with the 330 K given by Venturini et al. [7]. This variation 

in T sr is an effect of the electron density at the Sn site, and a different choice of 

substituting atom renders a different spin reorientation temperature as a weIl as a 

different trend with respect to composition. Lefèvre et al. [19] have shown that the 

spin reorientation temperature of the (Tb,Dy)Mn6Sn6_xlnx series shows no distinct 

relation to In concentration (0.2 :::; x :::; 0.8). The example shown in Figure 4.5 is 
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Figure 4.4: Fractional change in Bhf extrapolated to T sr on two Brillouin curves, for T < T sr 

and T > Tsr , obtained by normalizing the difference 8 to the Bk! with I-L Il c. 

for TbMn6Sn6-xInx. This could indicate that the substitution of In for Sn does not 

significantly alter the magnetocrystalline anisotropy of the rare earth and Mn sublat­

tices. As T sr strongly depends on Ga content in TbMn6Sn6-xGax, this substitution 

most likely has a greater effect on the magnetocrystalline anisotropy of the subI at­

tices than In substitution. There is an observed critical Ga concentration (Xcrit 2: 

1.0) above which this argument is no longer valid [19]. For instance, in TbMn6Sn5Ga, 

no spin reorientation occurs at an [12], as the planar anisotropy of the Mn sublattice 

dominates in the whole ordered range. 
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Figure 4.5: Effect of doping on T ST in TbMn6Sn6-xXx compounds. For X = Ga, T ST decreases 

by 255±18 K/Ga, from 330 K at x = 0 (filled diamond) to 116(8) K at x = 0.8. For X = In, the 

T ST dependence on x is much weaker (In results from [19]). 



Chapter 5 

Spin-flop in TbMn6Sn5.46Ino.54 

ln the previous chapters, the temperature-induced spin reorientation in powdered 

samples of RMn6Sn6_xGax (R = Er, Tb) was discussed. Recall that spin reorienta­

tion can also be field-induced, if the applied magnetic field is large enough to force 

the moments to rotate. As the moment direction in a powder is random, it is easiest 

to observe the spin-flop in oriented single crystals. In a single crystal, the orienta­

tion of the magnetic moments can be determined through the intensity ratio, R (see 

Chapter 2). The in-field Mossbauer study of an oriented RMn6Sn6 single crystal thus 

provides additional information regarding the moment direction, because the moment 

orientation before and after the spin-flop can be explicitly determined. It is possible 

to grow very thin single crystal platelets of TbMn6Sn6-xlnx which are suit able for 

Mossbauer spectroscopy, and we show here the study of spin-flop in this compound 

(with x = 0.54). 

5.1 Magnetometry 

The thermal variation of the magnetization of the single crystals measured above room 

temperature indicate the Néel point to be T N = 397(3) K for TbMn6Sns.46Ino.s4 [48]. 

ln addition, the compound displays a spin reorientation transition at T sr = 317(3) K 

50 
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Figure 5.1: Left: Magnetization of TbMn6Sns.46Ino.s4 in an applied field range of 0 T to 9 T and 

for T < T sr ' The applied field is perpendicular to the c-axis. Right: Temperature dependence of 

the spin-flop field in TbMn6Sns.46Ino.s4 for T < Tsro The dotted line is a guide to the eye. 

characterized by a change of the easy direction from the ab-plane at high temperature 

(T > T sr ) to the c-axis for T < Tsr ' 

Figure 5.1 (left) shows the magnetization of a TbMn6Sn5.46Ino.54 single crystal as a 

function of applied field, where Ba is perpendicular to c, and T < T sr' In an applied 

field of rvO.5 T at room temperature, a spin-flop is induced to the direction along 

which Ba 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 

5.1, right). As the spin-flop field is expected to exceed the available 9 T by 220 K, 

the spin-flop is unattainable for 211 K and below. 

5.2 Mossbauer spectroscopy 

Figure 5.2 (left) shows the Mossbauer spectra for TbMn6Sn5.46Ino.54 in applied fields 

ranging from 0 T to 1.53 T. In order to assign the subspectra to Sn sites as seen in Sec­

tions 3.2 and 4.1, the sample was cooled to 12 K where the Mossbauer lines are more 

distinguishable. The site assignments at 12 K followed those of the RMn6Sn6-xGax 

cases (R = Er, Tb) and sample parameters are shown in Table 5.1. At 300 K, the 
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Figure 5.2: Left: 119Sn Mossbauer spectra of TbMn6Sns.46Ino.54 from 0 T 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 Bsf = 0.57(3) T. 

