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Abstract

Polycrystalline GdARhSn was obtained by a reaction of the elements in a sealed tantalum tube in a high-frequency furnace. The
sample was investigated by X-ray diffraction on powder and a single crystal: ZrNiAl type, space group P62m,
a=752.6(1),c = 386.38(6) pm, WR; = 0.0353, 454 F* values and 14 variables. Both crystallographically independent rhodium
atoms have a tricapped trigonal prismatic coordination, i.e. [Rh1Sn;Gdg] and [Rh2SngGd;]. The shortest distances occur for the
Rh—Sn contacts (274 and 283 pm). Together the rhodium and tin atoms build up a three-dimensional [RhSn] network in which the
gadolinium atoms fill distorted hexagonal channels. The magnetic and electronic properties of GARhSn have been studied by means
of magnetic AC and DC susceptibility measurements as well as ''°Sn and '*Gd Méssbauer spectroscopy. A transition from a

paramagnetic to an antiferromagnetic state with non-collinear magnetic ordering takes place at 7y = 16.0(1) K.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The ternary equiatomic rhodium stannides RERhSn
(RE = rare earth element) have intensively been studied
with respect to their largely varying magnetic and
electrical properties [1-26]. For the magnetic behavior
of GdRhSn, different data have been reported. In an
early publication by Dwight [1], fitting parameters for
199 Méssbauer data at 295, 77.3, and 4.2K have
been presented. From broadening of the spectrum at
77.3K with respect to the room temperature data
Dwight assumed magnetic ordering already above
that temperature. This, however, is in contrast to the
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antiferromagnetic ordering at Ty = 14.8 K reported by
Routsi et al. [2].

In the course of our systematic studies on magnetic
properties and '>>Gd Méssbauer spectroscopy (MS) of
equiatomic GdTX (T = transition metal; X =5 or p
element) intermetallics [27-31] we have investigated the
structure and properties of GdRhSn in more detail.
Gadolinium intermetallics play an important role since
they can be treated as reference materials for isostruc-
tural intermetallics with other rare earths. Owing to the
fact that Gd*>" has the 8S7/2 electron configuration,
compounds with gadolinium give the unique opportu-
nity to study their magnetic behavior neglecting the
influence of crystal field effects.

Herein, we report on detailed AC and DC suscept-
ibility measurements and a ''’Sn and '>Gd Méssbauer
spectroscopic study. Some preliminary results of this
work have been reported at a conference [32]. Special
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attention was paid to give a consistent description of the
complicated magnetic behavior that is present below the
antiferromagnetic transition temperature.

2. Experimental
2.1. Synthesis

Starting materials for the synthesis of GdRhSn were
gadolinium ingots (Johnson Matthey, distilled lumps),
rhodium powder (Degussa-Hiils, 200 mesh), and a tin
bar (Heraeus), all with purities better than 99.9%. In a
first step, small gadolinium pieces were arc-melted to a
small button under an argon pressure of ca. 600 mbar.
The argon was purified before over titanium sponge
(900 K), silica gel, and molecular sieves. The button was
subsequently mixed with rhodium powder and pieces of
the tin bar in the ideal 1:1:1 atomic ratio and arc-welded
in a small tantalum tube (ca. 1cm’) under an argon
atmosphere of about 800 mbar. The tantalum tube was
placed in a water-cooled quartz glass sample chamber of
a high-frequency generator (Hiittinger TIG 1.5/300)
under purified flowing argon. Details on the arc-melting
technique and the high-frequency setup are given in [33]
and [34]. The tube was first heated for 1 min at 1500 K,
cooled to about 1100 K and heated again to 1500K,
followed by annealing at 900 K for another 4h and
quenching by radiative heat loss within the sample
chamber. The moisture stable sample was obtained in
X-ray pure form in an amount of 1g. For more details
concerning the preparation of RERhSn stannides we
refer to a previous paper [14].

2.2. X-ray diffraction

The sample was characterized through its Guinier
powder pattern using CuKo; radiation and w«-quartz
(a = 491.30, ¢ = 540.46 pm) as an internal standard. The
hexagonal lattice parameters (Table 1) were obtained
from a least-squares fit of the powder data. The correct
indexing of the pattern was ensured through an intensity
calculation [35] taking the atomic positions from the
structure refinement. The lattice parameters determined
from the powder and the single crystal agreed well.

Single crystal intensity data were collected at
room temperature by use of a four-circle diffractometer
(CAD4) with graphite monochromatized MoKu
(71.073pm) radiation and a scintillation counter
with pulse height discrimination. The scans were
taken in the w/20 mode and an empirical absorption
correction was applied on the basis of psi-scan data,
followed by a spherical absorption correction. All
relevant details concerning the data collection are listed
in Table 1.

