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Photoemission Spectroscopic Evidence of Gap Anisotropy in an f-Electron Superconductor
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We used low-temperature ultrahigh-resolution (360 weV) photoemission spectroscopy with a laser as a
photon source (Laser-PES) to study the superconducting (SC) gap of an f-electron superconductor CeRu,.
The unique combination of the large escape depth expected from the known universal behavior and
extremely high-energy resolution has enabled us to directly measure the bulk SC gap of an f-electron
superconductor for the first time. The present study provides direct evidence for an anisotropic SC gap in
CeRu,, and also demonstrates the potential of Laser-PES in investigating unconventional superconduc-
tivity realized in correlated d- and f-electron superconductors.
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It is well known that the variety of properties that con-
ducting materials display stems from the electronic struc-
ture (ES) at and near the Fermi level (Ef). One of the most
fascinating examples is superconductivity, in which the
pairing of two electrons makes a tiny energy gap at Ej,
leading to unexpected physical properties [1]. Tunneling
and photoemission spectroscopies (PES) are experimental
probes that directly measure superconducting (SC) energy
gaps for low and high temperature superconductors [2—8].
However, being sensitive to surfaces, such studies have not
been able to provide reliable data for f-electron super-
conductors which exhibit a surface ES different from the
bulk [9]. Nonetheless, they exhibit intrinsic but anomalous
normal- and SC-state properties [10]. Moreover, the ex-
tremely small energy scale of the f-electron superconduc-
tors has made it difficult to be studied in detail.

In this Letter, we present PES using a vacuum-
ultraviolet laser (hv = 6.994 ¢V) (Laser-PES) with sub-
meV resolution that can measure the SC gap of CeRu,.
Consistent with bulk thermodynamic measurements but in
contrast to tunneling, the results indicate an anisotropic SC
gap for CeRu,. Hence, Laser-PES has a strong potential for
directly and precisely studying intrinsic bulk SC ESs of
correlated f- as well as d-electron superconductors with
energy scales less than 1 meV.

Most intermetallic materials containing cerium and ura-
nium show anomalous properties originating from an inter-
play of the localized and itinerant nature of the f electrons.
Even below the SC transition temperature (7,), the
f-electron systems show unconventional SC properties
that cannot be explained by the simple BCS theory assum-
ing an isotropic energy gap, most likely due to the strong
correlation between f electrons. Indeed, anomalous SC
properties suggestive of anisotropic order parameters
have been reported for f-electron superconductors from
thermodynamic and magnetic studies [10]. Among the
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f-electron correlated superconductors, CeRu, has the
highest 7. of 6.2 K (Ref. [11]) and exhibits dominantly
Ce 4f character states at E [9] which are hybridized with
Ru 5d states [12]. The symmetry of the order parameter as
suggested from SC properties is controversial. While early
specific heat measurements have suggested an axial sym-
metry with a line node [13], later studies reported an
isotropic s-wave gap [14]. More recently, from specific
heat and magnetization measurements, Hedo et al. con-
cluded that CeRu, is a BCS type superconductor, with
magnetic field dependence of the specific heat at 0.5 K
exhibiting a H%3-like behavior in low fields [15]. The
specific heat behavior is similar to Ni borocarbide super-
conductors, but for which existence of a line node has been
discussed [16]. From measurements of the nuclear lattice
relaxation rate, Matsuda et al. [17] and Ishida et al. [18]
have suggested that CeRu, is an s-wave superconductor
with a finite gap having 2A/kgT,. = 3.8-4.0, where A is
the SC gap value and &z the Boltzmann constant. However,
Mukuda et. al. [19] have shown from impurity effects that
the superconductivity is better described in terms of an
anisotropic s-wave gap. Tunneling studies have provided
scattered gap values of 0.8—3.1 meV, corresponding to
2A/kgT,. = 3.3-6.6 (Refs. [20—23]). This is most likely
due to fast degradation of sample surfaces and/or different
electronic states in the surface region [23], as shown by soft
x-ray PES [9]. Thus, a bulk sensitive technique that directly
measures the ES with an extremely high-energy resolution
is essential to know the SC ESs of CeRu,.

