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Identical superconducting gap on different Fermi surfaces of Ca„Al0.5Si0.5…2
with the AlB 2 structure
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Angle-resolved photoemission spectroscopy of Ca(Al0.5Si0.5)2 ~CaAlSi!, which is a superconductor~transi-
tion temperature is 7.7 K! with the AlB2 structure, revealed that superconducting gaps on two Fermi surfaces
~FSs! with three-dimensional character aroundG(A) and M (L) in the Brillouin zone provide essentially the
same superconducting gap value (;1.2 meV60.2 meV). This is in contrast to the case of MgB2 , in which
different FSs exhibit different gap values. The reduced gap value 2D(0)/kBTc of ;4.260.2 classifies CaAlSi
as a moderately strong-coupling superconductor.
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After the discovery of an unexpectedly high-temperat
superconductivity in MgB2,1 intensive studies of MgB2, as
well as related compounds, have been performed to un
stand the mechanism of its superconductivity.2 From the
magnitude and symmetry of the superconducting~SC! gap,
which are closely related to the strength and origin of
driving force of the Cooper pair, respectively, evidence
an unusual SC gap and not a simple isotropics-wave gap
have been concluded.2 The unusual gap has been explain
in terms of a multiple gap scenario,3 which predicts two gaps
with different magnitudes originating in two Fermi-surfa
~FS! sheets with different symmetry. Although the relatio
ship between the gaps and the character of FSs has
addressed using tunneling spectroscopy4 and Raman spec
troscopy,5 more recently, direct evidence for an unusual S
gap has been provided by angle-resolved photoemis
spectroscopy~ARPES!.6,7 ARPES has the capability of de
tecting momentum (k)-resolved electronic structures an
hence, could confirmk dependence of a SC gap in MgB2.
These ARPES studies have clarified a larger gap on the
dimensional~2D! FS sheet derived from thes orbital and a
smaller gap on the three-dimensional~3D! FS derived from
thep orbital, showing two-band superconductivity as an o
gin for both the unusual SC gap and the high transition te
perature (Tc). In comparison, ARPES studies of the SC g
in related compounds which possess the same structure
not been reported so far, since superconductivity of the c
pounds with the AlB2 structure has not been reliably ob
tained and/or theTc is too low to be accessed by ARPE
measurements due to instrumental limitations of sam
cooling. This may leave a question whether such an unu
SC gap is a characteristic of MgB2.

Ca(Al0.5Si0.5)2 ~CaAlSi! is isostructural with MgB2 and
shows superconductivity below 7.7 K,8,9 which is, to our
knowledge, the highestTc in ternary compounds having th
AlB2 structure. Furthermore, band-structure calculation10

have predicted that CaAlSi has two FS sheets, both of wh
have 3D character. This is in contrast to MgB2, which ex-
hibits two types of FS sheets, consisting of a 2Ds-derived
0163-1829/2004/69~10!/100506~4!/$22.50 69 1005
e

r-

e
r

en

on

o-

-
-

ve
-

le
al

h

FS and ap-derived 3D FS. Since, in MgB2, the SC gap
values depend on the characters of the FS sheets, in the
parison between CaAlSi and MgB2 it is interesting to see the
peculiarity of the electronic structure of MgB2.

In this paper we report on the ARPES results on the b
dispersion and the FS dependence of the SC gap of CaA
The valence-band ARPES study of CaAlSi shows fairly go
agreement with band-structure calculations, except for
band that can be ascribed to a surface-state band. The
gaps on different FS sheets, both with 3D character,
found to be nearly of the same magnitude of;1.2 meV
60.2 meV, resulting in a reduced gap value of;4.260.2.
This is, to our knowledge, the first data reporting a FS she
dependent measurement of the SC gap of MgB2 related com-
pounds. This result provides important insights to the role
the character of the FS for the superconducting propertie
AlB2-type compounds.

The CaAlSi single crystals were synthesized by
floating-zone method. The details were described in Ref.
X-ray diffraction measurements confirmed that our CaA
single crystals have the AlB2 crystal structure with lattice
constantsa54.19002(3) Å andc54.3978(6) Å, as re-
ported earlier.8,11 Sample orientations were identified b
Laue backscattering measurements performedex situ and
further confirmed by the symmetry of ARPES spectra. A
the ARPES spectra were obtained with a high-resolut
hemispherical analyzer using monochromatic He resona
lines @He Ia ~21.218 eV! and He IIa ~40.814 eV!#. ARPES
valence-band spectra were taken witha;30 meV energy
resolution and ultrahigh-resolution spectra for SC gaps w
taken with a 3.1 meV resolution. The instrumental angu
resolution was set to60.2°. The samples were cleaved a
measuredin situ under an ultrahigh vacuum condition with
base pressure better than 5310211 Torr. The binding energy
~BE! and the energy resolution of each spectrum were c
brated with the Fermi edge of a gold film evaporated ont
copper substrate near the samples. The accuracy of the F
energy (EF) is better than 5 meV for valence-band measu
ments and 0.2 meV for SC gap measurements.
©2004 The American Physical Society06-1
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We also calculated the band structure of CaAlSi with
standard full-potential augmented plane-wave~FLAPW!
method, in order to identify the character and dimensiona
of each FS sheet observed experimentally. We have ca
out this calculation by using the computer codeKANSAI-94

