
X

J
a

b

c

d

a

A
R
R
A
A

K
A
M
E
P
C

1

f
(
T
s
i
p
c

a
T
t
O
p
[
C
(
M
s
w
g
r

0
d

Journal of Alloys and Compounds 509 (2011) 6994–6998

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

-ray photoemission spectrum, electronic structure, and magnetism of UCu2Si2
.A. Morkowskia, G. Chełkowskab, M. Werwińskia, A. Szajeka,∗, R. Troć c, C. Neised
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a b s t r a c t

The room temperature X-ray photoemission spectrum of the ferromagnetic compound UCu2Si2
(TC = 100 K) was measured using an Al K� source. Related theoretical spectra were computed from den-
sities of electronic states obtained in the local density approximation (LDA), the generalized gradient
approximation (GGA), and using the GGA + U method. The calculated spectrum is in a good agreement
with the experimental one. The spin polarized calculations based on the GGA + U approach as well as
eywords:
ctinide alloys and compounds
agnetically ordered materials

lectronic band structure
hotoelectron spectroscopies

GGA/LSDA with orbital polarization (OP) corrections taken into account provide values of the total mag-
netic moment in reasonable agreement with the experimental values ranging between 1.6 and 2.0 �B/U
atom.

© 2011 Published by Elsevier B.V.
omputer simulations

. Introduction

The rare earth (R) and actinide elements (An) form a large
amily of intermetallic compounds of general chemical formula
R,An)T2(Si;Ge)2 (T = transition metal), crystallizing in the bct
hCu2Si2 structure type. Many of them exhibit interesting physical
tates, as for example heavy fermion, anisotropic superconduct-
ng, or different types of magnetically ordered states [1]. The most
uzzling member of this group seems to be URu2Si2 that shows a
oexistence of superconductivity and so-called hidden order [1].

Among the ternary uranium silicides UT2Si2, the copper-
nd manganese-containing ternaries are only ferromagnets with
c = 103(2) and 377 K, respectively. The remaining members of
his family of ternaries are either Pauli paramagnets (T = Fe and
s) or simple (T = Cr, Co, Rh and Ir) and more complex multi-
hase (T = Ni, Pd and Pt) antiferromagnets. As shown by powder
2] and single-crystalline [3] neutron diffraction experiments, the
u-based silicide possesses an ordered moment of 1.6 �B or 2.0
1) �B, respectively, oriented along the [0 0 1] direction (c-axis).

oreover, earlier studies of UCu2Si2 performed on polycrystalline
amples suggested that also an antiferromagnetic order appears

ithin a few degrees above TC [4]. Quite surprisingly, the first sin-

le crystal study of UCu2Si2 obtained by the Cu-flux method has
evealed an additional antiferromagnetic ordering below TC with

∗ Corresponding author. Tel.: +48 61 8695124; fax: +48 61 8684524.
E-mail address: szajek@ifmpan.poznan.pl (A. Szajek).

925-8388/$ – see front matter © 2011 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2011.04.026
TN = 50 K [5]. At variance to this finding, more recent single crystal
studies of this compound, now using crystals grown by the Sn-flux
procedure [6], have indicated that besides a ferromagnetic state sta-
ble in the whole temperature range below TC = 100 K there exists
antiferromagetic order between TC and TN = 106 K [3,6]. Neutron
examination of this antiferromagnetic phase [3] revealed an incom-
mensurate longitudinal spin-density wave state (SDW) with a long
periodicity � = 85.7 Å and nearly sinusoidal magnetic modulation
with a propagation vector k = [0 0 0.116]. The magnetic structure
contains as many as 17 layers with in-plane ferromagnetic order.
On the other hand, another single-crystalline sample of UCu2Si2
obtained by the Cu-flux method [7] like the single crystal of Ref. [5]
has not shown any antiferromagnetic phases, below or above TC.
The saturation magnetic moment was determined to be 1.55 �B,
a value close to that obtained by powder neutron diffraction [2].
Somewhat higher magnetization value of 1.75 and neutron value
of 2.0(1) �B-were reported in Refs. [6,3], respectively. However the
latter high value of this moment was discussed by the authors [3]
as being estimated with some large error.