In terms of energy resolution, tunneling spectroscopy is
better than PES. However, escape depth of photoelectron
shows strong photon-energy dependence [24] and the in-
crease of escape depth using soft x rays has been demon-
strated with a resolution of ~100 meV [9]. But the value is
100 times larger than the energy scale for the SC gap (less
than 1 meV) of f-electron systems. The energy resolution
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using synchrotron radiation with 20—30 eV photon energy
is at most ~5 meV for solid-state studies [3,4], which is
again not enough for studying f-electron systems. PES
using a He I resonance line (21.2 eV) can produce a nearly
~1-2 meV resolution. But the escape depths using a pho-
ton energy of ~20 eV are less than 10 A, and may not be
suitable for studying f-electron systems having a surface
ES completely different from the bulk, as in CeRu,. To
overcome these limitations, we have constructed a new
PES spectrometer using a laser as a photon source, as
illustrated in Fig. 1(a). The spectrometer system is built
using a newly-developed hemispherical electron analyzer
and a laser system producing a high-flux (2.2 X
10" photons/ sec) quasi-continuous-wave (quasi-CW, a
repetition rate of 80 MHz) with the highest photon energy
of 6.994 eV [25]. Though the use of a laser as a photon
source for PES spectroscopy is not new, the combination of
a high-resolution electron analyzer and the quasi-CW laser
system using a nonlinear crystal is unique, making it
possible to study the very small SC gap of a sample
susceptible to surface degradation. Since the escape depth
of CeRu, for 6.994 eV is not known, we estimated the
escape depth to be ~200 A by using the universal curve
[24]. It is known that the escape depth for low energies
mainly depends on electron-phonon scattering and, there-
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FIG. 1 (color). (a) Schematic diagram of the PES spectrometer
system using a laser as a photon source (Laser-PES) and a
demonstration of the sub-meV energy resolution. The second
harmonic of a quasi-CW frequency-tripled Nd : YVO; laser
by using an optically-contacted prism-coupled KBe,BOsF,
(KBBF) crystal is focused on a sample with a CaF, lens [25].
The kinetic energies of electrons emitted from the sample are
measured with a high-precision hemispherical electron analyzer
(GAMMADATA-SCIENTA R-4000). The PES spectrometer and
the laser systems are vacuum-separated by a CaF, view port,
through which the produced 6.994 eV light can be transmitted.
(b) Ultrahigh-resolution PES spectrum of an evaporated gold
film measured at 2.9 K (red circles), together with the FD
function at 2.9 K convolved by a Gaussian with full width at
half maximum of 360 ueV (a blue line). Total energy resolution
of 360 ueV was confirmed from the very good match between
the experimental and calculated spectra.

fore, shows a strong material dependence. The fact that the
obtained results are consistent with that obtained from the
bulk measurements, as shown later, ensures that the present
study indeed probes the bulk SC ES of CeRu,. The use of
the quasi-CW laser is essential for preventing space-charg-
ing effects that broaden energies of photoelectrons [26]. As
shown in Fig. 1(b), an ultrahigh-resolution measurement of
a gold Fermi-edge spectrum measured at 2.9 K shows a
good correspondence to the convolved Fermi-Dirac (FD)
function, indicating the energy resolution of 360 ueV.

High-quality single crystals of CeRu, with the residual
resistivity ratio of ~270 were grown with the Czochralski
pulling method in a tetra-arc furnace, with details de-
scribed in Ref. [15]. The T, of 6.2 K was determined
from magnetization measurements. The spectra were mea-
sured using the Laser-PES system with 6.994 eV photon
energy, as illustrated in Fig. 1(a). The total energy resolu-
tion (analyzer and light) for CeRu, measurements was set
to 520 peV. The vacuum inside the chamber during mea-
surement was less than 1 X 107!! Torr. Clean surfaces
were obtained by fracturing samples in sifu at 3.8 K and
resulted in uneven surfaces. The spectra did not show any
angular as well as polarization (vertical and horizontal)
dependence, indicating obtained spectra reflect angle-, or
k-, integrated ESs. Measured work functions of CeRu, are
3.6 £ 0.15 eV. Using this value, the maximum momentum
of electrons emitted from Ej is 0.94 =0.02 A™! [ =
0.51 - sqrt(Eg) - sin(90 °)], where E is the kinetic energy
of electrons. These are larger than the size of the Brillouin
zone of CeRu, [277/a = 0.83 A~ a is the lattice constant
(7.5364 A)], indicating that the present measurement with
6.994 eV probes the whole Brillouin zone of CeRu,.
Samples were cooled using a liquid helium continuous
flow cryostat with an improved thermal shielding, and
temperatures were measured using a silicon-diode sensor
mounted close to samples. Er of samples was referenced to
that of a gold film evaporated onto the sample substrate and
its accuracy is better than 50 pweV as estimated from a
possible shift of Er during measurement of 2 h.

