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Abstract

We report x-ray absorption and magnetic circular dichroism measurements
performed at the My s edges of uranium in the ferromagnetic superconductor
UGe;. The spectra are described with the LSDA + U electronic structure
computation method. Combined with the analysis of the published (i) x-ray
photoemission spectrum, (ii) electron—positron momentum density, and (iii)
angular dependence of the de Haas—van Alphen frequencies, we infer for the
Coulomb repulsion energy within the 5f electron shell U < 2 eV. This leads to
U/W =~ 2 where W is the bandwidth.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The discovery of superconductivity in the ferromagnet UGe; at high pressure [1] is attracting
much attention. It is believed that the 5f electrons of uranium are itinerant and form Cooper’s
pairs at low temperature. This picture seems to be supported by the results of de Haas—van
Alphen (dHvA) measurements [2—5]. However, it has been claimed that dHvA does not provide
reliable information on the relative strength of the electronic correlations in the 5f shell [6],
hence the interest in considering additional techniques to probe these correlations.

We first report x-ray magnetic circular dichroism (XMCD) measurements performed at the
M., 5 edges of uranium which probe the magnetic character of the empty 5f density of states. The
experimental spectra are compared to spectra calculated with the so-called LSDA + U method
in which the local spin-density approximation (LSDA) is used and the strong 5f Coulomb

6 Permanent address: Institute of Metal Physics, Vernadsky Street, 03142 Kiev, Ukraine.
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Figure 1. The dots show the measured uranium My 5 absorption and dichroism spectra of the
ferromagnet UGe; (Curie temperature 7c =~ 52 K and saturation magnetic moment of 1.42 (2)
wup per formula unit, both values measured on our sample and consistent with the literature [9]).
The data were obtained at 12 K and in an external field Bex; = 3 T. The experimental geometry
is schematized in the inset. The a axis is the easy axis. For each edge, two absorption spectra are
presented, corresponding to the two opposite directions of the helicity of the incident x-ray beam.
The solid lines result from the LSDA + U method with a screened Coulomb energy U = 2 eV.
The intrinsic and experimental broadening mechanisms were accounted for by folding calculated
XMCD spectra with Lorentzians of half-width of 2.2 and 3.2 eV and Gaussians of half-width of
1.6 and 1.5 eV for the M4 and M5 spectra, respectively. To compare the amplitudes of calculated
and experimental XMCD spectra, we have normalized the calculated M5 isotropic absorption
spectrum to the measured one taking into account the background intensity. Then, the thus obtained
normalization factor was used for the My absorption and My 5 XMCD spectra.

repulsion U is described by a Hubbard-like model treated at the Hartree—Fock level. The
value found for U is compatible with the one obtained by Shick and Pickett who were able to
reproduce the total moment and the magnetocrystalline anisotropy of UGe, [7]. To further test
the model the inferred 5f density of states is used to discuss data obtained by other microscopic
techniques: x-ray (XPS) and ultraviolet (UPS) photoemission spectroscopies, bremsstrahlung
isochromat spectroscopy (BIS) and electron—positron momentum density (EPMD) and dHvA
measurements. A combined analysis of all the results provides an estimate for U larger than
previously inferred.

2. X-ray absorption: measurements and sum rule analysis

The XMCD measurements were carried out at the ESRF beamline ID12A. A description of the
experimental method as applied to uranium is given elsewhere [8]. The spectra were recorded
in the fluorescence-yield detection method. They have been corrected for self-absorption to
give the absorption spectra, using a well established procedure. The results are shown in
figure 1.

A well defined two-lobe structure, a low-energy negative lobe and a high-energy positive
lobe, is found at the Ms edge. Such a structure has already been detected for UPd,Als,
UBeq3, UPt3, UpslagsS and Ug4LlageS [10, 11] and UPtAl [12]. On the other hand, the
XMCD spectrum at the M5 consists mainly of one lobe for US, Ug ¢Lag 4S, USbg sTeg s, UFe,,
URu,Siy, URhAI[10, 11]and UCoAl [12]. The appearance of two lobes is a finger-print of (i)
an appreciable density of empty j = 7/2 sublevels with both negative and positive m7,, and
(ii) a sufficient energy spread over these sublevels [13, 10]. We have used here the j j-coupling
scheme where the total momentum j is written as j = 1 +s. However, the combination of the
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hybridization, Coulomb, exchange and crystal-field energies may be so large relative to the
5f spin—orbit energy that the jj-coupling is no longer a good approximation. A toy model
provides a vivid demonstration [14].