and TSPACE.12 For the exchange-correlation potential w
adopted the local-density approximation~LDA !, according to
Gunnarson and Lundqvist.13 The calculation of the core
states and the valence states are self-consistently carrie

FIG. 1. The valence-band ARPES spectra of CaAlSi obtained w
He IIa measured along the~a! G(A)-M (L) and~b! G(A)-K(H)-M (L)
high symmetry directions.

FIG. 2. ~Color! The second-derivative valence-band intensity m
of CaAlSi along theG(A)-M (L) and G(A)-K(H)-M (L) directions.
The higher intensity regions correspond to the bands. The curves s
the calculated band dispersions with the FLAPW method; the black
red curves represent the dispersion onkz50 andp/c planes in the BZ,
respectively.
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by the scalar-relativistic scheme.14 We used the experimen
tally known lattice constants and space group.8,11 The
muffin-tin radius of each atom is 0.38a for Ca, 0.23a for Al
and Si. The basis functions with the wave vectoruk1Gu
,Kmax53.6(2p/a), wherek is a wave vector in the Bril-
louin zone~BZ! andG is a reciprocal-lattice vector, resultin
in about 270 basis linear augmented plane waves~LAPWs!.

Figure 1 shows ARPES spectra from a CaAlSi~0001!
cleaved surface measured along the~a! G(A)-M (L) and ~b!
G(A)-K(H)-M (L) high symmetry directions in the BZ with
the He IIa resonance line. Here, we only discuss the ove
valence-band dispersions with He IIa, because the back
ground coming from secondary electrons is much lower a
the accessible BE and reciprocal space are much wider in
IIa than in He Ia. In Fig. 1, ARPES spectra have sever
peaks whose intensity and energy position systematic
change as a function of the measuredk. As for the structure
near EF , one can see an intense peak structure aro
M (L), which appears to form an electron pocket. To ma
the band dispersions more visible, we took a second der
tive of the raw spectra shown in Fig. 1 and plotted the inte
sity as a function of BE andk, as shown in Fig. 2. Higher
intensity regions plotted with yellow~and red for much
higher intensity region! correspond to electronic bands. W
observed several dispersive bands within 6 eV ofEF having
the same periodicity as that of the bulk BZ, especially for t
G(A)-K(H)-M (L) line. NearEF , besides the highest inten
sity region around theM (L) point that is evident from the
raw data, we also find that higher intensity regions ex
around theG(A) point and at halfway of both,G(A)-K(H)
and G(A)-M (L). We also observe two higher intensity re

h

ow
d FIG. 3. ~Color! ~a! The FS map of CaAlSi. Each blue curve show
calculated FSs on differentkz planes~see text!. ~b! The intensity map of
CaAlSi along the line (C) of ~a! corresponding to theG-M line.
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gions nearEF around theG(A) and M (L) points along
G(A)-M (L), which suggest the existence of electronlike
sheets. This is consistent with the Hall coefficient measu
ments reporting that the dominant carriers in CaAlSi
electrons.11

The black and red curves superimposed in Fig. 2d co
spond to the calculated band dispersions as a function o
andk on thekz50 andp/c planes, respectively. The calcu
lated energy-band structure is in good agreement with
previous report.10 The characters of selected bands are in
cated at the right side of the figure with ‘‘s’’ and ‘‘ p.’’ The s
bands are composed mainly of the 3s, 3px , and 3py elec-
trons of Al and Si, while thep bands are composed main
of 3pz electrons of Al and Si. The rest of the bands origina
from highly hybridized 3D electronic states of Ca, Al, and S
The calculated band dispersions for thes and p bands lo-
cated from 1.5 to 6.0 eV appear very similar to the expe
mental dispersions, though a larger deviation is observed
the p band fromkz50 plane around theG point.15 Simulta-
neous observation of two bands fromkz50 andp/c may be
due tokz broadening, which originates from a smaller esca
depth of photoelectrons due to a band gap in the final stat
due to the photon energy used~He IIa!.16 We can also find
that the observed features nearEF have a similarity to the
calculated band dispersions. The electron pocketlike st
ture atM (L) corresponds to the 3D band atkz50, though
the energy position of the calculated-band bottom has hig
BE compared with the experimental-band bottom. This s
of the band bottom may be caused by a narrowing of
bandwidth in consideration with the observation of anot
electron pocketlike structure atG(A), which can also be re
lated to the 3D band atkz50. The features located halfwa
along G(A)-M (L) and G(A)-K(H) can be assigned to th
3D band atkz5p/c. Thus we can assign the band disp
sions nearEF to the 3D bands from differentkz planes. An
important finding from the valence-band study is that CaA
has 3D FS sheets only. We found that another band arou
eV, indicated with an asterisk, cannot be assigned to
calculated bands. We attribute this! band to a surface state
as we found that structure degraded very rapidly when the
was introduced into the measurement chamber. A similar
face state band aroundG(A) was also reported in MgB2.17