A comprehensive paper on the electronic structure of UT2Si2
compounds, determined by means of self-consistent density-
functional calculations in local spin density approximation (LSDA),
treating the U 5f states as band states, has been published by San-
dratskii and Kübler [8]. These calculations were carried out with

the fully relativistic augmented spherical wave (ASW) method. The
electronic structure of this series of compounds can be character-
ized by the relative energy positions of the d states of a given T atom
compared with those of the uranium 5f states. For both UCu2Si2

dx.doi.org/10.1016/j.jallcom.2011.04.026
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:szajek@ifmpan.poznan.pl
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nd UPd2Si2 the T d states lie lower than the 5f states and are sep-
rated from the latter by an energy interval of about 4 eV and 2 eV,
espectively. This interval becomes smaller with decreasing atomic
umber of the T atom due to the lower d-occupation and the related
pward-shift of the d-band center. Finally, d- and 5f-band merge
nd are strongly hybridized. Thus, in the case of UCu2Si2 where
he d- and f-states are farthest away in energy, f-d hybridization is
onsidered to be the smallest among all uranium 1:2:2 type com-
ounds. At the same time, the highest density of states (DOS) N at
he Fermi level EF among these ternaries is found in UCu2Si2. The
alculated uranium moments (0.88 �B) are much smaller than the
elated experimental values (between 1.6 and 2.0 �B). A continua-
ion of the work presented in the Ref. [8] was made by Mavromaras
t al. [9], where so-called orbital polarization (OP) corrections were
pplied. They found that this approach leads to better agreement
etween theory and experiment, in particular concerning the mag-
itude of the total magnetic moment of UCu2Si2 (2.0 �B in the
SDA + OP calculation).

In this paper we present results of three kinds of band structure
alculations using different approaches, being discussed in detail
elow. Due to the fact of the first performed XPS measurements on
Cu2Si2, using single-crystalline sample it was possible to compare

he calculated data with the high quality observed photoemission
ntensities in the valence band energy range. As we will show
elow, the obtained good agreement between both the results indi-
ate a proper treatment of this problem. The reason for using several
ethods of electronic structure calculations was to clarify marked

iscrepancies between the calculated and experimental values of
agnetic moment on uranium atom.

. Experimental and computational details

The X-ray photoemission spectroscopy (XPS) measurements were performed
n single crystals of UCu2Si2 obtained by the procedure described in Ref. [7]. The
PS measurements were carried out using a PHI 5700/660 Physical Electronics Spec-

rometer with Al K� source. The spectra were analyzed by a hemispherical analyzer
ith an energy resolution of about 0.3 eV. Clean samples were obtained by scrap-

ng the surfaces with a diamond file. The pressure was in the low 10−10 Torr range.
ll measurements repeated several times were carried out at room temperature. A
tandard procedure of subtracting the background based on the Tougaard method
10] was applied followed by a deconvolution of the total core level curve using the
oniach-Šunjić-type expression [11].

The band structure calculations were done by three methods: (i) the Full-
otential Local-Orbital code (FPLO) [12], (ii) the Full-Potential Linear Augmented
lane Waves (FP-LAPW) method implemented in the latest Wien2k-version of the
riginal Wien code [13] and (iii) the full-potential LMTO method in the implemen-
ation of the LmtART code (version 6.50) [14,15]. These methods use different sets
f basic functions, different treatment of relativistic and correlation effects (see the
efs. [12–15] and below). The reason for using several methods of electronic struc-
ure calculations was to clarify marked discrepancies between the calculated and
xperimental values of magnetic moment on uranium atom. As an additional test
e compare experimental and calculated photoemission spectra.

