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Magnetic suscepribility y of uranium compounds UX; (X = Al, Ga, Si, Ge) is studied
under pressure up to 2 kbar in the temperature range 78—300 K. A pronounced pressure
effect has been revealed, and the measured volume derivatives, diny/dinV, were found to
be almost temperature-independent and equal to 2.3, 6.8, and 6.9 for USi;, UGa; and
UGes, respectively, at 78 K. In UAl; a noticeable temperature dependence of this de-
rivative was obtained, ranging from diny/dinV = 11 at low temperatures to about 5.5 at
T = 300 K. The volume dependent electronic structures of the UX3 compounds have been
calculated ab initio in the paramagnetic phase by emploving a relativistic full-potential
LMTO method. The calculations have brought out a predominance of itinerant uranium
5f states at the Fermi energy. The calculated field-induced magnetic moments in UX;
and their volume derivatives are in agreement with the experimental data on ). An ori-
gin of the observed strong temperature dependence of the magnetovolume effect in UAl;
is also discussed.

Introduction

Actinide compounds cover a kind of intermediate region between itinerant 3d
and localized 4f compounds, and these 5f systems have raised a number of
issues that remain to be resolved, in particular, whether the 5f states should be
treated as itinerant or localized [1,2]. Intermetallic compounds UX3, where X is
a non-transition element from the group-III or group-IV series, crystallize in the
cubic AuCuj-type structure, and the U-U spacing in all compounds is far above
the critical Hill limit [1-3]. Therefore the direct 5/~5f interactions are
presumably weak, and these compounds provide an exceptional opportunity to
study the role of f~spd hybridization in magnetic properties, ranging from Pauli-
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like paramagnetism (USi3 and UGe3) and itinerant antiferromagnetism (UGa3z)
to assumed spin-fluctuation behavior (UAl3 and USn3) and local-moment
ordering (Uln3, UTl3, UPb3z) [1-10]. In this connection, the main objective of
the present work is to shed light on the nature of magnetism in a representative
series of UX3 compounds. For this reason the pressure effect on magnetic
properties of UX3 has been investigated both experimentally and theoretically.
Specifically, the pressure derivatives of the magnetic susceptibility, ¥, derived
from the measurements under pressure, are of particular interest, owing to their
sensitivity to the nature of magnetism. The experimental study is complemented
by ab initio calculations of the volume-dependent band structure and field-
induced magnetization of UX3 compounds in the paramagnetic phase. These
calculations allowed to elucidate some features of the electronic structure, which
are presumably responsible for peculiar magnetic properties of UX3. The

calculated pressure effect on magnetization has been directly compared with the
experimental data.

Experiment

The polycrystalline samples of UAl3, UGas, USi3 and UGe3 were prepared
by arc-melting of the constituent metals in an argon atmosphere and subsequent
annealing under vacuum at 600°C. These samples were checked by X-ray
powder diffraction and found to be single phases crystallizing in the AuCuj
crystal structure. Firstly, the temperature dependences of % over a wide
temperature range (4.2 to 300 K) were measured at ambient pressure by the
Faraday method with the relative errors of about 0.3%. The onset of the
antiferromagnetic order was observed only for UGaz at 7 = 67 K, in agreement
with previous studies [5,8,9] on the single-crystalline samples. Other
compounds, UAl;, USiz and UGes, did not show any evidence of magnetic
ordering down to 4.2 K. As an illustration, the ¥(7) dependence for UAIl3 is
shown in Fig. 1.

b
B
-

Fig. 1. The measured temperature
dependences  of the  magnetic
susceptibility 7 (open circles, at

0
T

(e
o

X. 107 emu/mole

ambient pressure) and the dlny/dInV
derivative (filled circles) for UAls.
For comparison there are also
presented the experimental x(7) of
5| Ref. [3] (solid line) and the low-
temperature data on ¢ of Ref. [7]
(open triangle)

(=2
T

dInX/dIn}”