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 TbMn6Sn5.46Ino.54, the moments are oriented 

along a unique direction with respect to the , propagation direction. Through mag­

netometry it was shown that at 295 K and below, the moments are along the c-axis 

(parallel to ,). The intensity ratio R is plotted in Figure 5.2 (top right) as a function 

of applied field. For BD < Bst, R = 0 confirms that the moments are parallel to the 

,-rays ('/J = 0°) and 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 is due either to an incomplete 

rotation of the moments or to saturation effects. However, the factor of - 2 change 
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T = 12 K TbMn6Sn5.4GaO.6 (f.lll c) TbMn6Sn5.46Ino.54 (f.l Il c) 

Site ~ (mm/s) Bhf (T) ~ (mm/s) Bhf (T) 

Sn-2c 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) 

Table 5.1: Mossbauer parameters at 12 K in TbMn6Sn5.4Gao.6 and TbMn6Sn5.46Ino.54. The 

comparison of parameters between the two similar compounds guided the site assignment in 

TbMn6Sn5.46Ino.54. 
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Figure 5.3: Hyperfine fields at the three Sn sites in TbMn6Sn5.46Ino.54. The reorientation of the 

moments at 0.57(3) Ton increasing applied fields causes an increase in Bhf at Sn-2e, and a decrease 

in Bhf at Sn-2c and Sn-2d. 

in quadrupole splitting (Figure 5.2, top 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 /-lm). 

Figure 5.3 shows the hyperfine fields at the three Sn sites as functions of applied 

field. For increasing Ba, the spin-flop is associated with an increase in Bhf at Sn-2e, 

and a decrease at Sn-2c and Sn-2d. These observations agree with those of the 

thermally-driven spin reorientation in (Er,Tb)Mn6Sn6_xGax. The field dependence 

of Bhf was fitted to two lines of slope -1 (Section 2.2.4 of Chapter 2): one for Ba < Bsf 
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T-induced Ba-induced 

ErMn6Sn5.89GaO.11 TbMn6Sn5.4 Gao.6 TbMn6 Sn5.46Ino.54 

Site OBhf (T) ~Bhf OBhf (T) ~Bhf OBhf (T) ~Bhf 

Sn-2c 0.4(2) 0.011(4) 0.4(1) 0.016(5) 0.2(2) 0.01(1) 

Sn-2d 3.3(2) 0.100(6) 2.9(1) 0.107(4) 2.39(5) 0.104(2) 

Sn-2e -4.9(1) -0.314(6) -4.5(1) -0.40(2) -4.1(1) -0.45(3) 

Table 5.2: In ErMn6Sn5.89GaO.ll and TbMn6Sn5.4GaO.6, the two T < T sr and T > T sr Brillouin 

curves are extrapolated to T sr ' The difference OBhf is normalized to the B hf with J.L Il c to give the 

fractional change .6.Bhf. In TbMn6Sn5.46Ino.54, the two Ba < Bsr and Ba > B sr lines of slope -1 

are extrapolated to 0 T. The difference 8Bhf is normalized to the 0 T Bhf with J.L Il c, giving .6.Bhf. 

and another for Ba > Bsf . The lines were extrapolated to 0 T to give the fractional 

change L1Bhf = 8Bhf /B~f where 8Bhf is the difference and B~f is the 0 T hyperfine 

field (J.111 c). In Table 5.2, L1Bhf is compared to that obtained in the thermally-driven 

cases. The close agreement between the three measurements of L1Bhf demonstrates 

that the anisotropie 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 anisotropie contribution is large 

and negative in the case of Sn - 2e, and smaller and positive at the Sn - 2c and Sn - 2d 

sites. 



Chapter 6 

Discussion 

In comparing the last three chapters, we notice that there are several similarities 

amongst the RMn6Sn6-xXx (R = Er, Tb; X = Ga, In) systems: 

• In both the temperature-induced and field-induced spin reorientations, the 

quadrupole splittings at aU Sn sites change by a factor of -2 (on increasing 

temperature through T sr or on increasing field through Bsf )' This corresponds 

to a change in moment direction of 90°. As the moments lie along the c-axis 

for T < T sr or Bo < BSf' they flop into the ab-plane at the reorientation 

temperature or field. 

• There is a striking change in hyperfine field at two of the Sn sites, marked by 

a decrease at Sn - 2d and an increase at Sn - 2e (on increasing temperature or 

field through T sr or Bsf ), in response to the moment reorientation. The effect 

at Sn - 2c is much smaUer. 

