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Abstract

In this report the possibilities to obtain experimental information on various physical properties of rare earth intermetallics by means of
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Gd Mosshauer spectroscopy are reviewed. Results are discussed of compounds related to permanent magnet materials, hydrogen

absorbing materials, superconducting and heavy-electron systems. Particular attention is paid to the electric field gradient V,, and its
relation to the second order crystal field parameter A2. Experimental data are compared with results of electronic structure calculations.
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1. Introduction

The Gd nucleus is a most useful probe for studying
atomic scale properties at the rare earth site in various
types of intermetallic compounds. For obtaining **°Gd
Mossbauer spectra, generaly only small amounts of pow-
der samples are required, the measuring times being of the
order of several hours. From the Zeeman splitting of the
spectra information on the magnetic interaction between
the localised moments can be obtained whereas the isomer
shift can be employed to obtain information regarding the
bonding of the rare earth atoms to the other components
present in a given compound. Of considerable importance
is the possibility to utilise **>Gd Mossbauer spectroscopy
for obtaining information on the rare earth contribution to
the magnetic anisotropy.

In several previous investigations we have used the
quadrupole splitting of the spectra to study the behaviour
of the electric field gradient (V,,) at the nuclear site in a
variety of different Gd compounds. The results have
subsequently been employed to obtain experimenta in-
formation on the crystal field splitting, since the values of
V,, can be taken as a measure of the second order crystal
field parameter Ag. In the case of complicated crystal field
interactions, *>°Gd Mossbauer spectroscopy is most useful

*Corresponding author. Tel.: +31 20 5255714; fax: +31 20 5255788;
e-mail: buschow@phys.uvanl

0925-8388/98/$19.00 [ 1998 Elsevier Science S.A. All rights reserved.
PIl: S0925-8388(98)00380-6

because it samples exclusively sign and magnitude of the
second order crystal field parameter, whatever the sign and
magnitude of the higher order crystal field parameters.

This report is organised as follows. In the next section
we will briefly describe the experimental method used to
obtain **°Gd Mossbauer spectra and the procedure fol-
lowed to analyze these spectra. In Section 3 we will
discuss in some detail the physical origin of the electric
field gradient present at the Gd nuclear site and the electric
field gradient experienced by the 4f electrons. In Section 4,
Section 5 and Section 6 a survey will be given of how
%5Gd Mossbauer spectroscopy has been successfully ap-
plied in various groups of materials to obtain information
on their magnetic properties.

2. Experimental methodology

The **°Gd Mossbauer spectra of the compounds de-
scribed in this report were obtained by means of the 86.5
keV resonance of **°Gd. The source material was prepared
from neutron-irradiated SmPd,, enriched to 98% in *>*Sm.
More details of the spectrometer are described elsewhere
[1]. The spectra were analyzed by means of a least-squares
fitting procedure. The latter included diagonalisation of the
full nuclear Hamiltonian and the employment of a trans-
mission integral. Our independently refined hyperfine
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parameters consisted of the isomer shift IS, the effective
hyperfine field Hy, and the quadrupole splitting

QS=1eQV,,(3cos’d + 1+ nsin’gcos2¢) (1)

where Q is the nuclear quadrupole moment (Q=1.30X
10°* m™?). The asymmetry parameter v is zero for
compounds with cubic and hexagonal point symmetry. The
angle 6 between H; and the c axis was generally kept as
an adjustable parameter, excepting those cases where
experimental information of the easy magnetisation direc-
tion was available from other types of measurements. The
line width of absorber and source were constrained to 0.25
and 0.36 mm/s for the transmission integral.

