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Abstract

The compounds GdT, X with X = Sn or Sb are anti-ferromagnets, but their magnetic structure is not simple and magnetic
interaction bztween gadolinium raagnetic moments are frustrated. The resistivity dependence on temperature is remarkably
influenced by non s-type conduction electrons, From the comparison of these results with the data for compounds with X = Si
or Ge and from the analysis of ESR data, it can be concluded that magnetic and transport properties depend on the density of
clectron states at the Fermi level n( E). This value depends mainly on T metal: n(E) increases from the Cu (Ag)-containing
compounds to the Ni and Co (Pd, Rh, Ru) compounds. Changes are caused by an increase in the density of d-states at the
Fermi level, For two compounds the estimation of the n(Ey) values was obtained from ESR study of bottleneck effect:

Al Eg) = 0,15 states /(eV spin atom) for GdCu,Si, and n(E;) = 0.3 states/(eV spin atom) for GdNi,Si,. © 1997 Elsevier

Science S.A.
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1. Introduction

The compounds GdT, X, (T = transition metal and
X=(phtype clement) crystallize with the body-
centered tetragonal structure of the ThCr,Si, type for
X=S8i or Ge [1] or with the primitive tetragonal
CaBe,Ge, type structure for X = Sn or Sb [2]. The
magnetic moment of the transition metal is zero (ex-
cept for Mn), The gadolinium sublattice orders anti-
ferromagnetically at low temperatures. All these com-
pounds are metallic conductors. The magnetic proper-
ties are mainly determined by the conduction-electron
mediated exchange interaction between the gadolin-
um moments (RKKY type), because the effects of
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the crystalline electric field (CEF) acting on the 4f
electrons can be neglected for the S-state ion Gd**.
Thus, changes of the conduction electron character
and filling of the conduction electron (CE) bands
influence the Gd-Gd exchange interactions.

Most of the previous experimental studies of
GdT, X, compounds were devoted to silicides. From
investigations of crystallographic structure, magnetic
susceptibility, resistivity and Mossbauer effect for dif-
ferent 3d, 4d and S5d metals [1,3-7), it follows that
physical properties depend on the number of d elec-
trons (n,) of the transition element. The dependence
of the Néel temperature T, on ny shows similar
trends for the three transition-metal rows with a
maximum for the compounds with T = Co, Rh or Ir.
For compounds with the largest T, the lattice
parameter a is the smallest. The results for ger-
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manides are more scarce, but their behaviour is simi-
lar to compounds with X = Si [1,8-10]. Recent investi-
gations of compounds with T = Cu, Ni and X = Sn, Sb
[2,11] allow us to see how the properties change with
the X element.

Some of the data were discussed in terms of the
simple, isotropic RKKY model, assuming s-type con-
duction electrons and a spherical Fermi surface. It
was estimated that for GdT,Si, with T=3d, the
effective CE-4f exchange interaction constant J, is
positive [1]. However, investigations of Mdssbauer
effect, X-ray absorption spectroscopy or electron spin
resonance (ESR) [3,7,12-16] indicate an important
weight of d electron states near the Fermi level.
Therefore observed changes of properties, when T or
X changes, should be described by changes of more
realistic electronic structure. There are no theoretical
calculations of the density of electron states for these
compounds. Nevertheless, some information on the
electronic structure and on the interaction between
the magnetic Gd** spins and the conduction elec-
trons can be obtained by investigation with ESR.

2. Magnetic properties and resistivity of the
compounds GdCu, X, and GdNi,X,

As was mentioned above, for GdT,X, compounds,
changes in magnetic properties (susceptibility, Néel
temperature, magnetic structure, ESR), as well as in
resistivity, have been observed when the T or X
component was changed [1-16]. Let us follow the
evolution of two transition metals: Cu (n, = 10) and
Ni (n, = 8) for X = Si, Ge, Sn, Sb. Experimental data
are collected in Table 1.

For all GdCu,X, compounds the 7y values are
almost the same: 11 + 12 K. The Ni-containing com-
pounds have higher Ty than the Cu compounds for
the silicides and germanides, but smaller for X = Sn
and Sb. These low Néel temperatures for the latter
compounds are accompanied by a strongly negative
Curie paramagnetic temperature and the Ty/|6,
ratio is the lowest (approx. 0.2) for the GdNi,Sb,

compound. Compounds with X = Si, Ge, Sn are iso-
electronic, but the bonding changes from covalent to
more metallic. This is followed by an increase of the
global interactions and of the magnitude of 6,. For
more metallic bonding, the range of interactions may
increase. Longer range of interactions for RKKY
oscillatory behaviour can give rise to some cancella-
tion of magnetic interactions, leading to frustration
and to a lowering of the Néel temperature. It may
explain the small value of T /|6,| for Sn-containing
compounds, whereas Ty, = — 6, for Si. Above Ty the
short-range-order phenomena are seen in the recipro-
cal susceptibility 1/x(T) and resistivity p(T) depen-
dencies due to the quasi two-dimensional interactions
[2,5,11). Frustration of magnetic interactions is ex-
pected to be the largest for GdNi,Sb,.