• The fractional change b.Bhf for each site observed at the reorientation is similar 

in aH of the compounds investigated and is independent of the driving force of 

the reorientation (Table 5.2). 

The last point is the focus of this section. Since the isotropie contribution to Bhf is 

independent of moment orientation, the changes in hyperfine field due to the rota-
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State l (90 K) State II (70 K) 

Site Bhf (T) () Site Bhf (T) () 

SnI 6.6(2) 900 SnI' 20.6(2) 00 

Sn2 4.6(2) 900 Sn2' 9.9(2) 90° 

Sn3' 4.9(2) 90° 

Table 6.1: Hyperfine fields and angles (() is the angle between V zz and Bhf) for the Sn sites in the 

two states of MnSn2, at similar temperatures (from 119Sn Mi:issbauer spectroscopy). Results from 

Le Caër et al. [3]. 

tion of the magnetic structure are in direct response to a change in the anisotropie 

contribution. Therefore the anisotropie field at each Sn site and in each compound 

can be uniquely determined. In order to do so, a general expression for the hyperfine 

field transferred to the Sn sites must first be given. 

ln the 119Sn study of the transferred hyperfine fields in MnSn2, two distinct states 

were observed: state 1 (90 K ::; T < 321 K) in which there are two Sn sites with the 

area ratio "-'50:50, and state II (T ::; 70 K) in which there are three Sn sites with the 

area ratio ,,-,25:25:50. Table 6.1 summarizes the hyperfine fields and the () angles for 

the Sn sites in the two states (recall from Chapter 2 that () is the angle between the 

principal axis of the electrie field gradient, Vzz , and the hyperfine field at the Sn site). 

All of the remaining M6ssbauer parameters (quadrupole splitting, isomer shift, and 

linewidth) in the two states of MnSn2 are the same within error. In the discussion 

of hyperfine fields in MnSn2, Le Caër et al. [3] noticed two factors which were to 

have an impact on the final expression for Bhl' and they arose from comparing the 

observed and calculated () and Bhl : 

1. The () angles for the possible orientations V zz can be deduced by assuming that 

the Sn hyperfine field is collinear with the magnetic moment direction. These 

calculated angles however do not agree with those measured from M6ssbauer 

(Table 6.2), so the hyperfine field must be partially or totally anisotropic (de­

pending on the Sn site) [3]. 
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SnI 90° 0° 90° 

Sn2 0° 90° 90° 

SnI' 0° 0° 90° 

Sn2' 0° 90° 90° 

Sn3' 90° 90° 90° 

Table 6.2: Calculated () values if the Sn hyperfine field is parallel to the antiferromagnetic axis. 

The Xl, X2 and X3 axes are deduced from the four fold rotation [3]. 

2. The Sn lattiee-dipolar fields due to the nearest Mn neighbours are two orders 

of magnitude less than the observed Mossbauer fields, thus making it necessary 

to consider that anisotropie fields exist that are due to the polarization of the 

5p orbitaIs of Sn by covalency effects [3][49]. 

With the above factors in consideration, it was proposed that the transferred hyperfine 

field at the Sn sites be written as [3][4]: 

Bhl ~ (Av tUi(iI;. 11;) - i' t Jii) + A, tJii (6.1) 

where Ui is the unit vector connecting each Sn atom to a specifie Mn atom with 

moment fl+ Ap and As are the dipolar and contact fields due to a unit Mn moment. 

Ap is also referred to as the anisotropie constant. 

The last term in equation 6.1 is the isotropie contribution from the Mn shells 

around the Sn atoms, while the first two terms represent the anisotropie part of 

the transferred hyperfine field. For the spin-reorientation and spin-flop, we will only 

consider the first term of equation 6.1: 

6 

Al = Ap L Ui(j1i . Ui) (6.2) 
i=l 

because the second term is independent of moment direction. The dot product (j1i . 

Ui) is a maximum 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 
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Site Pli c P = (1, 1, 0) IL 

Sn-2c (0, 0, 3.97 IL) (0.72IL, 0.72IL, 0) ---- 1.01 IL 2.96 IL 

Sn-2d (0, 0, 4.02IL) (0.70IL, 0.70IL, 0) -t 0.99 IL 3.03 IL 

Sn-2e (0, 0, 0.46IL) (1.96IL, 1.96IL, 0) ---- 2.77 IL -2.31 IL 

Table 6.3: Vector sum over the six Mn neighbours (Ad for the three Sn sites in RMn6Sn6 for the 

Mn moments along the c-axis as weIl as in the ab-plane. The arrows in the third column indicate 

the magnitude Ad Ap. Here, IL = ILMn. 

make angles of 35° (Sn-2c and Sn-2d) and 73° (Sn-2e) with the c-axis. From the 

Mossbauer results discussed above (as weIl as magnetometry and neutron scattering 

[50)), we know that the moments point along c for Ba < BSJ and in the ab-plane for 

Ba > BSJ· As aIl the angles and orientations are known for any Ba, the anisotropie 

constant Ap can be determined. 