3. Relation between V,, and A2

Band structure calculations made for severa types of
rare earth intermetallics showed that the electric field
gradient is primarily determined by the asphericity of the
on-site valence electron charge clouds of the Gd atoms
[2-5]. These results made it also clear that the commonly
assumed relation of the form

A=V, (1-0,)/41~ 1), (2

where o, is an electronic screening factor and v, the
Sternheimer antishielding factor, lacks a fundamental
basis. The reason for this is that core excitations and the
concomitant Sternheimer antishielding play only a minor
role in determining the electric field gradient at the nuclear
site [3]. The difference between A3 and V,, results from
the fact that the on-site 5d electron charge cloud aspherici-
ty, determining mainly the former, and the on-site 6p
charge cloud asphericity mainly responsible for the latter,
need not be the same. However, strong indications exist,
based on computational results [5] as well as on ex-
perimental results [7], that there is still a relation between
AY and V,,. We will investigate this point in more detail
below. The main difficulty from the experimental side is
the restricted availability of reliable experimental data for
AY. The reason for this difficulty originates from the fact
that experimental methods commonly employed for the
determination of A} (inelastic neutron scattering, magnetic
measurements on single crystals, specific heat measure-
ments) involve fits to the experimental data in which not
only Ag but also several of the higher order crystal field
parameters A" have to be considered simultaneoudly.
There exist, however, data of A} that were obtained by
using a combination of two or even al three of the
techniques mentioned. One of the most favourable cases is
the series RGa,_,Al, (hexagonal, AIB, type) studied by
means of inelastic neutron scattering, measurements of the
specific heat and magnetic properties on single crystals
[8,9]. The concentration-dependent change in magnitude
and sign of Ag in compounds of the series has been used

by us in a previous investigation [7] to determine the
proportionality constant w in the semi-empirical relation

AZlKa, %l = — wV,,[10%Vm 7], (3)

employing the fact that a similar change in sign and
magnitude was found for V,, from Gd Mossbauer spec-
troscopy. The empirical value found in this way is w=35.
The RNig compounds (hexagonal, CaCu, type) form an
almost equally favourable series for which Ag values have
been determined by a combination of the same three
techniques [10,11]. A typical value of AJ representative
for most of the RNig compounds is around —450 Kay °.
With the value V,, =9.7x10* Vn"? one then finds w=
46. The closeness of the two empirical values derived for
o issurprising, given the fact that these values are derived
on compounds of dissimilar crystal structures in which Gd
is combined with elements of an equally dissimilar nature.
This encourages us to advocate future application of the
empirical relation with ®=40=8. We will return to this
point in the last section of this report, after having
discussed **°Gd Mosshauer data obtained in several inter-
esting groups of materials.

4. Compounds related to permanent magnet
materials

The 20th century has witnessed quite an extraordinary
development in hard magnetic materials. Developments
have been strong in the last few decades of this century,
after the advent of rare earth permanent magnets (REPM)
in particular. Permanent magnet materials of this type are
based on intermetallic compounds of rare earths and Fe or
Co. They derive their exceptiona properties from the
favourable combination of properties inherent in the rare
earth sublattice and in the 3d sublattice, the former mainly
providing the magnetic anisotropy, the latter providing a
high magnetization and a high magnetic ordering tempera-
ture. There are two important prototypes of REPM.
Magnets based on Sm and Co are unsurpassed with regard
to their high coercivities and their low temperature co-
efficients of coercity and magnetization, even at tempera-
tures far above room temperature. Magnets based on Nd,
Fe and B are unequalled with regard to the maximum
energy product and their comparatively low price.
Mossbauer data obtained on the corresponding Gd com-
pounds have been collected in Table 1, together with data
on Gd compounds of related materials. Of particular
interest are the interstitial solid solutions of compounds of
the 2:17 type and 1:12 type where the filling of the
interstitial holes by nitrogen or carbon is seen to lead to
drastic changes of V,,. The strong enhancement of V,,
implies an equally strong enhancement of A) and the
corresponding crystal field induced rare earth sublattice
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Table 1

Hyperfine parameters derived from fitting of the Gd-M6ssbauer spectra of several Gd compounds related to permanent magnet materials of the same crystal

structure

Compound Structure V,, 0 m By IS | Ref.