In order to check the sensitivity of the results with respect to the treatment
f the exchange-correlation functional, we used different versions of exchange-
orrelation potentials implemented in the computational methods. The calculations
ith the Wien2k code were performed in the generalized gradient approximation

GGA) using the parameterization proposed by Perdew et al. [16]. The FPLO calcu-
ations were carried out in LSDA (parameterization by Perdew and Wang [17]) and
he LmtART-results were obtained as well in LSDA (parameterization by Vosko et al.
18] with gradient corrections included [16]). For some calculations the orbital polar-
zation (OP) correction was taken into account [19–21] in both FPLO and Wien2k
odes. Further Wien2k-calculations were carried out using the GGA + U approach in
he version introduced by Anisimov et al. [22] with an approximate self-interaction
orrection (SIC) implemented in the rotationally invariant way according to Liecht-
nstein et al. [23]. A detailed discussion on expression for total energy and the double
ounting term specification in GGA + U methods implemented in the Wien2k code
s given in [24]. Values of the 5f on-site Coulomb energy U in the range from 0 to
eV and exchange parameters J between 0 and 0.5 eV were tested to get the correct
alue of the uranium magnetic moment as well as to reproduce the experimen-

al photoemission spectrum. The calculations were performed without and with
pin polarization, respectively, to calculate photoemission spectra and to calculate
agnetic moments.

Relativistic effects were taken into account with appropriate attention: in the
mtART and Wien2k codes, spin-orbit interaction was treated in the so-called
Fig. 1. X-ray photoemission spectrum: (a) valence band, (b) U 4f lines, (c) in broad
energy range (note: U NOO, Si LMM etc., are Auger lines).

second-variation approach on top of a scalar relativistic calculation, while the FPLO
calculations were performed in full-relativistic mode.

Room-temperature (RT) lattice parameters, a = 0.3985 nm, c = 0.9945 nm were
employed in all calculations [7]. The atomic positions in the unit cell are: U(2b) = (0,
0, 1/2), Cu(4d) = (0, 1/2, 1/4), Si(4e) = (1/2, 1/2, 0.6177) [7].

The FPLO basis set comprised the following (semicore:valence) states: Cu
(3s3p:3d4s4p), U (5d6s:5f6d7s7p), Si (2s2p:3s3p3d). For the Wien2k calculations,
RKmax = 8 was chosen and the muffin-tin radii were equal to 2.50, 2.31, and 2.04
a.u. for U, Cu, and Si atoms, respectively.

A tetrahedron method [25] was employed to carry out the k-space integrations,
using at least 8000 points in the Brillouin zone (BZ), i.e., 828 points in the irreducible
wedge of the BZ. The total energy was converged at a level of 10−6 Ry.

In order to calculate the X-ray photoemission (PE) spectrum, the partial site
contributions to the density of states in the valence band region were multiplied by
the corresponding PE cross sections (tabulated in Ref. [26]) and convoluted with a
Gaussian profile of 0.3 eV width. As the calculated photoemission spectrum relies
on tabulated [26] values of the photoemission cross sections, calculated up to 2
significant digits (for partial cross sections used in the present paper), the overall
accuracy of the photoemission intensity is no better than a few percent. However,
only relative intensities of the features/peaks of the photoemission spectrum will
be affected by uncertainties of the partial cross sections used in the calculations, not
their positions on the energy scale.

3. Results and discussion

The obtained XPS results are presented in Fig. 1. Fig. 1(a) shows
the valence band photoemission spectrum of UCu2Si2 in an energy
range of 38 eV. There are two prominent features which correspond
mainly to the U 5f states at about 0.3 eV below the Fermi level (EF, at
energy zero) and to the Cu 3d states at about 4.3 eV below EF, respec-
tively. The above spectrum includes also the U 6p states split by

spin-orbit (S–O) interaction. In Fig. 1(b) we have plotted the related
spectrum of the U 4f core levels. The characteristic fine structure of
these peaks provides an interesting indirect information on the 5f
states in this silicide, which will be discussed below. The U 4f spec-
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Fig. 2. Left panel: comparison of total DOS of ferromagnetic UCu2Si2 calculated with different approaches. (a) FPLO (LSDA) (differences between results obtained with LmtART,
F Wien
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PLO and Wien2k are negligible); (b) FPLO (LSDA + OP), (c) Wien2k (GGA + OP), (d)
alculated with the Wien2k (GGA + U) method (U5f = 3 eV, J5f = 0.5 eV). The total DOS

