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High-resolution low-temperature photoemission spectroscopy has been performed for UNip Al
and URu2Siz to study the nature of 5f electrons in U-based heavy fermion materials. Photo-
emission spectra of both compounds have a sharp peak at Er and a large broad peak around 2eV,
while only UNizAl; exhibits an additional small broad feature at 0.6eV. The two features in
the vicinity of Er (the Ep-peak and the small structure at 0.6 eV) are found to have a dominant
U 5f character while the prominent peak around 2eV is due to the Ni 3d or Ru 4d states.
Comparison with the band structure calculations and experimental results on UPd;Al; suggests
that the Ep-peak is ascribed to itinerant U 5f electrons while the following broad feature at

0.6 eV represents localized f electrons.
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§1. Introduction

U-based compounds have attracted much attention
owing to a variety of unique properties. For example,
some of them possess itinerant electron characters (Pauli
paramagnetism, superconductivity) while others show
spin fluctuation as well as local moments with magnetic
ordering. Recently several U-compounds were found to
behave as a heavy-fermion system,') which has an elec-
tronic specific heat coefficient much larger than those
of simple metals and shows anomalous magnetic sus-
ceptibility. Discovery of the coexistence of the super-
conductivity and antiferromagnetic ordering in U-based
heavy fermion systems®%) suggests a novel supercon-
ducting electron-electron pairing mechanism such as the
two-channel Kondo model,?) and the d-wave symmetry
has been proposed for the superconducting order pa-
rameter.5”) Although the coexistence of superconduc-
tivity and long-range antiferromagnetic order has been
already observed in RMogSg, RMogSes, and RRhyB4
(R = rare earths),s) it has been generally accepted that
the superconductivity and the long-range magnetic or-
der originate in different electrons; the former is associ-
ated with the transition metal d-electrons while the latter
stems from the localized 4f electrons of rare earth ions.?)
On the other hand, U 5f electrons in recently discov-
ered U-based heavy fermion superconductors, UPdsAls,
UNiyAlg, and URu,Sis,24) appear to be associated di-
rectly with both superconductivity and long-range mag-
netic ordering.

In this paper, we report a high-resolution photoemis-
sion (HR-PES) study on UNisAl; and URu,Si,. It is
well established for Ce compounds that a photoemis-

“sion spectrum is dominated by many-body effects, as is
well described with the single-ion Kondo model based
on the Anderson Hamiltonian.!®) But it is unclear that
the single-impurity model is applicable to U-based heavy

fermion systems because the Coulomb interaction be-
tween 5f electrons is considerably reduced and the spa-
tial distribution of 5f electrons is more extent than that
of Ce 4f electrons. In order to study the nature (itin-
erant or localized) of U 5f electrons in U-based heavy
fermion superconductors, we measured HR-PES spectra
near Fp of UNisAls and URu;Si; and compared them
with the band structure calculations as well as our previ-
ous photoemission results on UPdgAlg.ll) ‘We also stud-
ied the temperature-dependence of the spectra to obtain
an additional insight to the character of the electronic
states near Ep.

§2. Experimental

Single crystals of UNigAls and URusSi, were pre-
pared in a tri-arc furnace by the Czochralski pulling
method. We checked the crystal structure and its single-
crystallinity by X-ray diffraction; UNiyAl; shows the
hexagonal PrNizAls structure with lattice parameters of
a = 5.207A and ¢ = 4.018 A, while URu,Si, possesses
the body-centered tetragonal ThCrsSis structure with
lattice parameters of a = 4.124 A and ¢ = 9.582 A.

Photoemission measurements were carried out with a
home-built high-resolution photoemission spectrometer
with a VSW 300 mm-diameter hemispherical electron en-
ergy analyzer and a brilliant discharge lamp. The base
pressure was 3 x 107! Torr. The energy resolution was
30/35meV for He I (21.2eV)/He II (40.8eV) measure-
ments. Single crystals were scraped in-situ by a diamond
file to obtain a clean surface for photoemission measure-
ments. Since we observed degradation of the sample sur-
face as being evident by a gradual growth of an additional
feature at a binding energy of 10eV after an hour, we re-
peated scraping every 10 min and obtained a final spec-
trum with a good signal-to-noise ratio by adding each
scans. The Fermi level of the sample was referenced to
that of a gold film deposited on the sample substrate and
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its position was accurate to better than £2meV.