GdCo, CaCug, 10.1 0 — 7.4 0.24 10 [12]

Gd,Fe,,B Nd,Fe,,B -7.75 0 0.61 94 0.217 05 [13]

11.37 90 0.35 20.1 0.204 0.5

Gd,Co,,B Nd,Fe,,B -83 90 0.6 10.9 0.26 05 [14,15]
+85 45 0.3 3.6 0.22 0.5

Gd,Fe,, Th,Zn,, 43 90 — 21 0.25 10 [16]

Gd,Fe,;N, Th,Zn,, 126 90 — 4.7 0.47 1.0 [16]

Gd,Co,, Th,Zn,, 48 90 — 47 0.24 1.0 (5]

Gd,Co,,N, Th,Zn,, 14.9 0 — 10.3 0.45 1.0 (5]

GdCo,,Ti ThMn,, -23 0 135 0.23 1.0 [17]

GdFe,, Mo, . ThMmn,, 1.6 0 — 9.2 0.21 1.0 [18]

GdFe,, ;Mo, (N, ThMn,, -21.3 90 — 7.2 0.35 10 [18]

GdFe,Ti, CeMn,Niy 26 0 — 147 0.22 1.0 [17]

The data are given in the following units: V,, [10®* V/m?], B, [T], IS[mm/s], 6 [deg]. | is the relative intensity of the subspectra when there is more than
one crystallographic site. All vaues listed for V,, were obtained with the same value for the quadrupole moment Q.

anisotropy. The latter is a major prerequisite for applica
tion of these materials as permanent magnets [19].

5. Compounds related to superconducting and heavy-
electron materials

Quaternary intermetallic compounds of the type
RNi,B,C have received considerable attention recently
because several of its members are superconductors with
transition temperature close to 17 K [20]. The supercon-
ducting transition temperature becomes strongly lowered
when R carries a magnetic moment. Because of the
interesting interplay between magnetism and superconduc-
tivity in these materials reports of numerous investigations
of magnetic properties [21] and rare earth Mossbauer
spectroscopy [22—25] have appeared recently, including
those of compounds of the type RCo,B,C [26]. The
interpretation of the magnetic properties appears to be
fairly difficult because of the presence of crystal field
effects requiring the knowledge of crystal field parameters
up to the sixth order. All these parameters have to be
considered as variables when fitting the results of mag-
netisation, specific heat and neutron scattering to model
descriptions.

In this case "°Gd Mosshauer spectroscopy is particu-
larly helpful because, viaV,,, it samples exclusively the
second order term. A further favourable circumstance is
the fact that the magnetic ordering temperatures are
sufficiently low so that it is possible to obtain spectra in
the paramagnetic regime. Because of the absence of
hyperfine splitting the spectra show only quadrupole
splitting (Fig. 1). In fact Eq. (1) reduces to the simple form
QS=1/4 eQV,, so that the electric field gradient can be
obtained from the spectra most reliably as the only
adjustable parameter, avoiding all the difficulties associ-
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ated with the complex magnetically ordered state [21].
Using relation (3) with @ =40+8, and the data listed for
V,, in Table 2 one may derive the following values:
Aj=—(484+97) Ka,” for compounds of the RNi,B,C
series;, AJ=—(296+59) Ka,* for compounds of the
RCo,B,C series.

Apart from the compounds related to superconducting
materials we have listed in Table 2 hyperfine parameters
obtained on compounds related to heavy-electron systems.
Several of the Ce based compounds of similar crysta
structure and composition as the Gd compounds listed in
the table display such heavy electron behaviour (see for
instance Ref. [30] and papers cited therein). Also for these
compounds it is important to have information on the
crystal field level splitting and on how the level splitting
can vary across a series of isotypic compounds.

However, in some cases the A value of the Ce
compounds may deviate from that for other rare earth
compounds of the same series. This can be easily ex-
plained when account is taken of the fact that AJ is
determined primarily by the 5d electron charge as
phericities, because in Ce compounds there may be some
mixing of 5d electron states with 4f electron states, which
can substantially affect the 5d electron charge cloud
asphericities.

