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Abstract

We have studied the magnetic order of the Gd sublattice in GdFesGeg
using the 86.5 keV 'Gd Mossbauer resonance. The Gd sublattice orders
ferromagnetically at 30.8 £ 0.2 K, independently of the Fe sublattice which
orders antiferromagnetically at 489 4 5 K. The '>3Gd hyperfine magnetic
field at 5 Kis —25.6 £ 0.1 T and the principal component of the electric field
gradient tensor (V7)) is +(5.8 + 2.1) x 10 V m~2, which corresponds to a
second-order crystal-field lattice coefficient Ayp of —22 + 9K a; 2,

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In those RFesGes and RFesSng (R = rare-earth) intermetallic compounds where the Rt
ion has a magnetic moment, the magnetic ordering processes of the R and Fe sublattices
are quite independent of one another ([1] and references therein). The Fe sublattice orders
antiferromagnetically and its Néel temperature remains essentially constant across a series at
~485 K for RFGGGGG or ~555 K for RFGGSI’lé.

For R = Gd-Er, the rare-earth sublattice orders predominantly ferromagnetically, with
Curie temperatures ranging from a high of 45 K in GdFesSng to 3 K in ErFesGeg.

The magnetic independence of the R and Fe sublattices can be understood by considering
the crystal structures of the RFesGeg and RFeqSng compounds. These compounds crystallize in
either orthorhombic or hexagonal structures which are based on the hexagonal (B35) structure
of the parent FeGe or FeSn compounds [2]. The orthorhombic structures are related to the
underlying hexagonal cells: A (ortho) is parallel to C (hex) and C (ortho) is parallel to A (hex).
The RFesGeg and RFeqSng compounds are formed by placing R atoms between the hexagonal
Fe planes of FeGe or FeSn and the magnetic independence of the R and Fe sublattices is a
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consequence of the layered structure of these compounds. The binary FeGe magnetic structure
consists of ferromagnetic Fe planes coupled antiferromagnetically to each other [3, 4] and the
local environment of the R atoms in the RFecGeg and RFesSng compounds leads to a net
cancellation of the Fe-R exchange at the R sites, effectively isolating them from the ordering
of the Fe moments. The magnetic ordering of the R sublattice, two orders of magnitude lower in
temperature than the Fe ordering, is most likely due to an indirect exchange coupling between
R moments.

The results of our >’Fe Mossbauer study of the RFesGes series have been reported
previously [5]. The hyperfine field at the 'Fe nuclei is virtually independent of the rare earth
present and our low temperature Mossbauer studies show no sign that the magnetic order of
the Fe sublattice is affected by the ordering of the R sublattice, in agreement with neutron
diffraction work. We have also carried out '°Sn Mossbauer work on the RFeSng series [6-8].
The Sn atoms are non-magnetic but 2/3 of the ''”Sn nuclei experience transferred hyperfine
fields of about 24 T from the magnetic Fe sublattice.

In this paper we present the results of our study of GdFesGes by >3Gd Mossbauer
spectroscopy in a first attempt to deduce crystal-field parameters which may be relevant in
the study of the variety of R-sublattice magnetic structures found in the RFesGeg and RFesSng
compounds.

2. Experimental methods

The GdFesGegs sample was prepared by arc-melting stoichiometric amounts of the pure
elements (Gd: 99.9%, Fe: 99.95%, Ge: 99.999%) under Ti-gettered argon. The sample was
subsequently annealed at 900 °C for two weeks, sealed under vacuum in a quartz tube.

Sample quality was verified by powder x-ray diffraction with Cu Ko radiation on an
automated Nicolet-Stoe diffractometer. The diffraction pattern was refined using the Rietveld
method and the FULLPROF/WinPLOTR program [9]. The Néel temperature of the Fe
sublattice in GdFesGes was measured by differential scanning calorimetry on a Perkin-Elmer
DSC-7, using the heat capacity peak at Ty as the signature of magnetic ordering. The ordering
temperature of the Gd sublattice was determined by ac-susceptibility measurements made on a
LakeShore 7100 closed-cycle susceptometer with an ac magnetic field of 700 A m~! (rms) and
a frequency of 137 Hz. Magnetization measurements were made on a Quantum Design PPMS.