Table 1

Crystal data and structure refinement for GdRhSn
Empirical formula GdRhSn
Molar mass (g/mol) 378.85

Unit cell dimensions (powder data) a=752.6(1)pm

¢ = 386.38(6) pm

V =0.1895nm?
Calculated density (g/cm?) 9.96
Crystal size (um®) 10 x 20 x 40
Transm. ratio (max/min) 0.894: 0.647
Abs. coefficient (mm™") 41.8
F(000) 477
0 range for data collection 3° to 40°
Range in hkl +13, +13, +6

Total number of reflections 3869

Independent reflections 454 (Rin = 0.1097)
Reflections with I>2a(I) 385 (Rgigma = 0.0552)
Data/parameters 454/14

Goodness-of-fit on F> 0.999

Final R indices [I >2a(I)] R; =0.0290; wR, = 0.0326
R indices (all data) R =0.0447;wR, = 0.0353
Flack parameter 0.04(2)

Extinction coefficient 0.0050(3)

Largest diff. peak and hole 1.89 and —2.06 e/z&3

2.3. Structure refinement

Small, irregularly shaped single crystals of GdRhSn
were examined by use of a Buerger camera equipped
with an image plate system (Fujifilm BAS-1800) in
order to establish both symmetry and suitability for
intensity data collection. The isotypy with the hexagonal
ZrNiAl type [36], space group P62m, was already
evident from the X-ray powder data.

The atomic parameters of isotypic HoRhSn [14] were
taken as starting values and the structure was refined
using SHELX1-97 [37] (full-matrix least-squares on F7)
with anisotropic atomic displacement parameters for all
atoms. Refinement of the Flack parameter [38,39]
indicated the wrong absolute structure. We inverted
the atomic parameters and refined the structure again.
As a check for the correct composition and the correct
site assignment, the occupancy parameters were refined
in a separate series of least-squares cycles along with the
displacement parameters. All sites were fully occupied
within two standard deviations and in the final cycles the
ideal occupancies were assumed again. The final
difference Fourier synthesis was flat (Table 1). The
positional parameters and interatomic distances of the
refinement are listed in Tables 2 and 3. Further details
on the structure refinement are available.'

"Details may be obtained from: Fachinformationszentrum Karls-
ruhe, D-76344 Eggenstein-Leopoldshafen (Germany), by quoting the
Registry No. CSD-413353.
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Table 2
Atomic coordinates and anisotropic displacement parameters (pm?) for GdRhSn
Atom WkaOff site X y z U1| Uzz U33 U12 Ueq
Gd 3f 0.59265(8) 0 0 79(2) 91(3) 89(2) 45(1) 85(1)
Rhl 2d 2/3 1/3 12 80(3) Up 118(6) 40(1) 93(2)
Rh2 la 0 0 0 76(4) Uy, 194(9) 38(2) 116(3)
Sn 39 0.2585(1) 0 12 83(3) 66(3) 99(4) 33(2) 85(2)
Note. U is defined as one-third of the trace of the orthogonalized Uj; tensor. Uz = Us3 = 0.
Table 3 were started first using the zero-field cooling

Interatomic distances (pm), calculated with the lattice parameters
taken from X-ray powder data of GdRhSn

Gd: 4 Rhl 299.0 Rhl: 3 Sn 283.3
1 Rh2 306.6 6 Gd 299.0

2 Sn 317.1 Rh2: 6 Sn 274.2

4 Sn 330.9 3 Gd 306.6

2 Gd 386.4 Sn: 2 Rh2 274.2

4 Gd 395.2 2 Rh1 283.3

2 Gd 317.1

4 Gd 330.9

2 Sn 337.0

Note. All distances within the first coordination sphere are listed.
Standard deviations are all smaller or equal than 0.1 pm.

2.4. Scanning electron microscopy

The bulk sample and the investigated single crystal
have been analyzed in a LEICA 420 I scanning electron
microscope equipped with an Oxford EDX analyzer.
Since the crystal was mounted by beeswax on a glass
fibre, it has first been coated with a carbon film. GdF;,
Rh, and tin have been used as standards for the EDX
measurements. The analyses (32+2at% Gd: 34+2at%
Rh: 34+2at% Sn) were in good agreement with the
equiatomic composition. The relatively large standard
deviation accounts for the various point analyses. Also
the bulk sample was carefully analyzed. No impurity
elements such as tantalum from the crucible have been
observed.

2.5. Magnetic measurements

The magnetization and the magnetic susceptibility
measurements were carried out on a powdered sample
by means of the Faraday method with a Cahn RG
automatic electrobalance in the range of temperature
42K <T<300K as well as using a Lake Shore 7225 AC
Susceptometer/DC  Magnetometer between 4.2 and
150K. In the first case, the sample was placed in an
inhomogeneous magnetic field with a constant
value of Hy,0Hy/0z (with H; = 454 Oe), while in the
latter one the used magnetic field H, was homogeneous
ranging up to 57.5kOe. All magnetic measurements

mode (ZFC), where the sample was initially cooled
down in zero external magnetic field, while in the field
cooled (FC) mode an external magnetic field was
switched on above the transition temperature in the
paramagnetic region. Temperature dependences of the
complex AC magnetic susceptibility y = y'—iy”, where
' is real and yx” the imaginary component, were
measured at different driving field frequencies f and
depending on the amplitude of this field Hac. In
addition, for better characterization of the sample, the
higher harmonics (i.e. the second y,, the third y;, and
the fifth ys) were also investigated as a function of
temperature.