'S

A —_—

0 100 200 300
T.K

10




du3MKa ¥ TeXHHKAa BBICOKHX AasiaeHu# 2002, tom 12, Ne 4

The magnetic susceptibility was studied under helium gas pressure up to P =
= 2 kbar, for the most part at temperatures of 78 and 300 K. The measurements
were carried out by the Faraday method, using a pendulum magnetometer
placed into the pressure cell [11]. The relative errors of our measurements did
not exceed 0.05% for magnetic fields used (H = 1.7 T). The pressure
dependence of the susceptibility, x(P), appeared to be linear for all UX3
compounds studied. In order to transform the experimentally obtained pressure
derivatives, dlny/dP, into the volume derivatives, we made use of the
experimental bulk moduli from Ref. [12]. The resulting values of diny/dP and
dlny/dInV are listed in Table 1.

Table 1
Magnetic susceptibility % and its pressure and volume derivatives
in UX3 compounds (X = Al, Ga, Si, Ge)
%103, dIny/dP, diny/dInV
System | T, K emu/mole Mbar~! men
experiment | theory | experiment | experiment | theory
78 1.66 = = 11.0x04 -
UAl = = - 10.2 £ 04 - -
148 1.67 - -8.2+x04 89 +0.4 -
300 1.53 1:55 -5.1+04 55+04 6
78 1.95 - -6.8 +0.3 6.8 0.3 -
UGay .
300 1.74 1.67 =54 +0.3 53+0.3 6.3
USis 78 0.58 - -1.8 £ 0.7 23 +09 -
- 300 0.57 0.59 -2.0 0.6 25 +0.8 3.9
78 1.06 = =5.1 £0.7 69 =10 =
UGe3
300 1.12 1.19 —-4.9 + 0.6 6.6 =0.8 6.1

The y(7T) dependence of UGa3z was investigated in the vicinity of the Neel
temperature for different pressures. The resulting pressure derivative,
dTy/d P =-1.1 £0.2 K/kbar, is in close agreement with the value reported in
Ref. [5], dTN/dP = —1.4 K/kbar, which has been derived from resistivity
measurements on a single-crystalline sample of UGasz. Extrapolation gives that
the antiferromagnetic (AFM) order is expected to disappear at a critical pressure
of 50 kbar. The corresponding logarithmic volume derivative of the Neel
temperature, dInTy /dInV = 16 = 3, is comparable to the corresponding value

found for another itinerant antiferromagnetic uranium compound, UN
(dInTy/dInV =19, Ref. [1]).
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Theory

Electronic band structures of the paramagnetic UX3 compounds (X = Al, Ga,
Si, Ge, Sn) are calculated ab initio by employing the full-potential LMTO
method [13] (FP-LMTO). The band structure of the low-temperature AFM
phase of the UGa3; compound was studied recently in detail in Ref. [9,10], and
here we need to focus on the paramagnetic phase of UGa3 (above T = 67 K),
which is relevant to the present experimental investigations of % under pressure.
The von Barth-Hedin parametrization [14] was employed for the exchange-
correlation potential in the framework of the local spin density approximation
(LSDA). The spin-orbit coupling was included at each variational step of the
self-consistent calculations. The integration over the Brillouin zone was
performed using the special point sampling and with a Gaussian smearing of
10 mRy (see details in Ref. [13]). After achievement of convergency for the
total energy, the densities of electronic states (DOS) N(E) were obtained on a
fine energy mesh, and presented here in Fig. 2,a—e.

The UX3 band structures calculations were performed for a number of lattice
parameters close to experimental ones. The equilibrium lattice spacings, a, and
bulk moduli, B, were evaluated from the calculated total energies E as functions
of volume V. The E(V) dependences, obtained for UX3, were fitted to analytical
parametrizations for the equation of state, such as the Murnaghan and recently
proposed universal [15] equations. As can be seen in Table 2, the evaluated
theoretical lattice spacings and bulk moduli are in a reasonable agreement with
experimental data [12]. The calculated equilibrium volumes appeared to be
smaller than the experimental ones, which is a rather normal underestimation
when LSDA is used in combination with FP-LMTO [13]. This is apparently due
to the overbonding tendency of LSDA, which also provides overestimated
values of B in Table 2.