155Gd Mossbauer spectroscopy was carried out at 5 K in transmission mode with a neutron-
irradiated '*SmPd; source, also maintained at 5 K. The 86.5 keV gamma-rays were detected
using a HPGe detector. The spectrum was least-squares fitted by diagonalization of the full
nuclear hyperfine Hamiltonian, using the transmission integral method.

3. Results and discussion

3.1. Structural, magnetic and hyperfine results

The annealed sample of GdFesGes was virtually single phase, with traces of Gd,O3 and
GdsGey present in the total amount of 4 wt%, as determined from the refinement of the x-ray
diffraction pattern.

GdFesGeg forms in the hexagonal YCogGeg-type structure with the P6/mmm (#191)
space group. The lattice parameters (at 295 K) are ¢ = 5.122 #+ 0.003 A and ¢ =
4.071 £ 0.003 A. The crystal structure of GdFe¢Ges is shown in figure 1 and the
crystallographic data for the Gd, Fe and Ge sites are given in table 1. The x-ray powder
diffraction pattern of GdFesGeg is shown in figure 2.
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Figure 1. Crystal structure of GdFesGeg. The crystal C-axis is vertical. (Drawn using the
FULLPROF-Studio program [9].)
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Figure 2. X-ray powder diffraction pattern of GdFesGeg, obtained at room temperature with Cu Ko
radiation. The upper set of Bragg markers refers to the principal GdFesGeg phase while the lower
set refers to the minor impurity phases (see text).

The Néel temperature of the Fe sublattice is 489 + 5 K and the Curie temperature of the
Gd sublattice is 30.8 £ 0.2 K. The magnetization of GdFesGeg amounts to 5.5 £ 0.5 g /Gd at
2 K, somewhat lower than the Gd** ‘free-ion” value of 7.0 sp. This suggests that the magnetic
ordering of the Gd sublattice is not perfectly ferromagnetic but includes an antiferromagnetic
component, resulting in a canted structure, as found with other R elements.

In figure 3 we show the ac-susceptibility of GdFesGeg. The characteristic ‘ferromagnetic’
ordering of the Gd sublattice at 30.8 £ 0.2 K is clear.
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Figure 3. The ac susceptibility of GdFesGeg.

Table 1. Crystallographic data for GdFesGeg.

Atom  Site  Point symmetry x @y @z Occupancy
Gd la 6/mmm 0O 0 O 0.5
Fe g mmm 30 4 1.0
Ge 2 6m2 1 30 1.0
Ge 2e 6mm 0 0 03001) 05

In figure 4 we show the >>Gd Mossbauer spectrum of GdFesGes, obtained at 5 K. The
magnitude of the hyperfine field (Bys) at the '>>Gd nucleus is 25.6 £ 0.1 T. The electric
quadrupole interaction at the Gd nuclei is quite simple due to the 6/mmm point symmetry of
the Gd site in GdFesGeg which yields an electric field gradient (EFG) asymmetry parameter
n = 0. The principal (Z) axis of the EFG tensor is along the hexagonal C-axis. The
Mossbauer, NMR/NQR and neutron work cited in this paper (vide infra) indicates that the
Gd>* 4f electronic moment is aligned in the hexagonal plane and therefore the angle 6 between
By and the EFG Z-axis is 6 = 90°.

In the absence of an externally applied magnetic field we cannot directly determine the
sign of the '3 Gd hyperfine field. Furthermore, we can only determine the sign of the electric
quadrupole coupling constant e Q V7 relative to that of By;. However, as we argue below,
By is almost certainly negative, the negative sign indicating that By is antiparallel to the
Gd3* 4f electronic moment. The fitted ground state quadrupole coupling constant at 5 K is
eQVzz = —0.261 £ 0.089 mm s~!: we stress that the negative sign here simply indicates that
e QVzz has the opposite sign to Bps. The isomer shift is +0.482 £ 0.004 mm s~!, relative to the
SmPds source. (For the benefit of the reader we note that 1 mm s~! converts to 4.625 x 10720 J
for the 86.5 keV Mdgssbauer transition in '>>Gd.)