2.6. Mossbauer spectroscopy (MS)

The '*>Gd and '"Sn MS studies on GdRhSn were
performed with a '*Eu:SmPd; (86.5keV 7 transition)
and a Ba''SnO; (23.875keV y transition) source,
respectively. A standard constant acceleration spectro-
meter of the Kankeleit type in transmission geometry
was used. The velocity scale was calibrated at room
temperature with a >’Co(Cr) source and a metallic iron
foil. Spectra were recorded in a liquid helium cryostat
at temperatures between 4.2 and 20K in the case of
13Gd MS and in the range between 293 and 1.8 K for
"9Sn MS.

Absorbers were made of the fine powdered compound
with an optimized [40,41] thickness equal to 254.2 and
26.8mg/cm? for '>Gd and ''"’Sn MS measurements,
respectively. Both resonance transitions were detected
using a 3cm thick Nal(Tl) scintillation counter. A
0.9 mm thick lead foil was applied as a critical absorber
to suppress the intensity of the higher 105.3keV y-ray
transition during '*>Gd measurements with the 86.5keV
y line while a 0.05mm palladium foil was used to
reduced the background intensity of the recorded
spectra caused by the 25.3keV tin X-rays in the case
of ""Sn MS with the 23.875keV 7 resonance. The
isomer shifts values are given relative to the source
materials.

Since the gadolinium and tin sites have a rather
low symmetry (m2m), i.e. two mutually perpendicular
mirror planes, a complete hyperfine interaction
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Hamiltonian [42] was used to determine the hyperfine
parameters. The Hamiltonian was considered in the
principal axis system of the electric field gradient (EFG)
tensor:

. R 1 . . A
H= —gugHys {I_, cos 0 + E(Le’“" + 1_¢€'%) sin 6}

AEq

2 2 n, )
A% [P PN g
+41(21—1)[3Z o+ D).

where Hyr is the magnetic hyperfine field at the nuclear
site; AEg = el .0 is the quadrupole interaction con-
stant, V.. is the z-component of the EFG tensor; and Q
is the quadrupole moment of the nuclear state; # is the
asymmetry parameter defined as § = (Vi — V) / V2, 0
is the angle between the direction of Hy and the V.-
axis; ¢ is the angle between the V. -axis and projection
of Hyronto the xy plane. If the principal axes are chosen
in the form |V | <|V | <|V | then 0<n<1.

A transmission integral formula was applied to
describe the resonance lineshapes. For '°Gd studies,
the source linewidth I's and the background
reduced Debye—Waller factor fs of the source were
obtained from the independent measurement with a
standard GdFe, absorber, where the natural linewidth
Ipae = 0.25mm/s [43] was assumed. The Debye—Waller
factor f, was fitted as an independent parameter.
During the analysis, the g factor and the quadrupole-
moment ratios were constrained as equal to ge, /g, =
1.235 and Q./Q, = 0.087, respectively [44]. The
interference ¢ factor for the E, = 86.5keV 7y transition
in the '>°Gd nuclei was fixed to the value ¢ = 0.0275
[42,45].

3. Results and discussion
3.1. Crystal chemistry

GdRhSn crystallizes with the ZrNiAl-type structure
[36]. The structure contains two crystallographically
independent rhodium sites which both have a tricapped
trigonal prismatic coordination (Fig. 1, bottom). The
shortest distances occur between the rhodium and tin
atoms (274 and 283 pm). The Rh—Sn distances are only
slightly longer than the sum of the covalent radii of
265 pm for rhodium and tin [46]. Together, the rhodium
and tin atoms build up a three-dimensional [RhSn]
network in which the gadolinium atoms fill distorted
hexagonal channels (Fig. 1, top). Within this network
the shortest Sn—Sn distances are 337 pm, significantly
longer than in the structure of f-tin (4 x 302 pm;
2 x 318 pm) [47]. We can thus assume only weak Sn—Sn
bonding. For further details concerning the crystal
chemistry of the series of RERhSn stannides we refer
to [14].

Rh2 (62m)

Sn (m2m)

Fig. 1. The crystal structure of GdRhSn. The three-dimensional
[RhSn] network is emphasized at the top and the coordination
polyhedra (with site symmetries) are show at the bottom. The
gadolinium, rhodium, and tin atoms are drawn as gray, filled, and
open circles, respectively.