rum shows a spin-orbit splitting of 10.9 eV between the 4f7/2 and
f5/2 components, each of them consisting of a dominant asymmet-
ic main line and three satellites on the higher binding energy (BE)
ide. This kind of multi-satellite structure has been observed in the
ore-level spectra of other uranium compounds studied by us on
ingle-crystalline samples, not being contaminated by oxygen like
e will specify below: U3M2M′

3, M = Al, Ga, M′ = Si, Ge [27], UAuSb2
28], UN [29], UGe2 [30].

The peaks of the U 4f7/2 and U 4f5/2 main lines are situated at
76.8 eV and 387.7 eV, respectively. The singularity index ˛ in the
oniach-Šunjić-type expression [11] was assumed in the fitting
rocedure to be about 0.5. The presence of the additional final state
atellites: sat. I, sat. II, and sat. III at about 1.3, 3.7, and 7 eV higher BE
ith respect to the main lines may be interpreted as resulting from
contribution of 5f 2, 5f3 and 5f4 final states, respectively [31]. The

atellite peak at about 380.5 eV, i.e., sat. II of the 4f7/2 component,
ight be enhanced by oxidization of the sample surface, result-

ng in UO2 with a peak at a similar position [32]. It is well known
hat uranium compounds are very reactive and may oxidize even
nder high vacuum conditions. On the other hand, the amount of
xygen directly detected in the sample was completely negligible
see the O 1s position in Fig. 1(c)). Unfortunately, it was impossible
o make such a check in the valence region spectrum near 5.5 eV
E, since the strong Cu 3d emission covered that position. The fea-
ures at 384 eV and 394.9 eV (satellite III) are often referred to as

he 7 eV satellites. The presence of this kind of satellites, occurring
n the 4f photoemission spectrum of many uranium intermetallic
ompounds, is regarded as an indication for localization of the 5f
lectrons [[29,31,33], and references therein].
2k (GGA + U) for U5f = 3 eV, J5f = 0.5 eV. Right panel: DOS of ferromagnetic UCu2Si2
r panel) and the U-, Cu-, and Si-site contributions (lower panels) are presented.

In earlier XPS studies such a group of three satellites was
observed, e.g., in the case of the pseudobinary solid solutions
URh1−xPdx (Fujimori et al. [34]) and in the heavy-fermion ternary
systems UT2Al3 (T Ni or Pd) (Fujimori et al. [35]). In turn, in our
earlier studies the three-line structure of the 4f core level spectra
was also observed in U3M2M′

3, M = Al, Ga, M′ = Si, Ge [27], UN [29],
and most recently in UGe2 [30]. As an alternative to the explanation
given above, these satellites were ascribed to the dual character of
5f electrons which seems to be common for many uranium inter-
metallics. This point of view has been developed theoretically by
Miyake and Kuramoto [36] and was applied to the case of UPt3 by
Zwicknagl et al. [37]. A recent experimental confirmation for the
case of the UT2Al3 type of ternaries was published by Sato et al.
[38].

Results of band structure calculations are presented in Fig. 2,
where the left hand panel shows DOS of the valence bands based on
different approaches applied. Special treatments, as LSDA/GGA + OP
and GGA + U, concern the U 5f electrons and as this panel indi-
cates the main differences are observed in the nearest vicinity of
the Fermi level where the U 5f states provide the main contri-
bution to the valence band. The right hand panel presents DOS
plots obtained using the Wien2k code with the GGA + U approach,
with local contributions to the total DOS resolved. In contrast to
the uranium-projected DOS, no significant differences between
GGA + U and GGA (the latter are not shown) are detected in Cu- and

