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The magnetic susceptibility of ferromagnetic GdM alloys (M=Cu;-.Ga.,
Mg, Zn) has been investigated under helium gas pressure for temperatures
above T¢. The evaluated pressure derivatives of the paramagnetic Curie tem-
perature, d1In @/d P, appeared to be remarkably different for isovalent GdMg
and GdZn compounds (~11.2 and -0.1 Mbar~!, respectively). An analysis
of the obtained d1n @/dP values for GdCu;—;Ga, alloys and results of ab
" initio electronic structure calculations have revealed the essential role of 5d
electrons as the mediators of exchange coupling in ferromagnetic GAM com-
pounds. The pressure derivatives of Tc were calculated by employing the
modern mean-field theory, as well as the spin-fluctuation model. As a result,
good agreement is found with the experimental values of d1n ©/dP.

PACS numbers: 75.10.Lp, 75.20.En

Experimental and theoretical investigations of magnetic properties have been
carried out for GAMg and GdZn compounds with CsCl type structure, and the
pseudobinary solid solutions GdCu;_,Ga;. The magnetic susceptibility of these
alloys has been studied under helium gas pressure up to 2 kbar in the temperature
range 150 K (or T'¢c) < T < 300 K. The measurements were made by the Faraday
method, using a pendulum magnetometer placed into the pressure cell [1]. The
relative errors did not exceed 0.05%. The magnetic susceptibility of all compounds
investigated obeys the Curie=Weiss law: x = C/(T'— @), where the Curie constant
C is close to the value of 7.89 K e.m.u./mole appropriate to the magnetic moment
of a free Gd3* ion, and @ is the paramagnetic Curie temperature. For all alloys
the experimental dlnx/dP vs. x plots do not show any effect of pressure on the
Curie constant within the error bars. The values of the evaluated paramagnetic
Curie temperatures and their pressure derivatives, dIn©/dP, are listed in Table.
The derivatives appeared to be remarkably different for isovalent GdMg, GdZn,
and GdCug 5Gag s compounds (-11.0, -0.1, and +2.4 Mbar~1, respectively). This
differer.ce can be apparently ascribed to distinct features in their band structures.
An analysis of the obtained dIn®/dP values for GdCu;—,Ga, alloys has given
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the occupation number derivative dn/dInV =~ —0.1, which appeared to be in close
agreement with the corresponding derivative, calculated for d-electrons in GdCu
compound [2]. This agreement gives an evidence that in compounds considered
the indirect exchange coupling of the f-moments is mediated predominantly by
itinerant d-electron states. ’

TABLE
Magnetic ordering temperatures and their derivatives in GdMg
and GdZn compounds, evaluated from the experimental data and
calculated according to the theoretical models [6, 5, 7].

Compound GdMg GdZn
Experiment 0K 116 ' 270
dln®/dP —-11.24+0.9| —0.1£0.05
dln@/dInV 5.7 0.05
Theory Tc [K] 950 1060
(6] dInTe/dInV 1.8 -0.7
Theory Tc [K] 150 300
([5]y dlnTc/dInV 8 3
Theory Tsr (K] 190 490
(7 dInTsF/dInV 6 -0.6
'- Tec [K] 180 410
dInTg/dInV 5.5 -0.5

TFor the paramagnetic and ferromagnetic phases of GdMg and GdZn com-
pounds ab initio band structure calculations were performed using the LMTO-ASA
method [3], as well as a full potential FP-LMTO method [4]. The 4f-states are
treated as spin-polarized open core states with a Hund’s rule restriction for the
4f spin, according to Ref. [6]. The band structures were calculated for a num-
ber of lattice constant values close to the experimental ones, giving also the bulk
modulus used in the evaluation of volume derivatives, Bgqzn = 0.45 Mbar and
Bgdamg = 0.51 Mbar. The application of a modified RKKY model to some RMy
compounds has revealed [2] that the role of the exchange interaction parameter
appears to be not a decisive one in the pressure effect on @, and the electron trans-
fer of sp- to d-states seems more important. The present calculations confirmed
the significant partial contributions of 5d-electrons to the density of states at the
Fermi level N(Ef) in GdMg and GdZn (= 70%), and almost no s-electron states
at Ep (=2 1%). Therefore the direct application of the RKKY model seems not
justified for GAMg and GdZn compounds.