3.2. Magnetic properties

The results of magnetic measurements are displayed
in Figs. 2-12. The static magnetic susceptibility tem-
perature dependence obtained from balance measure-
ments in a magnetic field of 454 Oe (Fig. 2) and its
reciprocal show the behavior typical for a phase
transition from a paramagnetic to an antiferromagnetic
state at the Néel temperature Ty = 16.0(1) K. Above
125K, the recorded susceptibility obeys a modified
Curie-Weiss law in the form y, =y, + C/(T — O,)
fairly well, with the temperature independent factor
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Fig. 2. Temperature dependencies of magnetic susceptibility (left-hand
scale) and inverse susceptibility (right-hand scale) as measured with a
Cahn RG automatic electrobalance for GdRhSn in an external
magnetic field Hy = 4540e. In the inset, the magnetic parameters
obtained from the fit according to a modified Curie-Weiss law are
presented, as explained in the text.
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Fig. 4. GdRhSn zero-field susceptibilities ' and y” recorded
simultaneously as a function of temperature with different amplitudes
of oscillating fields Hac at an internal frequency f = 125Hz.

%o = 1.042 x 107 cm? /g, the Curie constant C = 1.894 x
102K % cm? /g, and the paramagnetic Curie tempera-
ture @, = 19.0K. The positive paramagnetic @, Curie
temperature indicates a dominant ferromagnetic ex-
change interaction among the gadolinium atoms [48]
and indeed, the presence of such interactions is further
confirmed. The effective magnetic moment was derived
from the formula u gy = 2.83(MC)]/2 where M is
the molar mass. The experimental value u. e = 7.58 ug
is slightly reduced with respect to the theoretical
free-ion value gy = g uplJ(J + 1)]'/% = 7.94up for the
free Gd*" ion.

In order to get more information on the nature of the
observed antiferromagnetic transition, additional mea-
surements in AC and DC modes were undertaken using
a Lake Shore 7225 apparatus and the results are
presented in Figs. 3—12.

The AC method is very well suited for a precise
determination of magnetic phase transitions and their
dynamics. Especially, AC investigations carried out
under ZFC condition with small frequencies f and
amplitudes of the oscillating field Ha ¢ do not disturb a
magnetic system very much, thus, providing an accurate
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Fig. 5. Temperature dependencies of the signal intensities of the 2nd
harmonics x’z and xg, respectively, registered with an internal frequency
of 140 Hz for GdRhSn. Data were collected after the ZFC process with
an oscillating field Hac = 5Oe.

determination of the magnetic phase transition tem-
peratures. The ZFC temperature dependencies of in-
phase and out-of-phase susceptibilities y'(f, T') and

v'(f, T) recorded for a number of frequencies f

(25-625Hz with Hac = 10e), and amplitudes Hac
(0.1-250e with f = 125Hz) are shown in Figs. 3 and
4, respectively. The position of the individual y’ maxima
at T = 16.0(1) K do not change with rising f'or Hxc and
it was taken as a measure of the antiferromagnetic phase
transition temperature 7. It agrees perfectly well with
that derived from balance measurements. There is no big
influence of the frequency f or the oscillating field
amplitude Hac on the real part y' of the magnetic
susceptibility in contrast to that observed for the
imaginary part y” that reflects different energy losses
in the magnetically ordered system depending on f or
Hac. Such losses are characteristic for systems with a
net magnetic moment (i.e. for example ferromagnetic,
ferrimagnetic, or canted systems [49], spin glasses or
cluster glasses [50-54]). Therefore this observation is a
hint that antiferromagnetic ordering in GdRhSn is not
simple and surely not a collinear one. This fact is fully
supported by the non-vanishing anomalies registered
around 16K in the second y,, third y;, and fifth y;
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Fig. 6. Temperature dependencies of the signal intensities of the 3rd
harmonics x; and X;, respectively, registered with an internal frequency
of 125 Hz for GdRhSn. Data were collected after the ZFC process with
an oscillating field Hac = 5Oe.

harmonics of magnetic susceptibility shown in Figs. 5-7,
respectively, and further corroborated by the ''Sn and
153Gd Mossbauer data.

The main goal of DC magnetic susceptibility studies
was to follow thermal magnetic irreversibilities of the
GdRhSn sample as revealed by the ZFC and FC
measurements (Figs. 8—12) depending on the strength
of the external magnetic field Hy. In limits of experi-
mental errors, the external field H, with strength of
100 Oe or 1kOe has no influence on the temperature of
the antiferromagnetic transition represented by the
maximum of the respective ZFC y,(T) dependencies
(Figs. 8 and 11). However, thermomagnetic irreversi-
bilities for both applied external field values are clearly
visible in Figs. 9 and 10 where the FC and ZFC mass
susceptibilities y, vs. temperature are displayed (Figs. 9a
and 10a) together with their differences 1i.e.
[ (T)ec—2:(T))zEc] (Figs. 9b and 10b). The change
of the slope observed systematically below 120 K on the
reciprocal magnetic susceptibilities (Figs. 2, 9a, and
10a), and non-zero [(4,(T))pc—xs(T))zrc] differences
revealed above Ty (Figs. 9b, and 10b) could be
tentatively ascribed to a small amount of a magnetic



K. tatka et al. | Journal of Solid State Chemistry 178 (2005) 2077-2090 2083

Y
(3]
S
o
oe)
o
=
_:\En
-3 ' } ' } ' } . } .
-4+ | 5" harmonic
5 H,=50e
S 1 | f=125Hz
mE -6 —-
o
fee] -
b ‘7
|‘:. -
1o -8
= 4
_9 -
-10
-ll T T T T

Temperature [K]

Fig. 7. Temperature dependencies of the signal intensities of the Sth
harmonics X,5 and xg, respectively, registered with an internal frequency
of 125 Hz for GdRhSn. Data were collected after the ZFC process with
an oscillating field Hac = 5Oe.