Table 2
Bulk and electronic properties of UX3*

Com- exps | dtheors Bexps | Btheors | Niheor(EF)s Nexp (EF)., A
pound a B GPa | GPa | states/Ry-cell | states/Ry-cell

UAl; | 4.251 | 4.12 108 120 80 249 2.1
UGas | 4.261 | 4.10 99 110 92 %% 300 2.25
USi3 | 4.033 | 3.92 125 140 53 81 0.5
UGe; | 4.205 | 4.08 136 150 70 118 0.7
USny | 4.612 | 447 83 110 120 992 7.3

*Experimental lattice parameters @ and bulk moduli B are taken from Ref. [12].
Experimental DOS at the Fermi level, Nexp(EF), are obtained by Eq. (2) from the

measured electronic specific heat coefficients in Ref. [3,5,9]. The corresponding many-
body enhancement parameters A are evaluated according to Eq. (3).

**DOS of the low-temperature AFM phase of UGa3y, calculated in Ref. [9].
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Magnetic properties of actinide systems can not be explained within the
Stoner approach, because spin-orbit coupling in connection with spin
polarization induces large orbital moments [16,17]. In case the spin-orbit energy
dominates over the Zeeman spin polarization energy, the orbital magnetic
moment is larger than, and anti-parallel to the spin moment [6,8,17]. Also, in
uranium systems with less than a half-filled f-electronic shell the crucial
parameter determining whether the spin and orbital moments are parallel or not,
is the relation between the magnitude of the magnetic susceptibility and the
spin-orbit parameter. Thus, the resulting moments are determined by the
interaction between the Zeeman operator, exchange effects and spin-orbit
coupling. In a general case, the magnitudes and directions of these magnetic
moments can be evaluated from ab initio band structure calculations, where all
above-mentioned interactions are taken into account on the same footing.

To analyze the observed pressure behavior of susceptibility, the external
magnetic field was taken into account by means of the Zeeman operator,
H(2s + [), which has been incorporated in the FP-LMTO Hamiltonian for ab
initio calculations of the field-induced spin and orbital moments, in line with
Refs. [6,8]. In these spin-polarized calculations the external magnetic field was
assigned to 10 T, and the spin and orbital magnetic moments were calculated as
described in Ref. [16]. Also, the orbital polarization correction was included in
the calculations according to Ref. [18]. By this way the corresponding
magnetization can be evaluated, and the ratio between the magnetization and the
field strength is the paramagnetic susceptibility. In the relevant range of
magnetic fields, the calculated ) appeared to be field independent. The
evaluated x and the corresponding volume derivatives are given in Table 1.

Discussion

The main contributions to DOS of UX3 compounds at the Fermi level Ep

come from uranium S5f-states and p-states of ligand X, which overlap in energy.
A strong hybridization between these states gives rise to narrow bands of
itinerant states in the energy range about 0.2 Ry at Ep (see Fig. 2,a—e). The

calculated DOS for UX3; compounds at E are listed in Table 2 together with
«experimental» values of N, ,(Ep), which were obtained from the measured

[3.5.9] electronic specific heat coefficients:
C/T=y+PBT> +8T*InT, (1)
where 7y is the temperature electronic specific heat coefficient given by
=202k N e (EF) /3. 2)

The Ny (EF) values are apparently enhanced with respect to the theoretical

DOS at Er, Nyeor(EF), presumably due to the many-body effects:
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Nexp(EF) = (1+ MNpeor (EF) - (3)