§3. Results and Discussion

Figure 1 shows the valence band photoemission spectra
of UNiyAls measured with He I and He II resonance lines
at 20K. Both spectra are dominated by a broad peak
at a 1.5-2.5eV binding energy, which is ascribed to the
Ni 3d states. Comparing with UPd,Als,'?) it is found
that the d band width is narrower in UNiyAls. This is
well explained in terms of the difference of the number
of d electrons and the stronger localized character of 3d
electrons compared with that of 4d electrons. We find
that the photoemission intensity near Ep is enhanced
in the He II spectrum compared with the He I, which
suggests that the features near Fr have a dominant U 5 f
character because the difference in the photoionization
cross-section between He I and He I is larger for U 5f
electrons than for electrons in the other orbitals in the
compound.'?)

The sharp peak at Fr may be associated with the
many-body effect via Kondo-type screening from the
conduction band as predicted by the non-crossing ap-
proximation (NCA) calculation.'® But we find that the
width of the peak at Er (~200meV) is considerably
larger than that predicted from the NCA or Gunnarsson-
Schonhammer (GS) calculation which is of the order of
Tk (~10meV). Imer et al.'¥) argued that the multiplets
or satellite structures near Ep may blur the sharpness
of Kondo-resonance peak or a strong hybridization may
move the Kondo peak away from Er. All these effects re-
duce the spectral intensity of the occupied part of Kondo
peak and simultaneously increases its width.

In order to study the U 5f states near Er more in
detail, we subtracted the He I spectrum from the He II
spectrum according to the procedure employed in previ-
ous studies,?: 14 since the relative difference of photoion-
ization cross-section between He I and He II excitations is
remarkably large for U 5f electrons compared with those
of electrons in other orbitals in the compounds!? and the
subtracted spectrum mostly represents the U 5f states.
The difference spectrum after subtraction is shown in
Fig. 2 together with the calculated U 5f partial density
of states.!®) As is found in Fig. 2, the difference spec-
trum exhibits a narrow peak at Er and a following broad
hump around 0.6 eV. We find that the calculated partial
U 5f DOS shows a fair agreement with the difference
spectrum; it has a relatively sharp structure at Er and a
broad tailing toward the high binding energy. However,
we notice that the intensity around 0.6eV is obviously
higher in the photoemission spectrum than in the calcu-
lated DOS when we normalize the intensity at the narrow
peak at Ep. This may suggest a certain contribution
from the many-body effect to the photoemission spec-
trum. We have observed a similar two-peaked structure
in the near-Ep photoemission spectrum of UPd;Als,!)
where we have ascribed the Fp-peak and the broad hump
at 0.6 eV to “itinerant” and “localized” parts of the U 5f
states, respectively. The same interpretation is applica-
ble to UNiyAl; since the photoemission-spectral feature
looks very similar. In this scenario, the localized U 5f
states contribute mainly to formation of the localized
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Fig. 1. Valence-band photoemission spectra of UNizAlz mea-

sured at 20K with He I (21.2eV) and He II (40.8eV) resonance
lines.
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Fig. 2. High-resolution photoemission spectra near Ep of
UNi2Als measured at 20K with He I and He II photons (lower
panel). The intensity is normalized at 1.2 eV binding energy. In
upper panel, the difference spectrum (He II-He I) is compared
with the calculated U 5f partial DOS.1%)
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magnetic moment while the itinerant U 5f states at Ep
play a role in superconducting pairing. This scenario
seems to have a strong physical reasoning because the Ni
3d band makes little contribution to localized magnetic
moments and itinerant f electrons are unable to form
a local magnetic moments by compensation theorem.!6)
Moreover it is known that UNiyAls shows a competition
between the RKKY interaction and the Kondo-singlet
screening; this suggests that UNiyAlg is located near the
boundary in the Doniach phase diagram,'”) for which the
existence of the localized f-character is essential.

Recently many efforts have been made to incorporate
correctly the local electron correlation into the band
structure calculation of uranium compounds. Actu-
ally, a recent advanced band calculation,'® which in-
cludes the dynamic fluctuation around the local-density-
approximation (LDA) electronic structure, has success-
fully explained the observed enhancement of the specific
heat in UX3 (X=Ir, Pt, Au) and its 5d-metal dependence.
However, it is found that the calculated U 5f band is
much narrower than that observed by combination of X-
ray photoemission and Bremsstrahlung Isochromat spec-
troscopy (BIS).'?) Further, at least to our knowledge,
there are no band structure calculations which success-
fully reproduce the two-peaked structure of the density
of states near Fp in uranium compounds and the tem-
perature variation of relative intensity as observed in
UPd,Al3.1)