Quantitatively we first focus on values of moments of the 5f shell at saturation. The
orbital magnetic moment can be estimated from the first XMCD sum rule [15, 16]. We get
wr = 1.91 (19) and 1.75 (17) ug for the hypothetical f? and f* configurations, respectively.
The analysis of the magnetic form factor also provides an estimate for u;. Kernavanois
etal [17] find o, = 2.37 (4) and 2.62 (4) up for the £ and 3 configurations respectively and
Kuwahara et al [18] give u;, = 2.20 (3) and 2.43 (3) up, respectively. Although the dispersion
of the values is rather large, . is definitively smaller than 3 . We shall refer to this bound
value when comparing experimental and LSDA + U results. The total magnetic moment of the
5f electrons, u, is also determined by neutron diffraction. It is found to be almost equal to the
bulk magnetization at saturation. Then the ratio R = —u, /s of the orbital to spin moment
can be computed. One set of measurements gives R = 2.60 (15) and 2.24 (10) for the f2 and 3
configurations, respectively [17]. The other set leads to values ~10% higher [18]. The second
XMCD sum rule allows us to estimate 2(S7)/(3ny) [19, 16]. ny is the number of holes in the
5f shell and (S?) the expectation value of an effective spin operator defined as §7 = S, + 37.
T, and S, are the z projections of the magnetic dipole and spin operators, respectively. We
have 2(57)/(3ny) = 0.075 (13).

Another sum rule expresses the expectation value for the spin—orbit operator of the valence
states in terms of the branching ratio of the core—valence transitions [16]. Its validity for
actinides has been checked recently [20]. In the case of the My s edges, this sum rule is written
(W% /n, = —(5/2)(B —3/5)+ A where (w''?) is the expectation value for the angular part of
the 5f spin—orbit electron operator, B the branching ratio (B = As;>/(As;2 + Azj2) where As)»
and A3 are the areas underneath the Ms and My edges excluding the background) and A a small
correction term (A = —0.018). Since we measure B = 0.66, we estimate (w''®) /n, = —0.17.
Thus this suggests an f? electronic structure [20]. However, the determination of (w''%)/ny,
requires a very precise value for B since its numerical value is not far from the number 3 /5 which
is subtracted from it. For example, if we take B = 0.68, we compute (w''%)/n, = —0.22,
suggesting a structure close to f3. The fluorescence-yield detection method we use is not
capable of such precision because of the corrections it implies. The problem of precision is
not so stringent for the other two sum rules used above.

3. X-ray absorption: LSDA + U analysis

The absorption spectra at the two edges are structureless. Therefore, multiplet effects are
negligible [13]. This justifies the description of the absorption of the incident x-rays in
terms of a one-particle approximation. Hence, valuable information on the nature of the
5f electrons can be obtained from comparison of experimental data to results of band-structure
calculations. In the present work the electronic band structure and absorption and XMCD
spectra have been calculated within LSDA using the spin-polarized relativistic linear muffin-
tin orbital method [21]. The calculations have been performed for the crystal structure of [22].
The strong electronic correlations in the 5f shell have been taken into account by using the
rotationally invariant LSDA + U method [23, 24]. The effective on-site Coulomb repulsion U
was considered as an adjustable parameter and its value was refined by comparing calculated
results to available experimental data. Calculations were performed for U varying from 0.5 to
4.0 eV with 0.5 eV increment. U = 4 eV is derived from constrained LSDA calculations. As
such calculations tend to overestimate U in uranium compounds, 4 eV seems to be the upper
limit for the effective Coulomb repulsion. For the exchange integral J the value of 0.5 eV



2446 A N Yaresko et al

(arb. units) Absorption (arb. units)

Dichroism

3550 3560 3570 3730
Energy (eV)

3740

Figure 2. My 5 absorption and XMCD spectra computed for UGe; using the LSDA + U method for
different values of U. Information on the convolution and normalization of the spectra is given in
the caption of figure 1. The M5 XMCD spectra for U = 0.5 and 2 eV can hardly be distinguished
in the plot.

estimated from constrained LSDA calculations was used. Further details of the calculations
are given elsewhere [25].