— o
= ;
= >
<‘?U mg
5 1
NG >
> =
= 5
0 -
2 2
2 8
8 =
s | e S
O T T T T T O
0 25 50 75 100 125 150

Temperature [K]

Fig. 8. Plots of zero-field cooled (ZFC) mass susceptibilities y,
measured for GdRhSn in static fields Ho = 1000e and 1kOe,
respectively, as a function of temperature.

impurity of unknown origin or to a magnetic inhomo-
geneity of the studied sample. It is worth noting,
however, that no impurity has been detected by X-ray
diffraction and scanning electron microscopy studies
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Fig. 9. (a) Zero-field cooled (ZFC) and field-cooled (FC) DC mass
susceptibilities y, measured in a static field Hy = 100 Oe as a function
of temperature for GdRhSn. (b) Temperature variations of differences
between FC and ZFC mass susceptibilities i.e. [(%,(T))rc — %6(T))zrc)-

within sensitivities of these techniques. With rising
external magnetic field Hy, the maximum of y,(7)
strongly decreases and shifts towards lower tempera-
tures (Fig. 11). The mass magnetizations o(Hy)
measured for GAdRhSn at different temperatures
T =43, 16, and 25K, in fields up to 57.5kOe are
shown in Fig. 12. The course of these magnetization
curves is similar to that observed for isotypic anti-
ferromagnetic TbNiAl [55,56]. The nonlinear, S-shaped
character of the magnetizations obtained for tempera-
tures below Ty suggest the existence of ferro- or
ferrimagnetic interactions. The value of the magnetic
moment at the highest applied field Hy = 57.5kOe at
T =42K is 66.20ecm’g™" or 4.49 ug being far from
the theoretical saturation moment of Gd (ug, = 7 p) in
the ordered state. Although, one cannot forget here that
this moment has been found from magnetization
measurements made on polycrystalline sample, however,
it should not play essential role since magnetic
anisotropy of Gd intermetallics is usually small. These
facts point to a more complex than the simple
antiferromagnetic ordering with a non-collinear mag-
netic arrangement of the gadolinium magnetic moments.
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Fig. 11. Zero-field cooled (ZFC) DC mass susceptibilities y, measured
for GARhSn in different static fields Hy as a function of temperature.

Such a non-collinearity can be associated with the
triangular coordination formed by the nearest neighbor
gadolinium atoms which leads in a natural way, due to
antiferromagnetic coupling in GdRhSn, to frustration of
magnetic spins.
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Fig. 12. Mass magnetizations ¢ measured for GdRhSn at different
temperatures 7" = 4.3, 16 and 25K, respectively. The measurements
were always started after zero-field cooling of the sample.

3.3. °Gd and "'?Sn Mdissbauer spectroscopy

3.3.1. °Gd Mdssbauer results

3.3.1.1. Resonance spectrum above Ty. The '°Gd
resonance spectrum of GdRhSn obtained in the para-
magnetic phase is shown in Fig. 13 (top). The spectrum
shows a quadrupole splitting and could be fitted with a
single component. The sign of the quadrupole interac-
tion is constant in the nuclear ground state,
AEqe = ¢€V::Q,, and the magnitude of the n-parameter
can not be unambiguously determined for this spectrum
because of the small magnitude of the excited state
quadrupole moment. This causes that the quadrupole
splitting of the excited nuclear state (Iox = 5/2), which is
sensitive to the sign of AEq and the magnitude of #,
is much smaller than the natural linewidth. However,
from the overall splitting of the spectrum one can
determine a magnitude of the effective quadrupole
splitting parameter, |[AEqer| = eV Q,|(1 + 1/3112)1/2,
which is shown in Table 4 along with other hyperfine
parameters.

3.3.1.2. Resonance spectra in the magnetically ordered
phase. A typical spectrum measured below the Néel
temperature is shown in Fig. 13 (bottom). It clearly
indicates that the gadolinium substructure is magneti-
cally ordered. During the fitting procedure the effective
quadrupole interaction constant, AEq.r, was fixed to
the value obtained in the paramagnetic state while the
asymmetry parameter #, and the polar angles 0, ¢ were
varied independently. In addition, the resonance line-
width I' was fixed to the value obtained from the
spectrum taken at 20 K. An attempt to analyze the data
with only one component did not give a satisfactory
outcome. Only after applying a three-component
analysis it was possible to describe the spectrum
accurately. During the numerical analysis, special
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attention was paid to the estimation of the 0 and ¢
angles. Primarily, the magnitudes of the 6 and ¢ were
varied as independent parameters for each magnetic
component. The three magnetically split components
had different values of the 0 (04, 0,, and 03) angles and a
common value of the ¢ angle. In this way, the spectrum
taken at 4.2K yiclded the values 6; =4(9)°, 0, =
131(3)°, 05 = 96(9)°and ¢ = 14(11)°. The least-squares
fitted theoretical function is presented in Fig. 13 by
a continuous line. The derived parameters are listed
in Table 4.