The values for Al in any RMn6Sn6 compound (as it is a consequence of the crystal 

structure and orientation of the Mn moments alone) at Sn - 2c, Sn - 2d and Sn - 2e 

are listed in Table 6.3. As a preliminary example, we first discuss the anisotropie 

transferred fields in TbMn6Sn5.46Ino.54, studied through the field-induced spin-flop 

at room temperature. When the applied field exceeds BsJ , the moments flop into 

the ab-plane from the c-axis. As a result, Al decreases at Sn-2c and Sn-2d, 

while it increases at Sn-2e. Comparisons between !:1Ad Ap and !:1BhJ show that 

despite the differences in their relative magnitudes, the signs agree for aIl three Sn 

sites. The sign of b.Ad Ap for each Sn site mirrors the behaviour of the overall 

transferred hyperfine fields of Figure 5.3 and Table 5.2, indieating that the anisotropie 

and isotropie contributions have the same sign. 

In aIl of the compounds investigated here, the Sn-2e site was assigned by elimi­

nation: Sn-2c was assigned to the subspectrum which most reflected the values seen 

in HfMn6Sn6, Sn-2d was assigned based on similarity to Sn-2c, while the remain­

ing subspectrum was assigned Sn-2e. Here we see that Sn-2e is unique because it 
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has a negative !J..Ad Ap and !J..Bhf • This distinction allows the Sn-2e site to be di­

rectly identified and confirms that the previous site assignment in the RMn6Sn6-xXx 

compounds (Chapters 3 through 5) were correct. 

In the tetragonal MnSn2 system (I4/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 

spin-flop, and !J..A I is simply Al' The size of Ad Ap is 0.96 p'Mn and the magnitude 

of the Mn moment is p'Mn = 2.33 P,B [51]. The antiferromagnetic environment of the 

Snoo site guarantees that the transferred hyperfine field at Snoo is purely anisotropie. 

The anisotropie transferred hyperfine field B~f relates to the anisotropie constant Ap 

through: 

(6.3) 

At Snoo, B~f = 4.9(2) T [3], giving the anisotropie constant Ap = 2.19(9) T / P,B. 

For the spin-flop in TbMn6 Sn5.46Ino.54 , the anisotropie field B~f is taken as the 

difference between the p, Il c and p, ~ c hyperfine fields extrapolated to Ba = 0 T (oBhf 

from Table 5.2). From room temperature studies of TbMn6Sn6, we know that the Mn 

moment is 1.99(6) P,B [50]. The anisotropie constants from equation 6.3 are calculated 

as 0.03(3) T / P,B, 0.40(2) T / P,B and 0.89(3) T / P,B for Sn-2c, Sn-2d and Sn-2e 

respectively. For the temperature-induced spin reorientation in RMn6Sn6_xGax (R 

= Tb, Er), the Mn magnetic moment must be considered at lower temperatures, 

because the anisotropie field is determined through an extrapolation to T sr (in the 

spin-flop case, this extrapolation was to 0 T at room temperature, so the use of the 

300 K value of the Mn moment in TbMn6Sn6 is valid). 

A first concern is whether the Mn moment varies with Ga concentration. Table 6.4 

gives the magnitude of the Mn moment for several compositions in TbMn6Sn6-xGax 

at 300 K, and shows that there is no large variation from compound to compound. 

Therefore, it is accurate enough for our purposes to use the value of the Mn moment 

in the ternary TbMn6Sn6 compound. 
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T = 300 K x = 0 1 x = 0.2 1 x = 1.0 

1 /-LMn (/-LB) 11.99(12) 1 1.98(8) 11.92(10) 1 

Table 6.4: Mn magnetic moment values for several Ga concentrations in TbMn6Sn6-xGax at 300 

K. Neutron scattering results from [12]. 

The thermal evolution of the magnetic moments is the now main concern. There 

have been many neutron diffraction studies of TbMn6Sn6, and the Mn moment is given 

for a few temperatures (335 K, 300 K, 250 K and 2 K) in [12]. The moment magnitude 

at these temperatures were fitted to a Brillouin function in order to determine the 

Mn moment at the different T sr temperatures in TbMn6Sn6_xGax. Table 6.5 lists the 

calculated Mn moments for the four Ga concentrations in TbMn6Sn6-xGax. 