In Fig. 2(a), temperature (7)-dependent ultrahigh-
resolution PES spectra of high-quality single crystal
CeRu, across T, measured with a total energy resolution
of 520 eV are shown. While the spectrum at 8.0 K,
normal phase, has a Fermi edge, the spectrum at 3.8 K in
the SC phase shows a sharp peak at 1.35 meV with a
leading-edge shift to higher binding energy, indicative of
the opening of the SC gap. The small peak above Ef of the
SC spectrum corresponds to thermally excited electrons
across the gap. The formation of a gap across 7, is more
clearly seen in the inset showing symmetrized spectra,
which removes the effects of the FD function [4]. These
results constitute the first PES measurement of SC ESs of
an f-electron superconductor. It is believed that the sudden
approximation, which provides the foundation for the in-
terpretation of the PES spectra from a many-body system
in terms of the single particle spectral function, holds only
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FIG. 2 (color). Ultrahigh-resolution PES data of CeRu,.
(a) T-dependent ultrahigh-resolution spectra near Ep with
an inset showing the symmetrized spectra from the same
data. (b) Normalized SC DOS at 39 K compared with
calculated spectra. Error bars correspond to square root of
intensity. Blue, red, and green lines are results of fittings with
anisotropic gaps of a form A(0) = A, + (Apax — Amin) X
cos(26) of (Ao Amin, I) = (098, 0.98, 0.13), (1.12, 0.50,
0.07), and (1.18, 0.00, 0.001) in units of meV, where I is a
thermal broadening parameter and 6 the polar angle (0 = 6 =
7/4). The inset schematically illustrates the anisotropic gap,
where a red broken circle represents FS and the distance between
blue lines corresponds to a gap value. (c) T-dependent SC gap
values. The red diamond is the averaged gap value (A, =
(A(6))) determined from the anisotropic s-wave gap fitting for
the data shown in (b), while circles are A,,. determined from the
same fitting for another high-quality sample (7. = 6.2 K) with
an energy resolution of 1.15 meV assuming the same A i, /A max
ratio.

if the kinetic energy of the photoelectrons is larger than the
relaxation energy of solid. In the present case, with photo-
electrons of a few eV kinetic energy, one may not expect
the sudden approximation to hold. However, contrary to
such an expectation, we could measure the SC transition of
f-electron compound CeRu, with a 6.994 eV photon en-
ergy. The present results thus provide validity of the sudden
approximation for states near E of correlated compounds
measured with very low photon energy.