The enhancement parameters A, evaluated by Eq. (3), are also listed in
Table 2. These parameters are usually linked to the electron-phonon interaction,
Ke_ph, though a spin-fluctuation (SF), or paramagnon enhancement, Agp, can
contribute to the total A as well. The second effect of spin fluctuations in the

specific heat C can be represented by the third term in Eq. (1), 512 InT,
which, in conjunction with the linear electronic term, appears as a low-

temperature upturn in C/T versus T2 curve [2]. This additional SF term was
taken into account in the experimental specific heat studies for UX3 [5,9] to
evaluate the reliable electronic coefficient y. It turns out that the specific heat
data for UGaj and USnj are fit well to Eq. (1) even without the inclusion of the
SF term. In the case of UAls, however, the accurate fit requires the SF term
taken into account in Eq. (1) [9]. It may be suggested that the increase of A in
the series USi3, UGe3, UGa3, UAl3, USny (see Table 2), most likely can be
related to the SF contribution Agp, rather than to the electron-phonon
enhancement A._pp, .

The calculated field-induced spin and orbital magnetic moments appeared to
be almost exclusively of 5f character and anti-parallel in each UX3 compound,
in agreement with the Hund’s third rule. Also, for these compounds the field-
induced orbital moments are substantially larger than the spin moments. In
general, the calculated total field-induced moments are in good agreement with
the experimental [1,3,5,9] data on % in UX3 compounds (see Table 1).

For the UX3 compounds the volume effect was found to be more pronounced
for the orbital contribution to the field-induced magnetic moment than for the
spin contribution. Since the orbital moment is of van Vleck-type, i.e. originating
from the mixing of states across the energy bands [16,17], the magnitude of this
moment is expected to be inversely proportional to the band width, W. Based on
the present band structure calculations, the band width scales as dIn(1/W)/dInV =
= 4. This value is in reasonable agreement with the volume derivatives of the
calculated induced moments and the experimental magnetic susceptibilities,
listed in Table 1. Therefore, the observed large magnetovolume effect in UX3 is
apparently related to the rapid quenching of the induced orbital moment with
increasing width of the 5f-band under applied pressure.

As can be seen from Table 1, the calculated volume derivatives of x are in a
fair agreement with the corresponding experimental derivatives of the magnetic
susceptibility. These results indicate that the values of dlny/dInV for UAlj,
UGas and UGes follow a general trend for UX3 compounds in the dependence
of the magnetic susceptibility on the lattice parameter a. As is seen in Fig. 3,
the variation of the Iny versus Ina for these compounds is close to linear with
the slope dlny/dlna = 18, which corresponds to dlny/dIinV = 6. This trend

15
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illustrates the dominant role that the interatomic spacing has on magnetic
properties of UX3 compounds. On the other hand, for USi; the experimental and
calculated derivatives dlny/dInV do not follow the same trend (see also
Table 1). It should be noted, however, that the value of  for USi3 obtained in
the present work (0.57-1073 emu/mole) differs substantially from the results of
earlier measurements (0.66-10~3 emu/mole [3] and 0.48-10-3 emu/mole [4]), and
thus a further experimental study of USi3 seems necessary on well-attested
samples.
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Fig. 3. Magnetic susceptibility vs lattice spacing in UX3 compounds (on a logarithmic
scale). Open circles indicate UAIl3, UGa3, Uln3 and UTI3, whereas the filled circles
stand for USi3, UGe3, USn3 and UPb3. The dashed lines represent the experimental

dlny/dInV derivatives for UAI3, UGa3, USi3 and UGes. The solid line is a guide for the
eye

Fig. 4. The logarithmic derivative of DOS in UAI3 at the Fermi level with respect to the
atomic volume, dln N(Ef )/dln V', vs variation (shift) of Ef. The solid, dashed, and
dotted lines correspond to the temperatures of 78, 148, and 300 K. respectively