GdRhsn (*°°Gd)

1.000 — &5

0.995 —

0.990 —

0.985 —

1
1.000 - &

Relative transmission

0.995

0.990

0.985

Velocity [mm/s]

Fig. 13. 3Gd resonance spectra for GdRhSn at 7 = 20 and 4.2K.
The continuous line represents the least-squares fit to the experimental
points.

The other spectra in the magnetically ordered regime
were analyzed in the same way. The temperature
evolution of the Hj¢ field along with the theoretical
Gd® " Brillouin function is presented in Fig. 14.

3.3.1.3. Discussion of the *>Gd Mdssbauer results. To
interpret the Mossbauer data correctly and to get some
information on a GdRhSn magnetic structure, one must
consider the relation between the local symmetry of the
gadolinium site and the hyperfine parameters. The unit
cell of GdRhSn contains three formula units with three
equivalent gadolinium ions. The only local symmetry
elements at the gadolinium sites are two mutually
perpendicular mirror planes, where one of the planes
lies in the ab-basal plane and the second one is parallel
to the crystallographic c-axis. Due to this arrangement,
one of the principal axes of the EFG tensor has to be
parallel to the c-axis and two others have to lie in the
basal plane, with one of them parallel to the cross-
section of the mirror planes. With each of the three
gadolinium positions in the unit cell are associated, three
different principal systems of axes of the EFG tensor,
which are equivalent after rotation around the c-axis
by 120°.

In light of the above considerations the three
magnetically split components can be related to the

155GdRhSN
200
e experiment
1l —s=72
T 150
e Ty'=147K
Eﬁ 1001 Hy(0) [=217.4 kOe
50
0 T T T T T T T .

0 2 4 6 8 100 12 14 16 18
Temperature [K]

Fig. 14. Temperature evolution of the magnetic hyperfine field | Hy at
the gadolinium site of GdRhSn. The continuous line represents the
least-squares fit of the Brillouin function for S = % The fit gives the
estimated Néel temperature TN = 14.7K and the absolute value of the
saturated magnetic hyperfine field |Hy¢(0)| = 217.4kOe.

Table 4

Hyperfine interaction parameters inferred from the '*>Gd resonance spectra obtained for the GdRhSn intermetallic compound at 20 and 4.2K

T (K) Hyr (kOe) AEQ** (mm/s) dis (mm/s) n I's (mm/s) 0, (deg) 0> (deg) 03 (deg) e
20 — [2.642(8)| 0.338(2) — 0.36(1) — — — 1.3
4.2 208(3) —2.642% 0.351(3) 0.36(6) 0.40(2) 409) 131(3) 96(8) 0.83

*Parameter kept constant during the fit.
**Here, AEq = AEgerr as described in the main text.
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three principal axes of the EFG at the gadolinium sites
in the unit cell. A single component observed in the
paramagnetic state reflects the crystallographic equiva-
lence of the gadolinium position. Generally, for any
non-collinear magnetic structure the magnetically split
GdRhSn spectrum could be either a single or a
multicomponent one. The symmetry of the crystal-
lographic structure determines, however, that any
collinear alignment of the gadolinium magnetic mo-
ments not parallel to the c-axis would give three
different components in the magnetically split Moss-
bauer spectra. The spectra would have the same
intensities, magnitudes of Hu, AEq, di, and 7
parameters but different 8 and ¢ angles. In the case
when all the gadolinium magnetic moments were
parallel to the crystallographic c-axis, one would expect
just a single component in the resonance spectrum.

To go further with the discussion on the possible
gadolinium magnetic structure one would need to know
the exact orientation of the principal axes system of the
EFG tensor in the crystallographic structure. Unfortu-
nately, it is not possible to tell from the Mdssbauer data
alone, the unique orientation of the principal axes of the
EFG tensor. However, the Mdssbauer results could be
interpreted in a relatively simple way if the V.. axis were
within the ab-basal plane and the V', axis pointed along
the c-axis. That particular choice of the alignment of the
principal axes system could be supported by the results
of detailed Mossbauer studies of the isostructural
aluminides GdNiAl and Gdg 19Tbg9oNiAl [57,58]. In
that instance the derived value of ¢ ~ 0 would imply
that the directions of the gadolinium magnetic hyperfine
fields would be close to or within the ab-basal plane.
Thus, we could confine our further discussion to the
cases with a planar magnetic order. Provided that the
principal V.. axis lies in the basal plane it has to be

parallel or perpendicular to the cross-section of the
mirror planes. Thus, we can come up with two
corresponding magnetic structures which are shown in
Fig. 15. In both cases the two gadolinium magnetic
moments are collinear while the third one points in
another direction. Since the gadolinium sites are ar-
ranged in the triangle-like arrangement one can expect a
frustration of the antiferromagnetic coupling among the
gadolinium magnetic moments. Thus, the third and
tilted gadolinium magnetic moment could account for
that phenomenon.