Thus, with Bps negative, our fit to the 155Gd spectrum of GdFesGeg yields
an electric quadrupole coupling constant (ground state) of eQVzz = +(0.261 £
0.089) mm s~!. The corresponding value of the principal component of the EFG tensor is
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Figure 4. '>Gd Massbauer spectrum of GdFesGeg obtained at 5 K.

Table 2. Magnetic hyperfine fields (in teslas) at the >>Gd nuclei in various Gd intermetallics at

T ~4K.

Compound Bt (T) Reference
GdFesGeg —25.6 £ 0.1 This work
GdCreGeg —26.4 + 0.5 [11]
GdMngGeg —7.4405 [12]
GdMngGeg +7.51 [19]
GdMngSng +11.6+£0.9 [17]
GdMngSng —4.0+0.5 [18]
TbMneSng (n.b. 1°Tb) 24.040.1 [22]
GdT>Si, —24.6t0 327 [16]

T = Cr, Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Au

Vzz = +(5.8 £2.1) x 10*° V m~2, using a value of +1.3040.02 b for the '>Gd ground state
quadrupole moment [10].

3.2. Magnetic hyperfine field

In this section we shall put our magnetic hyperfine field determination into context, with
reference to a variety of Gd-based intermetallic compounds. For the convenience of the reader
we present in table 2 a summary of the hyperfine field data germane to the following analysis.
Our measured hyperfine field value of —25.6 + 0.1 T is consistent with the value of
—26.4 £ 0.5 T in GdCreGeg reported by Mulder et al [11]. The Cr sublattice in GdCrsGeg
was shown to be non-magnetic by neutron diffraction [13].
The hyperfine magnetic field at the '>>Gd nucleus in GdFesGeg can be written as

Bhf = B4f + Bcp + Bp + Bﬁd + BII:: + Bext (1)
where

e By is the field due to the incomplete 4f electron shell.
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e B, is the core polarization field arising from the deformations of the inner electronic shells
by the Gd** 4f shell.

e B, is the contribution from conduction electron polarization by the spin of the parent Gd**
10n.

e BSY and BI® are transferred hyperfine fields from the surrounding magnetic Gd and Fe
sublattices, respectively, mediated by conduction electron polarization.

e By represents an externally applied magnetic field.

The intra-ionic ‘free-ion’ field is the sum of Bys and B, for the unquenched electronic
state |(J,)| = J and amounts to —32.2 T for Gd*>*, i.e. antiparallel to the parent Gd3* 4f
magnetic moment [14, 15]. The transferred hyperfine field BE® is zero since the Fe magnetic
order is antiferromagnetic and the Fe nearest neighbours of a Gd nucleus are arranged in two
ferromagnetic planes, coupled antiparallel to each other. Finally, we have no externally applied
magnetic field. Thus, the hyperfine magnetic field (in teslas) at the '3Gd nucleus is

By = —32.2+ B, + BSY. )

The implicit assumption that the Gd3>* moment is completely unquenched is justified
because Gd** is an S-state ion.

Our measured hyperfine field (£)25.6 + 0.1 T yields possible values for B, + BS of
6.6 T (— sign) or 57.8 T (+ sign); the latter figure seems improbably large, given that the Gd
atom in GdFesGeg has no Gd nearest neighbours in its first coordination shell. In fact, in our
recent °°Er Mossbauer study of ErFesSng, we estimated Bf‘nf atonly 0.7 T [8].

We may estimate the self-polarization field Bj, by considering the 1535Gd Mossbauer data
on 13 GdT,Si, (T = transition metal) intermetallic compounds reported by Dirken et al [16].
The observed >>Gd hyperfine fields span a range of —24.6 to —32.7 T, with an average of
—28.4 T, omitting the value for GAMn,Si, in which the transition metal sublattice is magnetic.
Furthermore, the Gd magnetic order is antiferromagnetic. Therefore, there are no transferred
fields at the '>>Gd nucleus and the difference between the measured field and the intra-ionic
free-ion field (—32.2 T) represents B,. Thus, B, is in the range of —0.5 to +7.6 T, with the
average field corresponding to B, = 3.8 T.