The huge cross-section of natural gadolinium at
thermal neutron wavelengths creates severe problems
for magnetic structure studies by neutron diffraction
in Gd based compounds. This is a reason why mag-
netic structures were solved for a few GdT,X, com-
pounds only. GdCu,Si, has a simple anti-ferromag-
netic structure [5,6] with the propagation vector Q =
(1/2, 0, 1/2) and magnetic moment direction along
[0 1 0]. GdNi,Si, has an amplitude modulate (AM)
structure [5,6] with Q = (0.27, 0, 0.903) and a moment
order along [0 1 0]. GdNi,Sn, (Fig. 1) also has a
modulated structure with magnetic moments along
[1 0 0] and the propagation vector Q=(0.3, 1/2,
1/2). From neutron diffraction and specific heat
(Cpyg) measurements it was found that GdNi, Sb,
and GdCu,Sb, have a modulated structure also, but
because of the poor resolution of the diffractometer
at short wavelength (A = 0.56 A), it is very difficult to
find propagation vectors and direction of magnetic
moments [17}. For the latter three compounds the
additional anomalies in x(7), p(T) and C,,(T) de-
pendencies observed below 7y [2,1 1,17] are attributed
to the change of magnetic structure from amplitude
modulated towards an equal moment structure.

Below 7, the metamagnetic transitions arc
observed also in field dependencies of magnetization

Table 1
Magnetic propertics of GdNiy X, and GdCu, X,
Ty (K) 0, (K) ten () ACy, Magnetic structure
OK ' mol ")
GdNi, Si; 14.5 -7 8.05(5) 109{6) M (5.6]
GdCu, Si 12.5 -16 8.01(5] 18[6] Simple AF [5.6]
GdNi,Ge, 22 19 8.2[8] - =
GdCu,Ge, 12 =30 7.819) - =
GdNi, Sn, 7 ~15 8.02(11] 14[17] M(17)
GdCu, Sn, 11 - 57 8.2{11] - -
GdNi, Sh, 58 -2 8.21(2) 125(17) M17]
GdCu,Sb, 1 -27 8.12(2) 14.5(17 MI17]

M-modulated structure
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Fig. 1. Neutron diffraction patterns for GdNi,Sn, at 15K and 4 K.

M(H) for all compounds with Cu and Ni [2-4,8,11].
The effect is smaller for GdCu, X, compounds than
for GdNi,X,. These anomalies can be attributed
either to a change in the magnetic structure, passing
from modulated to commensurate, or to a manifesta-
tion of a small anisotropy via spin-flop phenomena,

The temperature dependence of resistivity p(7) in
the paramagnetic range of temperatures has a nega-
tive curvature [2-4,11}, The temperature coefficient
of resistivity is larger for Ni-containing compounds
and can be attributed to the shape of the conduction
band density of d-states and larger s=d scattering for
GdNi, X,

3, ESR of Gd** lons in GdT,X,

From ESR investigations of gadolinium compounds
(with 3d-Co, Ni, Cu and 4d-Ru, Rh Pd, Ag transition
metals) in the paramagnetic region [2,12,14,15 and
this work], two ESR parameters have been obtained:
the g-factor (Table 2) and the thermal broadening of
the resonance line b =dDH /dT (Fig. 2), where DH
= line-width, These parameters depend mainly on the
transition metal, The slope of line-width b increases
when the number of electrons in the transition cle-

ment decreases. The slope is very small; the largest
value is equal to 4.6 Oe K~! for GdCo,Ge,. The
smallest value, equal to zero (within the limits of
experimental error), was found in compounds with
T = Cu, Ag. The g-factor is different from that for
spins in the non-metallic host (g-shift: Ag=g,. —
Sinsuls Zinsut = 1.993 for Gd**) and the g-shifts are
small and positive. The Ag is negative only for
GdAg,Sn, and GdRu,Sn,. The values of ESR
parameters change when the concentration of
gadolinium in compounds decreases [11,14,16]. It indi-
cates that these ternary compounds are bottlenecked
[18,19). The bottleneck effect is the strongest for the
Cu- and Ag-containing compounds and is partially
removed when Cu atoms are replaced by Ni and Co
atoms or Ag atoms are replaced by Pd, Rh and Ru.
Replacement of the X element in a compounds by
another one does not influence significantly this be-
haviour.

This increase of the b value (Fig. 2) and opening of
the bottleneck by replacement of Cu (Ag) atoms can
be explained in the following way. In a bottleneck
regime, the slope of the line-width depends on the
bottleneck parameter A =§,, /8,5, where 8, =the
conduction electron-lattice relaxation rate; 8, = the
CE-Gd spin relaxation rate (Overhauser rate) [18]):

b=b,A/(1+A) (1

The Overhauser relaxation rate is given by the rela-
tion

8,,(c) =107 /3eSS + Nylg, 2)

with: n(E;) = the density of the electron states at the
Fermi level, Jy, =the exchange coupling constant
between gadolinium spin S and CE, § = 7/2 for the
Gd** spin and ¢ = the atomic concentration of Gd.
The b, is the b value at the unbottlenecked limit:

by = (nd, Vamk,/(guy) (3)