The 5d electrons are by far less localized than 4 f electrons, and expected to
play a significant role in the indirect exchange coupling, provided the rare earth
concentration in the compound is high enough to ensure overlap of the 5d wave
functions, and provided the partial 5d contribution to N(Ef) is also high. The
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fulfillment of these requirements for GdMg, GdZn, and the pseudobinary alloys
with close occupation numbers is apparently confirmed by present experiments
and band structure calculations. The related mean-field theory, focused on the
contribution of d-like electrons to the indirect exchange interaction, was proposed
for the magnetic ordering temperature [5)

1 : ~
kpTc = (90 = D*J(J + 17745 (xa = xa1), (1)

where Jyq and Jyq are the exchange integrals, (g5 — 1)2J(J + 1) is the de Gennes
factor of Gd. The spin susceptibility of conduction d-electrons, x4, is modified by
removing the local or on-site susceptibility x;;, which is responsible for moment
formation; § = [1 — Jaa(xa — xii)/2]~1. It improves a conventional mean-field
theory [6], giving a considerable reductlon of the Curie temperature, when y;;
is comparable in magnitude to xq4. We attempted to choose x;; values to get a
reasonable fit to T¢ and their volume derivatives. All other parameters in Eq. (1)
were taken from the present band structure calculations. It appears that this theory
cannot explain the difference in the experimental data, regarding to dInTe/d InV
in these compounds (see Table), on condition that the volume dependence of y;;
is negligible.

The Curie temperatures were also evaluated here with the spin-fluctuation
theory of Mohn—-Wohlfarth [7], which relates the calculated spin-polarized elec-
tronic structure to 7c. Though the theory [7] was developed for itinerant electron
systems, and a successful treatment of rare earths has not been expected on its ba-
sis, the Tc behaviour in R-Fe compounds has been well described with this model
in Ref. {8]. Spin fluctuation effects were recently observed in transport, magnetic
and thermal properties of the related GdAg compound [9]. Therefore it seems jus-
tified to employ the model [7] also to GAMg and GdZn. The Curie temperature is
given by the following equation:

T3)Tés +Tc/Tsp —~ 1 =0. (2)
Tcs is the calculated Curie temperature based on the mean-field Stoner the-
ory [6], and Tsr is a characteristic temperature, describing the influence of spin
fluctuations and related to details of the ferromagnetic N(E) at the Fermi level:
Tsr = M2/10ksxo. M. is the magnetic moment of conduction electrons, and the
exchange—enhanccd ferromagnetic susceptibility xo is given by

Xit = g NERT + N ()] - 2] 3

Ilere N(Er)y and N(Ef), are the spin-polarized contributions to the ferromag-
netic N(Z), I is the Stoner integral. All these quantities are determined from
the calculated ferromagnetic electronic structures at zero-temperature. The pro-
nounced competition is found between “spin-up” and “spin-down” contributions of
d-electrons to N(E) in GdMg. The steeply sloping N4(E) curves run across each
other in the vicinity of EF, and are especially responsive to the atomic volume
changes. On the other hand, in GdZn the corresponding d-partial contributions
are pushed apart by 3d—5d hybridization.

According to Eq. (2), the required T¢ values appeared to be close to the cor-
responding Tsp for both compounds considered. As can be seen from the Table,



270 K.H.J. Buschow et al.

the spin-fluctuation model represents the dIn ©/dInV derivatives and the relation
between the T¢ values for GAMg and GdZn. The agreement of the results of the
Mohn—Wohlfarth theory employed with the experimental data points to signifi-
cance of spin fluctuations in determining the magnetic properties of heavy rare
earth metal compounds RM with ferromagnetic ordering.
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