1 x 1 T sr (K) Il /-LMn (/-LB) 1 

0.0 330 1.86 

0.2 275 2.03 

0.4 244 2.11 

0.6 180 2.24 

0.8 116 2.34 

Table 6.5: Brillouin fit of the Mn magnetic moment with temperature, ta give the magnitude at 

the various T sr in TbMn6Sn6-xGax' 

At 2 K in TbMn6Sn6, /lMn = 2.39(8) /lB [50], and at 2 K in ErMn6Ge5.8Gao.2 

(whieh should be near to that in ErMn6Sn5.89Gao.n), /lMn = 2.21(5) /lB [52]. Table 

6.6 summarizes the anisotropie constants in three compounds for an three Sn sites, 

and Figure 6.1 gives the composition dependence of the anisotropie contribution in 

the TbMn6Sn6-xGax series. The anisotropie constants of the Sn-2d and Sn-2e sites 

in TbMn6Sn6_xGax seem to grow with increasing Ga content, indieating that larger 

Ga concentrations lead to greater anisotropie fields. 

The anisotropie constants at the Sn sites in RMn6Sn6-xXx (R = Tb, Er; X = In, 

Ga) are significantly smaller than Ap measured at the Snoo site in MnSn2 (which is the 
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Ap (T/P,B) 

Site TbMn6Sn5.46Ino.54 TbMn6Sn5.6GaO.4 ErMn6Sn5.89Gao.ll 

Sn-2c 0.03(3) 0.08(2) 0.14(6) 

Sn-2d 0.40(2) 0.52(1) 0.58(4) 

Sn-2e 0.89(2) 0.87(2) 0.90(4) 

Table 6.6: Calculated anisotropie contributions to Eh! at the three Sn sites for different 

RMn6Sn6-xXx compounds. 
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Figure 6.1: Anisotropie constants in aH three Sn sites in TbMn6Sn6-xGax as a function of com­

position, x. 

only site allowing for the cancelation ofthe isotropie contribution). As the anisotropie 

contribution is related to the localization of electrons on the Mn(Fe )-Sn bond, and 

therefore to covalency effects [3][4][53], the smaller anisotropie contributions seen 

here could indieate that the Mn-Sn bonds in the systems under investigation are less 

covalent. Parasitic anisotropie effects arising from Tb-Sn or Er-Sn bonding could 

also reduced the Mn-Sn anisotropie contribution (Ap ) in this system. 
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Conclusions 

The Mossbauer study of the temperature-induced spin reorientation and the field­

induced spin-flop (in (Er,Tb)Mn6Sn6_xGax and TbMn6Sn5.46Ino.54 respectively) has 

demonstrated that the anisotropie contribution to the transferred hyperfine field is 

independent of the force which drives the reorientation. We have used magnetometry 

and Mossbauer spectroscopy to show that the moments are along the c-axis for T < 

T sr' The change in anisotropie field at the reorientation is seen to be largest at the 

Sn-2e site, and the identification of this site is confirmed. The site preference for Ga 

substitution was shown to be Sn-2d, and there is slight evidence for substitution at 

Sn - 2e. Finally, the anisotropie contribution to the transferred hyperfine field at the 

Sn sites in an of the compounds investigated was shown to be substantial, though less 

than in the MnSn2 and FeSn2 compounds. This is a possible consequence of weaker 

covalent bonding or contributions from Tb-Sn or Er-Sn bonds. 

Future work 

• The site preference obtained from the Mossbauer study of RMn6Sn6-xGax com­

pounds differs from the neutron diffraction results. The TbMn6Sn6-xlnx series 

should be investigated for comparison, because the In substitution in these 

compounds was shown to occur at the Sn-2d site rather than Sn-2c. 

62 
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• The investigation of the non-magnetic rare earth compounds YMn6Sn6-xGax 

should be performed with the intent of evaluating the possibility of a parasitic 

anisotropie effect from R-Sn (R = magnetie rare earth) bonding, which could 

reduce the Mn-Sn anisotropie contribution. The replacement of magnetie Tb 

with a non-magnetie rare earth atom also allows for further studies of covalency 

effects in the RMn6Sn6 system. 
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