,S“ . S . sh

Fable 2
The g factors tor GAT, X, compoumds
T X

Si Ge
Co 1.995 £ 001 [14] 202 <001 [15)
Ni 201 £ 001114 202 +£001[15)
Cu 200 +0.011(14) 201 +001[18)
Ru 199 = 0.01(14) -
Rh 1.995 4 0.01 {14] -
P 1.992 + 0.01 [14] 201 + 00113}
Ag 1.992 + 0.01 2,005 £ 0,005 [15)

- 200 + 00

200 £0.0112) 199 +001(2)
199 4+ 0.005[12) 199 40005 (2)
197 +001112) -
1.995 + 0.005 [12]
198 +0.01{12)

200 +0.005
1.988 + 0.005
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Fig. 2. The dependence of the b parameters on transition metal T
and element X for GAT, X,

A stronger bottleneck effect means that the A
parameter (A < 1) is smaller. When the bottleneck is
partially opened, the parameter A increases.

For a quantitative description of this process, the
unbottlenecked b, value has to be known. The unbot-
tlenecked limit has been reached for two compounds
only: GdCu,Si, (b,=52 Oe K™') and GdNi,Si,
(b, =20 Oc K™'), by replacement of magnetic Gd
ions by non-magnetic La and Y [20,21]. From formula
3 one can estimate that the n(E;)J,, products arc
cqual 10 (75405 % 10°* and (15+ )X 107 for
GdCu,Si, and GdNi,Si,, respectively. Analysis of
ESR data for three diluted system [20,21] on the basis
of the theoretical calculations of the density of the
clectron states for the LaCu,Si, compound [22,23]
and XPS data for GdCu,Si, and GdNi,Si, [24]
allowed estimation of the values of n(E), Jg,. A4, 8,
and 8,, (Table 3).

It can be seca that the bottleneck parameter A
increases when we pass from the Cu- to Ni-containing
compound, because the CE relaxation to the lattice

Table 3

ESR parameters, relaxation rates and density of state for GdCu,Si,
and GdNi,Si, )

GdCu,Si, GdNi,Si,
b[OeK™'] 0.05 3
b,[0eK™'] 5.2 20
n(Ep) [st./(eVatsp)]  0.15 0.3 045
8,s[s7 " 15x10%  30x10%  196x 10"
8,57 15x10"  528x10"  345x 10
A 0.01 0.176

increases more than the relaxation to the Gd spins
subsystem. The larger density of states at the Fermi
level for GdNi,Si, leads to the larger relaxation
(approximately two times) of the conduction electrons
to the spin subsystem &, and the Gd ions are more
strongly coupled with CE than in GdCu,Si,. For
GdNi,Si, the relaxation rate 8,; increases more than
twenty times than that of GdCu,Si, due to the in-
crease in the d-states density at E, and the corre-
spondingly more rapid relaxation of the d-electrons
with the lattice than is the case for the s or p
electrons. As a result, the bottleneck is partially
opened in GdNi,Si,.

Above quantitative analysis are impossible for the
others GdT, X,. However, the only reasonable expla-
nation of the b variation with 3d and 4d transition
metal (Fig. 2) is the same. The b value increases with
the decreasing of the number of d electrons of T
metal, because the density of state at the Fermi levei
increases, leading to the enlargement of the b, value
and the 8, relaxation rate. The changes of n(E,) are
mainly caused by an increase in the density of the
d-states near the Fermi level. More orbital character
ol conduction electrons causes an augmentation of
the 8, relaxation rate. So, when Cu (Ag) is replaced
by Ni, Co (Pd, Ru, Rh) both 6, and §,; increase, but
the latter increase is larger and as a result, the
bottleneck parameter 4 increases and bottleneck ef-
fect becomes weaker.

For almost all compounds the g-factor shifts are
positive and the Ag value increases with decreasing
concentration of Gd. From the theoretical description
of the g-shift in the bottleneck limit [19], it can be
concluded that the exchange constant J, is positive.
The negative g-shift observed for some compounds
with 4d metals can be caused by negative Jg, or by
the splitting of the conduction electron d-band.

4. Conclusions

Magnetic and transport propeitics of GdT, X,
compounds depend on the density of the electron
states at the Fermi level n(E;).

From ESR results it can be concluded that the
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W E;) value increases from Cu (Ag)-containing com-
pounds to the Ni and Co (Pd, Rh, Ru) compounds. It
leads to the increase of the CE-Gd spin relaxation
rate 8, and may enlarge interaction between the Gd
magnetic moments. In addition, the conduction elec-
tron character changes to a more d-type.

The estimation of the density of states was obtained
from the ESR study of bottleneck effect for two
compounds: n(E;) = 0.15 states/(eV spin atom) for
GdCu,Si, and n(E;) = 0.3 states /(eV spin atom) for
GdNi,Si, (with Jg, = 0.05 eV).

The effective exchange coupling constant Jg,
between localized spins and conduction electrons is
positive for all investigated compounds, except for
GdRu,Sn, and GdAg,Sn..
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