Frequently it is tacitly assumed that the crystal field
parameters do not vary much across a series of isotypic
compounds in which the transition metal component is
varied. The results listed for two representatives of the
RT,Si, series show clearly that this is a misconception,
because V,, (and AJ) vary appreciably when passing
across the 5d series from T=Ru to T=Ag, and even give
rise to a sign reversa (see Fig. 28). Results of electronic
band structure calculations have confirmed this picture and
provided a physical explanation for the occurrence of the
sign reversal [2].
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Fig. 1. ***Gd Mossbauer spectra of GdNi,B,C and GdCo,B,C obtained at the temperatures indicated in the figure. The spectra shown in the top parts were

obtained in the paramagnetic state and show quadrupole splitting only.

6. Metal hydrides

A redlistic description of the state of hydrogen in
metallic systems is difficult and many experimental efforts
have been spent to decide between the so-called hydridic
or anionic model and the protonic model. In the hydridic
model the two 1s electron states of the hydrogen are
located below the Fermi energy of the metal. In the
hydride both these two levels are occupied. The extra
electron is provided by the conduction band and the
hydrogen is present as H ™. By contrast, the two 1s electron
states of hydrogen are situated above the Fermi level in the
protonic model. In that case the hydrogen donates one
electron to the conduction band upon hydride formation

Table 2

Hyperfine parameters derived from fitting of the Gd-M dssbauer spectra of
several Gd compounds related to superconducting and heavy-electron
materials of the same crystal structure

Compound ~ Structure  V,, 0 By IS | Ref.
GINi,B,C YNi,B,C 119 56 279 056 10 [26]
GdCo,B,C YNi,B,C 96 44 456 050 10  [26]
GIPdAI, PNi,Al, +126 49 260 048 081 [27]

GdCu, CaCug +9.1 47 23.2 025 10 [28]

GdCo,B, CeCoB, +319 90 150 020 10 [12]
GdRu,Si, ThCr,Si, —185 50 292 043 10  [29]
GdAg,S, ThCr,Si, +43 90 272 067 10  [29]

The data are given in the following units: V,, [10** V/m?], B, [T], IS
[mm/g], 6 [deg]. | isthe relative intensity of the subspectra. In the case of
GdPd,Al, there is a small degree of Pd-Al site disorder, causing a
distribution of subspectra. Only the data for the main subspectrum have
been listed for this compound.

and is present as H". The difficulties associated with both
model descriptions are due to the fact that some ex-
perimental results favour the anionic model while other
experimental results are more conveniently interpreted in
terms of the protonic model.

The possibility to perform modern electronic band
structure calculations for a large number of metalic
hydrides have removed much of the controversy between
the two models. Such calculations have shown that the
hydrogen in the hydride has to be regarded as a proton
screened by variable amounts of valence electrons. A
comprehensive description of the results of e ectronic band
structure calculations can be found in the reviews written
by Schlapbach et a. [31] and Yamaguchi and Akiba [32].
In these reviews one may also find a description of the
changes in physical properties upon hydrogen absorption,
including magnetic and electrical transport properties.

Here we will mention briefly a few examples of
investigations made by means of **°Gd Mossbauer spec-
troscopy on ternary hydrides. We have chosen investiga-
tions made on several compounds of the composition
GdM ,, where M =Ru, Rh and Cu [33-35]. The changesin
isomer shift of Gd have been described in detail by de
Vries et a. [36] in terms of volume contraction upon
compound formation and charge transfer. When concen-
trating on the effect of the hydrogen absorption, one finds
that it leads to fairly strong increases in isomer shift. This
increase is consistent with a reduction in s electron density
at the Gd nuclei, indicating charge transfer in the direction
Gd - H. Simultaneously, a strong increase in the absolute
value of the hyperfine field is seen to take place (Fig. 2b).
Hyperfine fields at the Gd nucleus are commonly inter-
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Fig. 2. Left: values of V,, of various GdT,X, compounds plotted vs. the atomic number of the transition metal component T. Full symbols GdT ,Ge, and
GdT,Sh,; open symbols GdT,Si,. Circles represent compounds in which T is a 3d element; squares 4d, triangles 5d. Full diamonds: GdT ,Sb,. Right: plot
of hyperfine field vs. isomer shift for various compounds of the type (GdM, M=Ru, Rh and Cu) and the corresponding hydrides.

preted as arising from a negative core contribution (—33.4
T) and a positive conduction electron contribution. The
increase in absolute value of the hyperfine field displayed
in the figure reflects a decreasing conduction electron
contribution, culminating in the result shown for GdH,
[35], which is a semiconductor when present in slightly
off-stoichiometric form.