Figure 3 shows valence photoemission spectra of
URusSis at 20K. Similarly to UNizAls, a prominent
broad feature is seen around 2eV. It is ascribed to the
Ru 4d states. Our high resolution He I spectrum is al-
most the same as that in the earlier work with hv = 70eV
by Grassmann.?9) We find that the Ru 4d band is closer
to Er than the Ni 3d band in UNizAl; (see Fig. 1). This
situation is favorable for stronger hybridization of the Ru
4d states with the U 5f counterparts at Er in URusSis,
resulting in formation of mixed bands near Er. In other
words, U 5f electrons in URu3Sis would have more ex-
tended character than those in UNizAls. This conjecture
is confirmed in Fig. 4, where the near-Er photoemis-
sion spectra (He I, He II, and the difference spectra) of
URu,Si, are shown together with the calculated U 5f
partial DOS.2D) The difference curve has a sharp peak at
Er and a broad tailing toward the high binding energy
in good agreement with the band calculation. We find
that the difference spectrum does not have a well-defined
hump around 0.6eV in contrast with that of UNiyAl;
(Fig. 2). Since the broad hump around 0.6eV has been
interpreted as “localized f states”, the absence of the
definite hump at 0.6eV in the photoemission spectrum
of URu,Si; implies that U 5f electrons in URu;Siy have
a highly itinerant character than in UNipAls. This is
‘consistent with the experimental fact that URusSis has
smaller a localized moment (u(U) = 0.04 ug) than that
of UNipAlz (1(U) = 0.1 — 0.2 ug). 23

In order to obtain a further insight to the nature of
the electronic states near Ep, we measured temperature-
dependence of HR-PES of URusSi; as shown in Fig. 5.
We find that the spectrum shows almost no change ex-
cept for the slope of the Fermi-edge cutoff. By a numer-
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Fig. 3. Valence-band photoemission spectra of URuzSiz mea-
sured at 20K with He I (21.2eV) and He II (40.8eV) resonance
lines.

URu2Si2 !

AAA|

Difference Curve |
U 5fPartial DOS —

HeI TR

Intensity (arb. units)

1|.5 1.0 0.5
Binding Energy (eV)

Fig. 4. High-resolution photoemission spectra near FEp of
URusSis measured at 20K with He I and He II photons (lower
panel). The intensity is normalized at 1.2 eV binding energy. In
upper panel, the difference spectrum (He II-He I) is compared
with the calculated U 5f partial DOS.19)
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Fig. 5. High-resolution photoemission spectra near 'EF of
URu3Si2 measured with He II photons at two different temper-
atures (20 and 300K) far below/above the Kondo temperature
(~T70K).

ical simulation we found that this small change at Ep is
well explained by thermal broadening of the Fermi-Dirac
function at Er. This also reinforces the above conclusion
that the sharp peak at Ep is due to itinerant U 5f elec-
trons as predicted from the band calculation, but is not
produced via the many-body effect. Because, if the peak
were associated with the Kondo resonance, the Ep-peak
would show much drastic change with temperature since
the measurement was carried out at two temperatures
(20 and 300K) far below/above the Kondo temperature
(TK of URUQSig ~ 70 K)

‘We have discussed the nature of the electronic states
near Er of two uranium compounds, UNi,Als and
URu,Sis, through the occupied electronic states, since
photoemission spectroscopy probes the occupied elec-
tronic states. In order to confirm the present interpreta-
tion, a high-resolution temperature-dependent BIS may
be useful since it provides a complementary information
on the unoccupied electronic states.

§4. Conclusion

High-resolution low-temperature photoemission spec-
tra of two U-based heavy-fermion superconductors,
UNiyAl; and URu,Sis, show characteristic spectral
shapes representing the nature of U 5f electrons. Both
compounds exhibit a prominent photoemission band
around a binding energy of 2 eV, which is ascribed to the
Ni 3d or Ru 4d states. In the near-Ey region, photoemis-
sion spectra of both compounds possess a sharp peak at
Er, while only UNiyAls shows an additional small hump
around 0.6eV. Photon-energy dependence of the spec-
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tra indicates a dominant U 5f character for these two
features near Fp. Comparison with the band structure
calculations and experimental results for UPd;Als sug-
gest that the Fp-peak is attributed to the “itinerant”
U 5f states while the small hump at 0.6eV being due
to the “localized” U 5f states. This suggests that U
5f electrons in UNiyAls are more localized than those in
URusSiz. This is consistent with experimental results for
the localized magnetic moment concentrated on U sites.
The f electrons with localized character are expected to
contribute to the antiferromagnetic long range ordering
mediated by conduction electrons which include itinerant
f electrons (RKKY-type interaction). The experimental
results suggest that an U-based heavy fermion super-
conductor with long-range magnetic order is described
essentially within the framework of the energy band con-
cept or at least the Anderson lattice band because the
overlap of f orbitals or coherence is important in such a
spatially dispersed f electron systems.