The x-ray absorption and XMCD spectra are reasonably well described assuming U in
the range 0.5-2 eV. Figure 1 shows the results with U = 2 eV since this value gives a more
consistent interpretation of other data (see below). The main misfit occurs at the Ms XMCD
spectrum: although the two-lobe structure is reproduced, their amplitudes are not and the
calculated spectrum is slightly too wide at high energy. In figure 2 we compare theoretical
spectra for different values of U. All the calculations reproduce the two-lobe structure. The
amplitude of the Ms negative lobe is approximately independent of U. The amplitude of the
positive lobe in the case U = 0 is strongly overestimated whereas the one of the M4 spectrum
is half that in the experiment. Thus, for UGe,, as for many other uranium compounds [25], the
LSDA based calculations cannot reproduce the M5 and My XMCD spectra. While the spectra
computed for U = 2 eV are close to the experimental ones, the disagreement is appreciable
when U = 4 eV. This is in line with the fact that the XMCD spectrum at the M5 edge is
inconsistent with the atomic model for which the whole 5f density is localized [14]. We notice
that the relative intensity of the My absorption spectrum decreases as U increases and, thus,
not only XMCD but also absorption spectra reflect electronic correlations effects.

To better understand the dependence of the theoretical spectra on the value of U, let us
compare in more detail the results of the LSDA and LSDA + U calculations. According to
LSDA, the 5f charge is equal to 2.837, the 5f states are situated at the minimum of the density
of Ge p states and their hybridization with the latter is relatively weak. 5fs,, states give a
dominant contribution of 1.993 to the total 5f charge. The maximum of the 5f;/, density of
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Figure 3. Orbital projected DOS for the four most populated orbitals for different values of U. The
vertical full lines give the Fermi level relative to which the energy is measured. The occupation
numbers for the different orbitals are indicated. For U = 0 eV (LSDA), two other orbitals (not
shown) have non-negligible occupation numbers. Note that even at U = 4 eV the DOS at the
Fermi energy does not vanish.

states (DOS) is found at ~1.5 eV above the Fermi level. However, these states contribute 0.844
electron to the net 5f charge. As U increases the 5f charge also increases but only slightly
and even for U = 4 eV it is 2.964, i.e. less than the value of 3 expected for the U** ion. The
balance between the 55/, and 5f7/, charges is more affected when U increases: the net 5fs)»
charge is 2.648 for U = 4 eV. As the average occupation of 5f7,, states is rather small, they
are pushed to higher energies by the Coulomb repulsion and their contribution to the net 5f
charge decreases. Since the major contribution to the absorption at the My edge stems from
the 3d3/, — 5fs,, transitions and that at the M5 edge originates primarily from 3ds,, — 5f7,»
transitions [13], the decrease of the number of empty 5fs, states is responsible for the change
of relative intensity of the My absorption spectra.

A qualitative explanation to the XMCD spectra shape is provided by the analysis of the
orbital character and occupation numbers of individual 5f orbitals. In the most general way
these orbitals can be defined as the eigenvectors that diagonalize the 5f occupation matrix
Ny mgm).m;, Where my and m are the azimuthal and spin quantum numbers, respectively. The
corresponding eigenvalues can be interpreted as orbital occupation numbers.

In contrast to 5f charges, the orbital character and the occupation numbers of 5f orbitals are
more sensitive to the value of U. Already when only the angular correlations in the 5f shell are
accounted forin LSDA + U calculations, thatis when U = J = 0.5 eV, the difference in orbital
occupancies increases as compared to LSDA calculations. The occupation of the three most
populated orbitals increases, whereas orbitals with strong m3,, and ms, character are pushed
to higher energies by the Coulomb repulsion and become empty. Because of the increased
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Table 1. Computed physical quantities for UGe; as a function of U: spin pg, orbital p; and
total magnetic moment /1, ratios R = —puz, /s and 2(S¢)/(3ny), expectation value of the magnetic
dipole term (77, ) and of the spin—orbit operator per hole (w'!?) of the uranium 5f shell; spin moments
of the three inequivalent Ge ions. mup stands for 1073 jup.