The SC spectrum is analyzed with Dynes function in-
cluding a thermal broadening parameter (I") [27,28]. We
used gap forms A(6) = Ay + (Apax — Amin) X c0s(20),
where 6 is the polar angle and A,,, and A,;, are the
maximum and minimum gap values [8], respectively, in
order to estimate the SC gap value and study the suggested
SC gap anisotropy [13,15,19]. Figure 2(b) shows the nor-
malized SC spectrum, compared with three calculated
spectra with (A ., Amin, I) = (0.98, 0.98, 0.13; isotropic
case), (1.12, 0.50, 0.90; anisotropic case), and [1.18, 0.00,
0.001; maximum anisotropy (nodal) case, which corre-
sponds to a point or line node case] in units of meV. The
normalized spectrum (circles) is obtained from the SC
spectrum of Fig. 2(a) by dividing normal-state density of
states (DOS), which is obtained from the normal-state
spectrum at 8.0 K divided by an energy resolution con-
voluted FD function at 8.0 K, in order to remove the shape
of the normal-state DOS. The BCS functions were multi-
plied with a FD function at 3.8 K and convoluted with a
Gaussian representing the known resolution to reproduce
the spectrum measured at 3.8 K (circles). The parameter
sets are determined by giving a first priority to reproduce
the experimental spectrum for the regions of the peak and
second for the leading edge. However, around the region
near E, while the calculated results using an isotropic gap
and the highest anisotropic gap show clear deviations from
the experimental data, calculated spectrum using an aniso-
tropic gap reproduces the experimental one very well.
These analyses indicate that the SC gap of CeRu, has an
anisotropy with A ;. /A ., ratio of 0.446. Since PES mea-
surements using polarized photon with a low energy may
probe some portions of the Fermi surface (FS), we may
observe a part of anisotropy [29]. The present result gives a
maximum anisotropic ratio A i,/ An = 0.446, indicating
that Ai,/An. can vary between 0 (node situation) to
0.446 (observed anisotropy) [29]. This clearly excludes a
simple isotropic gap. From the anisotropic s-wave fit using
the same A,;,/Anax ratio for spectra measured with an-
other sample we obtained T-dependent average gap
(Aue = (A(6))) [Fig. 2(c)] and found that it follows the
T dependence expected from the BCS theory [1] well. The
reduced gap value defined with 2A,,.(0)/kgT. = 3.72 lo-
cates between the weak-coupling BCS value of 3.54 and
that obtained for the strong-coupling superconductor Pb
(~4.5-4.9) (Refs. [2,5]), classifying CeRu, into a mod-
erately strong-coupling superconductor.

The A,,. value is consistent with the known bulk SC
properties reported from the specific heat [15] and the
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nuclear quadrupole resonance (NQR) measurements
[18,19], which provide indirect information on the ES. The
existence of anisotropy also agrees with the NQR studies
[19,30]. On the other hand, present results are different
from the tunneling measurements [20—23] in terms of the
spectral shape and the reproducibility. As shown in the in-
set of Fig. 2(a), the residual intensity at Er compared with
that of normal-state of the present Laser-PES studies is
~0.12 compared to the normal-state intensity, much
smaller than the values obtained (0.4—0.9) from tunneling
measurements. In addition, the obtained A,,. values for
different samples in the present studies agree well with
each other within the experimental accuracy [Fig. 2(c)],
also different from the tunneling studies that provide wide
variation in gap values from 0.81 to 3.1 meV. These dif-
ferences can be attributed to the fact that the tunneling
studies measure the local surface ESs, and therefore can be
easily affected by the condition of the surface, which may
lead to uncertainties in discussion of bulk ESs. On the other
hand, the present Laser-PES study overcomes all such
disadvantages and directly probes bulk ES of very small
energy scales.

The present success in probing the bulk SC ES of an
f-electron superconductor, CeRu, having a delicate sur-
face, opens up important opportunities in solid-state phys-
ics. First, the technique can be applied to any other material
displaying differing surface and bulk electronic states.
Second, the laser has a great advantage in the small natural
width of light (260 weV) without sacrificing total photon
numbers, indicating a great potential for further increase of
the energy resolution. This feature is in contrast to other
light sources where increasing resolution inherently re-
duces the intensity. Third, utilizing the k-resolving capa-
bility of PES, one can measure k-dependent ESs, especially
for the k-dependent SC gap. These characteristics indicate
that Laser-PES is a unique experimental probe to study the
anisotropic SC order parameter of correlated materials,
like f-electron superconductors [10], d-electron supercon-
ductors [Sr,RuO, (Ref. [31]) and recently discovered
Na,CoO, - yH,O (Ref. [32]], and organic superconductors
[33], with energy scales less than 1 meV. Such studies will
reveal the origin of unconventional superconductivity orig-
inating in the interplay of localized and itinerant electrons,
which is one of the fundamental questions in the condensed
matter physics.

In conclusion, we used ultrahigh-resolution PES using a
laser as a photon source to measure the bulk SC gap of
f-electron superconductor CeRu,. The present study pro-
vides PES evidence of anisotropic gap of CeRu,. These
results indicate that Laser-PES can be a powerful tool to
study the SC ESs of correlated materials.
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