Acknowledgement

SY thanks a financial support from the KOSEF (Korea
Science and Engineering Foundation). This work was
supported by grants from the NEDO and the Ministry
of Education, Science and Culture of Japan.

1) For example, G. R. Stewart: Rev. Mod. Phys. 56, 755 (1984);
P. A. Lee, T. M. Rice, J. W. Serene, L. J. Sham and J. W.
Wilkins: Comm. Cond. Matt. Phys. 12 (1986) 99.

2) T. T. M. Palstra, A. A. Mendovsky, J. van den Berg, A. J.
Dirkmaat, P. H. Kes, G. J. Nieuwenhuys and J. A. Mydosh:
Phys. Rev. Lett. 55 (1985) 2727.

3) C. Geibel, S. Thies, D. Kaczowski, A. Mehner, A. Grauel, B.
Seidel, U. Ahlheim, R. Helfrich, K. Petersen, C. D. Bredl and
F. Steglich: Z. Phys. B-Cond. Matt. 83 (1991) 305.

4) C. Geibel, C. Schank, S. Thies, H. Kitazawa, C. D. Bred],
A. Béhm, M. Rau, A. Grauel, R. Caspary, R. Helfrich, U.
Ahlheim, G. Weber and F. Steglich: Z. Phys. B-Cond. Matt.
84 (1991) 1.

5) P. Noziéres and A. Blandin: J. Phys. (Paris) 41, 193 (1980);
D. L. Cox: Phys. Rev. Lett. 59 (1987) 1240; A. W. W. Ludwig
and K. Affleck: Phys. Rev. Lett. 67 (1991) 3160.

6) R. Caspary, P. Hellmann, M. Keller, G. Sparn, C. Wassilew,
R. Kohler, C. Geibel, F. Steglich and N. E. Phillips: Phys.
Rev. Lett. 71 (1993) 2146.

7) R.Feyerherm, A. Amato, F. N. Gygax, A. Schenek, C. Geibel,
F. Steglich, N. Sato and T. Komatsubara: Phys. Rev. Lett.
73 (1994) 1849.

8) M. B. Maple: Superconductivity in Ternary Compounds II,
ed. @. Fisher (Springer-Verlag, Berlin, 1983).

9) M. B. Maple: Physics Today 39 (1986) No. 3, 72.

10) J. C. Fuggle, F. U. Hillebrecht, Z. Zolnierek, R. Lisser, Ch.
Freiburg, O. Gunnarsson and K. Schonhammer: Phys. Rev.
B 27 (1983) 7330.

11) T. Takahashi, N. Sato, T. Yokoya, A. Chainani, T. Morimoto
and T. Komatsubara: J. Phys. Soc. Jpn., in press.

12) J.J. Yeh and I. Lindau: At. Data Nucl. Data Table 32 (1985)
1.

13) N. E. Bickers, D. L. Cox and J. W. Wilkins: Phys. Rev. B 36
(1987) 203.

14) J. M. Imer, D. Malterre, M. Grioni, P. Weibel, B. Dardel, Y.
Baer and B. Delley: Phys. Rev. B 43 (1991) 1338.

15) J. Sticht and J. Kiibler: Z. Phys. B-Cond. Matt. 87 (1992)
299.

16) H. Shiba: Prog. Theor. Phys. 54 (1957) 967.

17) S. Doniach: Valence Instabilities and Related Narrow-Band



1996) High-Resolution Photoemission Study of UNigAlz and URus2Siz 2689

Phenomena, ed. R. D. Parks (Plenum, New York, 1977) p. Fisk, J. L. Smith, B. B. Pate, I. Lindau and A. J. Arko: Phys.
169. Rev. Lett. 54 (1985) 2635.

18) M. M. Steiner, R. C. Albers and L. J. Sham: Phys. Rev. Lett. =~ 20) A. Grassmann: Physica B 163 (1990) 547.
72 (1994) 2923. 21) L. M. Sandratskii and J. Kiibler: Solid State Commun. 91

19) J. W. Allen, S.-J. Oh, L. E. Cox, W. P. Ellis, M. S. Wire, Z. (1994) 183.