The isomer shift i can be expressed by the formula:
5iSNA<r2)nucl(|lp3\|_llpS|2)’ where A<r2>nucl is the dif-
ference between the mean-square nuclear radii and
|¢A|2, |¢S|2 denote electron densities at the nucleus site
of the absorber and the source, respectively. Keeping in
mind that for '3 Gd the sign of the factor A(r?),,q is
negative [59], then shifts of i, towards positive values
require a reduction of electron densities [, |? if the same
source is used. Such a reduction can arise from a
reduced population of 6s states at the gadolinium nuclei,
from an increased population of 5d states, or from a 6s
to 5d transfer. In this context it is of worth to note that
in contrary, if for example the population of 5d states
decreases owing to a d electron transfer from the
gadolinium site to the neighboring atoms, then auto-
matically the shielding of gadolinium s electrons
decreases leading to an increase of their density at the
gadolinium site and consequently the isomer shift J;
diminishes. A second reason for a change of ;s is an
atomic volume change. A decrease of the atomic volume
results in an increase of the corresponding Jj.
Obviously, this effect can be excluded when comparing
0;s for two isotypic gadolinium compounds of the same
volume. In the GARhSn structure the nearest neighbors
to a given gadolinium atom are 4 Rhl and 1 Rh2 atoms

(b)

Fig. 15. Two possible magnetic ordering schemes of the gadolinium magnetic moments for GdARhSn below Ty, which are consistent with the

Maossbauer results. For explanation see the discussion in the main text.
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(see Table 3, and Fig. 1) and the possible transfer of d
electrons from the gadolinium to the rhodium sites may
be decisive for the final value of the isomer shift J;.
Experimental results have shown indeed, that such a
mechanism of d electron transfer really works in
establishing mutual isomer shift values [27-31]. In view
of the above discussion, one can also note here, that
comparable values of isomer shifts observed at T =
42K for GdRhSn (05 =0.351(3)mm/s; Table 4),
GdAuCd (6 = 0.337(4)mm/s) [31], and GdAuln
(dis = 0.355(4) mm /s) [27] mean simultaneously compar-
able s electron densities at the gadolinium sites in these
compounds.

Since the trivalent gadolinium ions are in 887/2

electronic states with a spherical distribution of the 4f

electronic charge, only the lattice term contributes to the
magnitude of V.. in the rare earth site. Hence, the
determination of the sign and magnitude of AEq =
eV..Q at the gadolinium site together with the
asymmetry parameter # allow to estimate the quad-
rupolar terms B) and B3 in the Stevens expansion of the
crystal field Hamiltonian X B]' O/, as they are directly
related by two simple formulae

BI[K] = —as%(r) 4s%90.24A Eq(*°Gd),

Here, oy is the appropriate Stevens factor, the mean
squared radius of the 4f'wave function (r2)4f is expressed
in atomic units and AEq in mm/s (AEq = —2.642mm/s;
see Table 4). If B is the leading term in the crystal field
Hamiltonian then its sign gives information about the
single ion magnetic anisotropy. Since the measured AEq
is negative, one should expect, for example, a positive
value of B for isostructural RERhSn compounds with
heavy rare earth like Er, Tm, and Yb (o;>0), and a
negative value of Bg for compounds with light rare
earths like Ce, Nd, Pr (xy<0). In turn, for a positive
value of the Bg parameter the basal plane (L z) is
preferred for the moment direction while for a negative
value an ordering along the z-axis is anticipated [60—62].

The temperature dependence of the magnetic hyper-
fine field |Hye(T)| (Fig. 14) can be well described in the
frame of molecular field approximation by a Brillouin
function with S = % The resulting fit gives the estima-
tion for the Néel temperature 7N = 14.7K which is
only slightly smaller than that obtained from magnetic
AC measurements 7Ty = 16 K. The absolute value of the
saturated magnetic hyperfine field |Hy¢(0)] is 217.4 kOe.
Assuming that the latter value is negative as observed
for gadolinium intermetallics and neglecting to a first
approximation the orbital as well as the dipolar
contributions to the magnetic hyperfine field Hy at the
gadolinium site, one can estimate the contribution
coming from the conduction electron polarization
Hcg. Following the discussion presented in [63] one

can show that in the above-mentioned approxima-
tion Hcg = Huy—Hcp, where Hcep = —340(20)kOe
[64,65] is the field due to core polarization by the local
4f moment. Taking all of that into account, one obtains
finally a positive Hcg = Hyp—Hcep = —217.4k0e—
(—340kOe) = 122.6kOe.

3.3.2. "9Sn Mdssbauer results

The '"”Sn M&ssbauer spectra were taken both in the
paramagnetic and magnetically ordered states. Here,
because of a poor resolution and relatively small
magnetic splitting of the spectra obtained below 7'\,
the asymmetry parameter § = Vy.—V,,/V.. was fixed
zero during all performed fits.