The greatly reduced '>Gd hyperfine fields in GdMneSng (11.6 &+ 0.9 T [17],
—4.0 £ 0.5 T [18]), and GdMngGeg (—7.4 + 0.5 T [12, 19-21]) illustrate the effect of
the transferred field from the Mn sublattice. Taking our 155GdFesGeg field of —25.6 + 0.1 T
together with the GdCreGeg field of —26.4 £ 0.5 T [11], we deduce transferred hyperfine fields
from the Mn sublattice of +22.0 & 0.8 T in GdMngSng and +18.5 £ 0.4 T in GdMneGeg
(although we note here that the magnetic structure of the latter is actually a planar spiral, rather
than a ‘simple’ collinear ferrimagnet).

These values of the transferred hyperfine field at the '**Gd nucleus in GdMngXs (X =
Ge, Sn) compare well with the value of ~+24 T deduced by Li ef al [22] from their 159 Tp
NMR study of TbMngSng and TbMngGeg. The TbMngSng value translates to ~+23.5 T acting
on '3 Gd when we scale with the respective s-electron hyperfine coupling parameters for Tb and
Gd, deduced by linear interpolation of the values for La** and Lu**, given by Campbell [23].

Thus, we may safely conclude that the hyperfine magnetic field at the 'Gd nucleus in
GdFesGeg is negative i.e. By is directed antiparallel to the Gd3t 4f electronic moment.

3.3. Electric quadrupole interaction

As in the preceding section, we shall put our determination of the '>>Gd EFG in GdFesGes
into context, with reference to a variety of Gd-based intermetallic compounds and for the
convenience of the reader we present in table 3 a summary of the EFG data pertaining to our
analysis.
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Table 3. Principal EFG component (Vzz) (in units of 102! V m~2) at the >>Gd nuclei in various
Gd intermetallics at 7 =~ 4 K. The signs in parantheses were obtained under the assumption that
the hyperfine fields were positive.

Compound Vzz Reference

GdFegGeg +0.58 £20.21  This work
GdCreGeg (—)2.9+0.3 [11]
GdMngGeg  (—)3.4+0.3 [12]
GdMngSng (—)2.0+£0.3 [17]
GdMngSng 1.98+0.07 [18]

The EFG at the rare-earth nuclei in intermetallic compounds generally contains
contributions from the 4f and valence electronic shells of the parent R** ion and the surrounding
lattice charges (including conduction electrons). Gd3* is an S-state ion and thus the 4f
contribution to the EFG is zero. The contribution from the asphericity of the Gd** 6p and 5d
valence electron charge density most likely dominates the contribution of the lattice, as shown
by Coehoorn et al [24]. This is an important point as it suggests that the so-called ‘lattice EFG’
is in fact more a local property. Thus, the usual assumption of direct proportionality between
the non-4f EFG and the second-order crystal-field lattice summation terms, in particular the
assumption that A,y « Vzz, using standard notation, lacks a physical basis. However, this is
nonetheless a useful approximation and for the purposes of this paper, we will continue with
this approximation.

Malaman et al [18] have used short-wavelength (0.499 A) neutron diffraction to
show that the Gd and Mn moments in GdMneSne are ferrimagnetically coupled in
the hexagonal plane i.e. perpendicular to the crystal C-axis, which is the Z-axis
of the 'Gd EFG. Their measured electric quadrupole coupling constant eQVyz of
0.89 mm s~ leads to Vyz = =+ (1.98 &+ 0.07) x 10*! Vm~2. Mulder et al [11] deduced
Vzz = —(2.9 £ 0.3) x 10! Vm~2 for GdCrsGeg and Vzz = —(3.4 £ 0.3) x 10> V.m2
for GdAMneGeg. However, we consider the signs of the latter two results to be incorrect since
these authors did not deduce the sign of the hyperfine field and one can only measure the relative
sign between e QVzz and By, as discussed earlier. The reported signs merely reflect the value
of the standard angular term %(3 cos? 6 — 1) employed when rotating the EFG frame onto that
defined by the direction of By, (e.g. [25]).