Si-projected DOS because no corrections to the GGA are applied for
the Cu- and Si-states. Furthermore, in Fig. 2 one can observe some
distinct features: an approximately 1 eV wide band dominated by
U 5f states just below the Fermi level; a well-defined, 2 eV wide
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Table 1
Spin projected densities of electronic states (DOS) at the Fermi level: total [states/(eV f.u. spin)] and site projected on U atom [states/(eV atom spin)]. In the parenthesis
contribution of 5f electrons is presented. Signs ↑, ↓ denote spin directions. Calculated values of the Sommerfeld coefficient �0 [mJ/mol K2]. Collected values were obtained using
different methods of calculations: I: FPLO(LSDA + OP); II: Wien2k(GGA + OP); III: FPLO(LSDA); IV: Wien2k(GGA);V: Wien2k(GGA + U) − (U5f = 3 eV; J = 0.5 eV); VI: LmtART(GGA).

Type of DOS Total and site-projected DOS

Atom (position) Spin I II III IV V VI

U(2b) ↑ 3.49(3.21) 3.83(3.75) 4.15(3.91) 4.35(4.23) 0.75(0.65) 4.68(4.40)
↓ 0.54(0.44) 0.29(0.22) 0.98(0.85) 0.69(0.64) 0.08(0.03) 0.94(0.82)

1

b
i
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a
a
a
t

m

F
c
l
(
n
v

Total ↑ 4.19 4.97
↓ 0.94 0.91

�0 12.1 13.9

and centered at ∼−4 eV due to the Cu 3d states; a separate band
n the BE range between roughly −11 and −7 eV dominated by the
i 3s states; finally, the S–O split U 6p3/2 and U 6p1/2 bands located
round −16 eV and −23 eV, respectively. Only the U 5f bands show
significant split due to spin polarization, while the other bands

re only weakly spin polarized. Some numerical characteristics of

he DOS at the Fermi level are collected in Table 1.

The calculated X-ray photoemission spectrum together with the
easured one is presented in Fig. 3. The theoretical LDA/GGA curves

ig. 3. (a) Comparison of the measured X-ray photoemission spectrum with related
alculated data obtained with FPLO and Wien2k without spin polarization; (b) the
ow binding energy range is shown for clarity. The computed contributions from U
mainly 5f band) and Cu (mainly 3d band) are also plotted; (c) the same as (b), but
ow using GGA + U with the following parameters: U5f = 1 eV together with three
alues of U3d = 2, 2.5, and 3.18 eV, as well as U5f = 1.5 eV and U3d = 2.8 eV.
4.78 5.74 1.46 5.22
1.42 1.24 0.54 1.20
4.6 16.5 4.7 15.1

shown in Fig. 3(a and b) were calculated with the FPLO and Wien2k
methods. The LmtART method gave virtually the same plots. The
difference in the calculated S–O splitting of the U 6p states results
from different treatments of relativistic effects: full-relativistic
(FPLO code) vs. second-perturbation approach (Wien2k code).
There is an overall agreement with experiment but some quan-
titative differences exist. The calculated 5f maximum is somewhat
closer to the Fermi level than the measured peak. More obvious, we
notice a shift of the calculated Cu 3d peak towards lower binding
energy. Similar differences between GGA and measured peak posi-
tions were found for several systems with completely occupied d
band and explained with incomplete screening of the final states
[39].

Here, we model these effects with the GGA + U method [22–24].
Results of such calculations, using several choices of Coulomb U
and exchange J parameters [40] are presented in Fig. 3(c) and
again compared with the experimental valence band photoemis-
sion spectrum. Although the position of the U 5f feature is quite
insensitive to the choice of the above parameters U and J, the
broad peak around 4 eV BE, originating from the Cu 3d elec-
trons, matches the experimental position for U3d = 2.5. . .3.2 eV and
J3d = 0 eV. However, the width (at half intensity) of the experimen-
tal photoemission peak is larger by about 0.4 eV than the calculated
one, nearly independent of U. Similar approach was made in the
case of Ce2CoSi3 [41], where different parameters U were used for
Ce(4f) and Co(3d) electrons.