Typical ''”Sn spectra are shown in Fig. 16. In order to
get an accurate description of the spectra detected both
below and above TY, the second non-magnetically split

119

GdRhSn (

Sn)

Relative transmission

-6 -4 -2 0 2 4 6
Velocity [mm/s]
Fig. 16. '"Sn resonance spectra for GdRhSn obtained at 293 and

1.8 K. The continuous lines represent the least-squares fits to the
experimental points.
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Table 5

Hyperfine interaction parameters inferred from the ''°Sn resonance spectra obtained for GARhSn at the lowest temperature 1.8 K as indicated and at

room temperature (293 K)

T (K) Hy¢ (kOe) AEg =eV..Q (mm/s) dis (mm/s) I' (mm/s) 0 (deg) AR (%) 7
1.8 15.1(1) 0.997* 1.762(2) 1.26(1) 54(1) 89 0.89
— 0.46(6) 1.762(2) 0.9* — 11
293 — [0.997(4)| 1.751(2) 0.86(1) — 89* 1.69
0.46* 1.751(2) 0.9%* 11*

*Parameter kept constant during the fit.

component having a smaller quadrupole interaction
constant (Table 5) with intensity of about 11% (taken
from area ratio at 1.8K, see Table 5) was always
included in the fitting procedure. The first component,
with an 89% area ratio, was assigned to the tin atoms
occupying their proper sites in the crystallographic
structure. The second one might arise from tin atoms
that swap their positions with the rhodium atoms.
Although the single crystal data gave no hint for Sn/Rh
mixing, this is possible in the polycrystalline bulk
material.

The spectrum recorded at 1.8 K showing relatively
weak and rather featureless magnetic splitting was
effectively fitted with one 6 value (see Table 5). The
derived value for the magnetic hyperfine magnetic field
Hype = 15.1(1) kOe is much higher than that found by
Dwight [1] i.e. Hyr = 3.9kOe at 4.2K.

In contrast to gadolinium, a tin atom does not have its
own magnetic moment. A magnetic hyperfine field at the
tin nucleus is induced solely by the other magnetic
moments in the tin neighborhood. Usually, a transferred
magnetic hyperfine field at the tin site can be treated as a
good measure of a net magnetic moment of the tin
neighbors. Like in the '>>Gd case an interpretation of
the '"Sn data requires a closer look at the local
crystallographic structure of the tin site (m2m). Char-
acteristic features of the GdRhSn structure are the
Gd-Rh and Sn—Rh planes stacked along the c-axis.
Thus, the tin atoms are placed exactly in the middle
between Gd—Rh planes. That kind of local tin symmetry
means that for any type of antiferromagnetic ordering
with antiferromagnetically coupled Gd—Rh planes ''*Sn
spectra  would not show any magnetic splitting
at all. The small magnetic hyperfine fields and the
smeared out ''”Sn magnetic spectra could suggest that
the Gd-Rh planes are generally coupled antiferromag-
netically, however, with some local disturbances. These
local disturbances could originate again from the
frustration of the antiferromagnetic coupling in the
triangular gadolinium substructure that has already
been suggested by the '>>Gd MS as well as the magnetic
results.

The value of the tin isomer shift (0 = 1.75mm/
s—1.76mm/s, see Table 5) does not depend on the

temperature remarkably and is typical for that of tin in
other intermetallic systems as, for example, observed in
the stannides Gd7Sn (T = Au, Ag) [66].

4. Conclusions

The equiatomic stannide GdRhSn has been studied by
several experimental methods involving X-ray diffrac-
tion, magnetization, and magnetic susceptibility mea-
surements as well as MS with ''?Sn and '*Gd isotopes.
GdRhSn crystallizes with the ZrNiAl type, space group
P62m. Precise AC magnetic susceptibility measurements
showed that GdRhSn undergoes an antiferromagnetic
transition at 7n = 16.0(1) K being in very good agree-
ment with the transition temperatures derived from
other methods applied. Analysis of the hyperfine
parameters obtained from MS for both isotopes has
delivered much valuable information on the electronic
and structural properties. The value of the ''”Sn isomer
shift at 1.8 K is 1.76mm/s and the value of the '*Gd
isomer shift offers deeper insight into the electron
densities in GdRhSn as discussed in the main text. The
magnetic anisotropy in isostructural RERhSn com-
pounds has been presented in view of the negative
quadrupole interaction constant AEq obtained from
'°Gd MS.

All obtained results can be interpreted in a self-
consistent way only if the magnetic structure of
GdRhSn is not collinear. It is postulated that the main
reason for the lack of collinearity is spin frustration
resulting from the topology of the crystal structure
where the nearest neighbor gadolinium magnetic mo-
ments form a triangular-like arrangement with anti-
ferromagnetic coupling. Two models of possible
gadolinium magnetic moment arrangements which are
supported by the experimental data have been proposed.
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