In deriving the second-order crystal-field term A from Vzz one often writes:

e I_Voo
Aryy=—-V, 3
20 4zz/<1_62) 3)

where Yo is the Sternheimer antishielding factor and o, is the lattice shielding factor.
As stated above, we will simply assume that linear proportionality holds i.e.

e
Az = —7Vzz/C “)

and we will use available data on the well-researched R,Fe 4B series to deduce a reasonable
value for the proportionality factor (C) between A,y and Vzz, which we believe will be
generally applicable to rare-earth—Fe-rich intermetallics. Bogé et al [26] carried out a
comprehensive '3 Gd Mossbauer study of Gd,Fe 4B, using both powder and single-crystal
samples, with and without an externally applied magnetic field, and obtained a value of
—3.50 £ 0.14 mms~! for eQVyy at the Gd 4f-site in this tetragonal structure. We will
concentrate on the 4f-site since the Z (EFG) and the Gd** moment are both along the tetragonal
C-axis at this site. The other Gd site (4g) in Gd,Fe 4B has its Z (EFG) axis perpendicular to the

7
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Gd>* moment. The point symmetries of the two Gd sites in Gd,Fe 4B are both orthorhombic
mm so each will have a non-zero EFG asymmetry parameter 1. These parameters were also
deduced by Bogé et al [26] and they have been included in the following analysis.

The measured e Q V77 at the Gd 4f site in Gd,Fe 4B yields Vzz = —(7.77 £ 0.30) x
102! V. m~2. The lattice crystal-field coefficients in the R,Fe 4B series were determined by
Givord et al [27] using single-crystal magnetization data. They found an average A, value
of 298 + 6 K ao_2 (=1.47 £ 0.03 Jm™2) across the R,Fe 4B series; (ap is the Bohr
radius). Thus, the dimensionless proportionality constant between A,y (in J m~2) and Vyy
(in Vm™2)is C =212 %+ 9. Our measured e Q V77 value of +0.261 £ 0.089 mm s~! yields
Vyz = +(5.8 + 2.1) x 10 V m~2, which therefore converts to a second-order crystal-field
lattice coefficient of Ay = —0.109 £ 0.045Jm2 = —22 + 9K agz.

The above scaling can be re-expressed as simple multiplicative factors of either (i) —85 = 5
to convert e Q V., in units of mm s~!, to A, in units of K a, 2 or (i1) —38 =+ 2 to convert
V7, in units of 102! V.m~2, to A, in units of K a, 2. We note that in a summary of numerous
155Gd Mossbauer studies of a variety of Gd intermetallics Buschow et al [28] deduced a range
of —32 to —46 for this latter scaling factor.

To check the sign of our deduced crystal-field term A,y, we may consider the compounds
ErFesGeg [29] and DyFesGeg [30]. The second-order Stevens coefficient oy, which facilitates
the conversion of the crystal-field lattice summation A, into the R3*—specific crystal-field
parameter B, is positive for Er’* and negative for Dy**. Therefore, By is negative for Er’*+
and positive for Dy** and assuming that the R** ordering direction is primarily dictated by
the second-order crystal field we would expect the Er sublattice in ErFesGeg to order parallel
to the hexagonal C-axis whereas the Dy sublattice in DyFesGeg would be expected to order
perpendicular to the hexagonal C-axis. Both ErFesGes and DyFesGeg are orthorhombic and
the R ordering directions are A and C, respectively, referred to the orthorhombic cell. This
cell is derived from the hexagonal P6/mmm B35 cell, as discussed earlier, where we saw that
A (ortho) is parallel to C (hex) and C (ortho) is parallel to A (hex). Therefore, the observed
ordering directions in ErFesGes and DyFesGeg are fully consistent with our derived value of
A.

4. Conclusions

We have studied the magnetic ordering of the Gd sublattice in GdFesGes by '>°Gd
Mossbauer spectroscopy. The Gd sublattice orders at 30.8 + 0.2 K. The '3 Gd hyperfine
field at 5 K is —25.6 £ 0.1 T and the principal component of the EFG tensor is
Vyz = +(5.8 + 2.1) x 10® V m~2, which converts to a crystal-field lattice coefficient of
Ay =-22 + 9Ka;>.
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