In Fig. 4 we show the dependence of the uranium-projected
magnetic moments on the parameters U5f and J5f within the
LSDA + U approach using the Wien2k code. Experimental values
reported so far in the literature by different authors are marked
by horizontal lines. As seen from this figure, the curves calculated
for distinct J-values tend to saturation with increasing U and reach
the lowest experimental value given in Refs. [2,7] for J5f = 0.5 eV
and U5f = 3 eV or above. We note a weak dependence on U for
U > 2 eV, but a fairly strong dependence on J. Thus, the resulting
magnetic state is quite sensitive to the choice of parameters. This
finding leads us to advocate the LSDA + OP approach which is free
of adjustable parameters. Indeed, the results obtained by using the
OP corrections are distributed around the highest experimental
value of 2.0 �B [4]. It appears that the magnetic moments calcu-
lated within the LSDA were found too small because of obtaining
near cancellation of spin and orbital moments. The numerical val-
ues of spin- and orbital contributions as well as total moments are
compiled in Table 2.

We finally note that the LSDA/GGA magnetic moments obtained
with the full-potential codes Wien2k and FPLO almost coincide.
The same holds for the spin moments obtained by LSDA/GGA + OP
calculations with these two codes, while the related orbital
moments differ by almost 10%. We attribute this difference to
the code-dependent definition of atomic orbitals and the related

differences in the Racah parameters. On the whole, the com-
parison in Table 2 gives an idea about the deviations between
numerical results obtained with different electronic structure
codes.
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Fig. 4. The dependence of the calculated magnetic moments on the uranium atoms
in UCu2Si2 on the Coulomb repulsion U parameter taken in the GGA + U approach
(Wien2k, see Table 2). For comparison also LSDA/GGA (ASW [8], Wien2k, FPLO, and
LmtART) and LSDA/GGA + OP (ASW [9], Wien2k, and FPLO) values are drawn in the
right-hand column (see Table 2). Experimental results of Refs. [2,4,6] are marked by
horizontal lines. Note that in Refs. [4,6] the total magnetic moment per formula unit
was reported. We find, however, that the magnetic moments on the Cu and Si sites
can be neglected, see Table 2.

Table 2
Experimental and calculated magnetic moments for UCu2Si2 using different meth-
ods of calculations. Parameters used in the Wien2k LSDA + U calculations: *:
U5f = 1 eV; J = 0.5 eV; **: U5f = 3 eV; J = 0.5 eV. In the case of Refs. [4,6], the total mag-
netic moment per formula unit was reported.

Atom (position) m [�B/atom]

Spin Orbital Total

U(2b)

Experiment
[2]
[2]
[4]

1.75
1.61
2.00

LSDA
ASW [8] −2.21 3.09 0.88
FPLO −1.82 2.26 0.44

GGA
LmtART −2.09 2.60 0.51
Wien2k −1.81 2.09 0.29

GGA + U
Wien2k* −2.12 3.46 1.34
Wien2k** −2.42 3.96 1.54

LSDA + OP
ASW [9] −2.80 4.80 2.00
FPLO −2.17 4.08 1.91

GGA + OP
Wien2k −2.01 3.88 1.87

Cu(4d)
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Jpn. 66 (1997) 1884.
FPLO (LSDA + OP) −0.02 −0.01 −0.03
Si(4e)

FPLO (LSDA + OP) −0.02 0.01 −0.01

. Conclusions

The relatively broad U 5f band and the fair agreement between
he experimental photoemission spectrum and the LDA-derived

pectrum are indications of distinct delocalization of U 5f electrons
n UCu2Si2. The observed deviation in the 3d peak position between
alculated and experimental spectrum can be due to incomplete
creening of the final state not included in the LDA approach. It can

[
[
[

Compounds 509 (2011) 6994–6998

be modeled by using LSDA + U with a decent parameter value. Also,
the significant differences between LSDA/GGA and experimental
magnetic moments are reduced by taking into account effects of the
orbital polarization. We predict a ratio of spin- vs. orbital magnetic
moments of about 1/−2.
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