U ns  pL MK R f;@ (Tz) % MGey HGey  HGes
eV UB  MB  MB miLp mug  Mup
0.0 —139 194 055 140 0.058 0.094 —0.162 -9 -10 8
0.5 —1.47 3.04 157 207 0.078 0.190 -0213 -9 —18 11
20 —1.54 346 192 225 0.087 0227 —-0259 —10 —27 14
30 —1.58 362 204 229 0.091 0238 —-0278 -5 —23 14
40 —1.64 376 212 229 0.094 0245 —0.291 —4 —17 0

asymmetry in occupations of the states with positive and negative m ;, the cancellation of the
contributions of opposite signs to XMCD spectra originating from dipole allowed transitions
with §m; = =1, i.e. those corresponding to absorption of photons with opposite helicities,
becomes less effective and the intensity of the My XMCD spectrum increases, as noticed in
figure 2. The effect of the orbital polarization on the Ms XMCD spectrum is more subtle.
The relative occupation of orbitals formed by the 5f7/, states does not change. However,
because of the increased orbital polarization of 5fs/, states, the LSDA + U potential acting
on 5f7/, orbitals becomes strongly dependent on their angular character. This leads to energy
redistribution among the 517/, states which causes the decrease of the magnitude of the positive
lobe in the Ms XMCD spectrum.

The difference in orbital occupation increases with U as seen in figure 3. For U = 2 eV
the two most populated 5f orbitals become almost completely occupied and corresponding
peaks of orbital resolved DOS are found below the Fermi energy, Eg. In spite of the increase
of its occupation, the third most occupied orbital remains only partially occupied at U = 2 eV.
Whereas the main peak of DOS projected onto this orbital is situated below Ef, an additional
narrow peak can be seen just above the Fermi level. When U is increased to 4 eV the maxima
of all three DOS curves shift to —1 eV below Ef and the occupancies become close to 0.9.
However, orbital projected DOS has a peak just at the Fermi level even for this large value
of U.

We now compare measured moments to theoretical predictions; see table 1. LSDA
calculations underestimate p while it is well reproduced by an LSDA + U with U = 0.7 eV
and J = 0.44 eV [7]. Our LSDA + U calculation with U = J = 0.5 eV also gives a
reasonable p value. R and 2(S7)/(3ny) are not in strong disagreement with experiment for
U in the range 0.5-2 eV while p; and p are clearly overestimated for U > 0.5 eV. This
discrepancy of order 30% is usual with the LSDA + U method: being based on a Hartree—Fock
approximation, it tends to overestimate the degree of the symmetry breaking [24]. Calculated
Ge magnetic moments are collected in the last three columns of table 1. Notwithstanding the
strong magnetization of the 5f shell, the Ge moments are very small and their modulus does
not exceed 0.03 g which is in a good agreement with the neutron results [17].

For completeness, we provide in table 1 calculated values of (7.) and (w"% /ny, as a
function of U. As expected (7.) is not negligible. (w''%)/ny, is in the expected range. If
measured, this latter physical quantity would give us a way to estimate U.

To summarize the absorption and XMCD spectrum interpretation, we have shown that the
model in which all 5f states are treated within the LSDA approximation (i.e. U = 0) cannot
reproduce the experimental data. A value of U in the range 0.5-2 eV is needed.
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Figure 4. XPS and BIS spectra are compared to theoretical predictions. The experimental XPS
spectrum has been obtained from the difference of spectra recorded at the 5d — 5f resonance and
off resonance i.e. with photons of respective energies 97 and 92 eV. It is compared with theoretical
5f partial DOS. The experimental BIS spectrum is compared to computed total DOS curves. The
measured spectra are wider than predicted, reflecting at least partly the one-electron nature of
the LSDA + U method [26]. The theoretical spectra have been convoluted with a Gaussian of
half-width of 0.25 eV.

4. Analysis of other published data

To further test and refine these conclusions, we now analyse published data.

The energy position of the broad peak observed in the on—off resonance XPS data shown
in figure 4 is best reproduced by the LSDA + U model with U in the range 1.5-2 eV. In order
to achieve reasonable agreement in the position of the peak at ~0.2 eV in the UPS spectrum
measured with photons of 40 eV (not shown in figure 4) the value of U should be reduced
to 0.5-1.5 eV. However, since the escape depth for photoelectrons with these kinetic energies
is very small the shift of the experimental peak towards the Fermi level can be caused by
increased contribution of U ions in the surface layers [26]. The BIS spectrum (also shown in
figure 4) clearly excludes U > 3 eV. Best predictions are obtained for U < 0.5 eV. However,
these calculations strongly underestimate the intensity in the energy range between 2 and 5 eV.
A possible reason for the discrepancy is that BIS spectra contain information that cannot be
described by band theory, such as the two-electron bound state formed in the final state [26].