For UAl3 an unusual strong temperature effect on the dlny/dInV derivative is

observed (see Table 1 and Fig. 1). In order to shed light on the origin of this
effect, we studied in detail both pressure and temperature dependence of the
UAI3 band structure in the vicinity of Ep. Specifically, DOS at the Fermi level,

N(Ep), is closely related to the enhanced Pauli paramagnetism, ., defined as:

Xs = Sxp = WpNEpR[I - INGEp)] ™ )

Here yp — the Pauli spin susceptibility, S — the Stoner enhancement factor,

I — the effective exchange-correlation interaction between conduction electrons.
Due to comparatively high Stoner enhancement in UAl3 (§ = 5, according to the
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present calculations), the spin contribution 7y, is competitive with the orbital
contribution, X = 2X,. and its volume and temperature dependence may be
of some importance.

The din N(Eg)/dInV derivative is elaborated from the corresponding band
structure calculations for a number of atomic volumes, between the theoretical

and experimental ones. For finite temperatures the effect of «smearing» through
the Fermi-Dirac distribution function f(E,u,T) has been taken into account:

N(Ep,T) = jN(E)[— Of (E,w.T)/OE)dE .

The estimated values of dln N(Ep,T)/dInV are presented in Fig. 4. It is
clearly seen, that the temperature dependence of this derivative is strongly
dependent on the initial position of the Fermi level, and the shifts AEy from
the ab initio calculated value (Er = 0 in Fig. 4) are basically well within the
accuracy of LSDA calculations. Therefore one can anticipate the corresponding
noticeable temperature effect on dinx,/dlnV , provided the appropriate Stoner
enhancement S = 5 is taken into account.

Basically, the strong temperature effect on the dInN(Eg,T)/dlnV
derivative, and on the N(Ef) itself, is related to the peculiar structure of DOS
at Ep in UAI;3 (see inset in Fig. 2,a). Also small shifts AEy in Fig. 4 can be
easily expected in real samples due to minor deviations from stoichiometry.
This can explain the substantially different %(7) dependences, reported in Refs.

[3,7.9] and in the present work (Fig. 1), which were obtained on different
samples of UAl3. A comprehensive analysis of experimental x(7) curves should
also take into account the volume thermal expansion and the spin fluctuations,
but such analysis is obviously beyond the scope of the present study. In regard
to the calculated magnetovolume effect in UAls, din x/dan = 6 in Table 1,
this value was obtained by the integration over the Brillouin zone using the
special point sampling with a Gaussian smearing of 10 mRy. This smearing
actually means that the fine structure of DOS at Ep is averaged over a wide

energy range, and the corresponding theoretical volume derivative can be
ascribed to high temperatures (about 1000 K).

Conclusions

The experimental study of the magnetic susceptibility has revealed a
pronounced pressure effect on y in UAl3, UGas, USi3 and UGe3 compounds.
The observed lattice spacing dependences of y for these systems were compared
with the data available for x in all UX3 at ambient pressure. The comparison
shows very similar volume dependence and allows to conclude that magnetic
susceptibility of these UX3 compounds is predominantly governed by the
interatomic spacing variations.

17
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The volume-dependent band structure calculations point to a strong
hybridization between uranium S5f-states and p-states of ligand in UX3, giving a
narrow band of itinerant states in the energy range about 0.2 Ry at Ep. The
calculated field-induced magnetic moments of UX3 and their volume derivatives

appeared to be in a fair agreement with the experimental data on 7 and
dln ¢, /dln V. This indicates the validity of the employed model of itinerant 5f-

states.

The magnetic susceptibility of the UX3 systems is dominated by the orbital
contribution ¥, Which is antiparallel to the spin contribution 7. The volume
effect is found to be more pronounced for yoh, due to the rapid quenching of
the induced orbital moment with increasing width of the 5f band under pressure.

The observed temperature dependence of the magnetovolume effect diny/dInV in
UAIl; can be related to the peculiar fine structure of DOS at the Fermi level,

possible variations of Ep, and comparatively large volume effect on ;.
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