7. Comparison with calculational results

For severa of the compounds discussed, electronic band
structure calculations have become available, which allows
a comparison of the hyperfine parameters derived from
M ossbauer spectroscopy with those calculated.

Some difficulties exist with respect to the hyperfine
fields. As may be seen from Table 1 the hyperfine field
values fal into a fairly wide range. Although the relative
differences in hyperfine fields can adequately be explained
by theory, the calculated and experimental hyperfine fields
differ systematically by an overal shift of 25 T [37]. This
discrepancy seems to be independent of the type of
approximation used for the calculations [37,39], and its
origin is till unclear.

Computational and experimental results of V,, and AJ
for a restricted group of materials can be compared in
Table 3. In genera, the agreement between experimental

values of V,, and theory can be said to be satisfactory. As
to Aj, there is a lack of reliable experimental data.
Fortunately, the Ag values reported in the literature for the
RNi, compounds and the R,Fe, ,B compounds do not vary
much within the corresponding lanthanide series [9,10,42],
which lends credence to the reliability of the A data. The
situation is different for the RCo, where the AJ values
vary strongly within the series [11]. The value of AJ listed
in the table is based on the values reported for NdCo, and
HoCo.. These values were chosen because they are almost
equal to each other and refer to alight and heavy rare earth
element, respectively. Disregarding the lack of experimen-
tal A data for the moment, it is interesting to note that
different types of electronic structure calculations do not
lead to the same answer. Surprisingly, however, the
corresponding calculated values of the ratio o= —AJ/V,,
are rather close to each other. Inspection of the data listed
in the table furthermore shows that the calculated o ratios
are also close to the experimental o ratios. This can be
taken as support for the applicability of relation (2).

8. Concluding remarks
In this report we have presented examples of inves

tigations where important experimental information on
various physical quantities was obtained by means of
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Experimental values of hyperfine parameters [exp] derived from fitting of the Gd-Mdssbauer spectra of several Gd compounds in comparison with results

derived from band structure calculations [cal]

Compound Vy[cal] V_.[exp] Ajlcal] Allexp] w[cal] w[exp]
GadNi, +16.2 [3] +9.7 [3] —450[10] 46
GdCo, +14.0 [3] +10.1 [3] —691 [40] —400[11] 49 [3,40] 40
+18.3 [6] —972 [6] 53 [6]
+10.8 [39] —584[39] 54 [38]
Gd,Co,, +6.8 [5] +4.8 [5] —169 [4] 35
Gd,Fe,, +7.5 [4] +4.3 [16] —302 [40] 40 [4,40]
+4.8 [39]
+6.4 [41] —302[41] 47 [41]
Gd,Fe N, +10.5 [41] +12.6 [5] —475[41] 45 [41]
+11.0 [39]
Gd,Fe,,C, +13.8 [41] +15 [42] —-613[41] 44 [41]
+14.9 [39]
Gd,Co,,N, +14.8 [5] +14.9 [5]
Gd,Fe,,B(f) -8.81[4] —-7.75 [13] +371 [4] +300[42] 42 [4] 39
Gd,Fe,,B(9) —-7.71[4] —7.67%[13] +381 [4] +300 [42] 49 [4] 39
GdNi,B,C +12.8 [26] +11.9 [26] —379[43] R

The data are given in the following units: V,, [10** V/m?], A [Ka,?].
“Component of the electric field gradient in the c direction.
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Gd Mosshauer spectroscopy. This technique allows for a
fast and unambiguous characterisation of the electric field
gradient using the empirical relationship in Section 3.
'%°Gd Mossbauer spectroscopy provides a local probe
which is complementary to results that may be obtained
from inelastic neutron scattering.
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