Recent measurements [27] indicate the presence of a sharp peak at the Fermi level (Ef) in
the high-resolution UPS (He Ilo) spectrum of UGe,. The peak was interpreted as the ‘coherent
U 5f” peak originating in the itinerant U 5f electrons, whereas a broad shoulder at ~0.5 eV
binding energy was attributed to the ‘incoherent part’ representing localized 5f electrons. From
the comparison of the calculated U 5f DOS to the experimental spectrum we can conclude
that neither LSDA nor LSDA + U calculations can reproduce the intense peak at Er. The
LSDA calculation results in a rather high U 5f DOS peak at the Fermi level but its width is
significantly larger than in the experiment. Moreover, the shoulder at higher binding energies
is completely missing. The LSDA + U calculations with U between 1 and 2 eV do produce
a peak of DOS which could be associated with the broad shoulder. However, it is much too
high compared to the DOS peak just below Eg. The reason for this discrepancy between the
theory and the experiment is still unclear.

The published EPMD is compared to projected electronic occupancies for different
electronic configurations in figure 5. Only the map for U = 2 eV is in fairly good agreement
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Figure 5. Experimental projected EPMD in the a*—c* plane at 60 K for UGe; [6] in quadrant
(a). The contour level spacing corresponds to 0.4% of the maximum. This density is compared
to two-dimensional electronic occupancies computed with the LSDA + U method. Quadrants (b),
(c), and (d) present respectively the results for U = 4, 0.5 and 2 eV. The theoretical maps are
convoluted as explained in [6]. One Bloch vector in atomic units is equal to 1.89 A~!. White
colour corresponds to high occupancy and black to low occupancy.

with the shape of the experimental density. The map for U = 4 eV and the f-core
configuration [6] also have the proper symmetry. However, a local minimum is computed
at the corner of the Brillouin zone, in contrast to the measured density.

A close look at the published values of the dHVA frequencies indicates a consistent set
of data only for Bey parallel to the b crystal axis for which frequencies of about 9000 T
are observed [2-5]. Our calculations of the angular dependence of the dHVA frequencies
reproduce reasonably well the experimental results for the high-frequency branch, except for
the LSDA + U calculations with U in the range 0.5-1 eV and the f2-core configuration.
However, the LSDA calculation produces a hole-like Fermi surface [28], in contradiction to
the positron data [6]. The LSDA + U calculations with U > 1 eV and the LSDA one for
the f3-core configuration yield positive effective masses, i.e. the corresponding sheet of the
Fermi surface is electron-like, in agreement with the positron data. The masses are relatively
light, between 2 and 7 m, depending on the By orientation (m, is the bare electron mass).
A detailed comparison between the theory and the experiment for low dHvVA frequencies is,
unfortunately, practically impossible because of a very large number of branches in the range
0.1-1 kT.

The disagreement between the dHVA results calculated for small values of U and the
experiment sets the lower bound for the value of U to 1.5 eV. It should be pointed out, however,
that, being based on a mean-field approximation, the LSDA + U can hardly provide a reliable
description of the Fermi surface of strongly correlated metals.

5. Conclusions and outlook

In conclusion, an interpretation of absorption and XMCD My 5 spectra, XPS profile, two-
dimensional EPMD and angular dependence of the frequencies of dHVA oscillations cannot
be achieved with fully itinerant 5f states. The LSDA + U model with a Coulomb repulsion



On the 5f electronic ground state in UGe; at ambient pressure 2451

energy within the 5f shell approximately equal to 2 eV is required. U is therefore larger than
the commonly assumed value of ~0.5 eV [7]. Since the full width at half maximum of the 5f
band is computed to be W >~ 0.8 eV, U/ W = 2. For a more precise determination of U and
W, in particular estimates of the uncertainty on the parameter values, a better theoretical model
is needed. The dynamical mean-field theory recently introduced for actinides may address this
issue [29]. In addition, more experimental data would be welcome to refine the value of U. It
would also be interesting to test the applicability of the scenario in which some U 5f states are
localized while others remain itinerant [30] to the case of UGe;,. Finally, we note that extremely
small magnetic moments for the diffuse electrons have been observed [31, 17, 18]. To explain
these data, a reliable computation of the dynamical susceptibility has to be carried out.
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