Next, we discuss the electronic structure nearEF with the
data obtained with the He Ia resonance line, because high
intensity of He Ia makes it possible to study band structur
nearEF in more detail. It is also possible to measure the
gap with the higher resolution, as compared with He IIa. In
Fig. 3 we plotted spectral intensities aroundEF with a 40
meV energy window over the BZ~the thick hexagon indi-
cates the first BZ!. Higher intensity regions plotted with yel
low ~and red for much higher intensity region! correspond to
FSs. Figure 3~b! is the spectral intensity map as a function
BE andk along the thin broken line (C) of Fig. 3~a!. We
used different color scales in Figs. 3~a! and 3~b! to empha-
size the FSs and the bands. In Fig. 3~b!, the two electron
pocketlike structures aroundG(A) and M (L) are more
clearly seen than in Fig. 1 or 2. This is most probably due
higher signal-to-noise ratio and the longer escape dept
photoelectrons using He Ia compared to He IIa, leading to
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better identification ofkz values. In Fig. 3~a! these structures
form a hexagonal-like and an elliptical intensity distributio
aroundG(A) and M (L), respectively. As mentioned above
both FSs are 3D, hence we compared with the calculated
at differentkz planes in Fig. 3~a! by blue curves, where the
solid, dotted, and broken curves correspond to the inter
tions of two FSs~one is a pancakelike FS aroundG and the
other is a sixfolded gearlike FS centered atG that has six
ellipsoidal holes aroundM along kz) on kz50, p/2c, and
p/c, respectively. As seen in Fig. 3~a!, the two FSs observed
with He Ia show good correspondence to FS sheets akz
50. The negligible intensity around the midpoints alo
G(A)-M (L) and G(A)-K(L), which are observed using
He Ia, suggests that we dominantly detected electronic str
tures nearEF from kz;0 using He Ia.

Figure 4 shows ultrahigh-resolution~3.1 meV! temper-
ature-dependent spectra in the vicinity ofEF measured on
the gearlike sheet along line (A) in Fig. 3 and the pancake
like FS sheet along line (B) are shown in Fig. 4. To com
pensate the low count rate owing to the higher resolut
used, the spectra shown in Fig. 4 are the sum of ARP
spectra along the two lines, representing a nearly o
dimensional density of states. This allows us to do a Dy
function analysis~below!, which was originally used for de
scribing the superconducting density of states. The open
filled circles represent the experimental results measure
5.4 K ~normal! and 10 K~SC!, respectively. BelowTc of 7.7
K, we observe a midpoint shift of the leading edge and
quasiparticle peak around 4 meV BE, indicative of open
of the SC gap for both FS sheets. To estimate the magni
of the SC gaps~D!, we fit the data with the Dynes function,18

including a broadening parameterG.19 A Dynes function was
first multiplied with a Fermi-Dirac function of the measure
temperature and then convoluted with a Gaussian with a
width at half maximum~FWHM! equal to the experimenta
resolution.20 We determineD’s andG’s so that the observed
spectra can be well reproduced with the calculated spe
as seen for the peak and the leading edge regions. The
curves in Fig. 4 are the fitting results. TheD values for
the FS aroundG(A) and M (L) are 1.1 and 1.2 meV
respectively, which indicates that the SC gaps are of
same magnitude within the accuracy of the fitting proc
zx,(60.2 meV).21 We estimated the gap values at 0 K from

FIG. 4. Temperature-dependent ultrahigh-resolution spectra
CaAlSi measured on the FS sheets at theM (L) andG(A) points. The
open and filled circles show the experimental spectra of the normal
the SC states, respectively~see text!.
6-3
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the known temperature dependence of the SC gap22 and ob-
tained 1.460.1 meV. The reduced gap value 2D(T
50 K)/kBTc is 4.260.2, which is larger than the BCS valu
of 3.52, classifying CaAlSi as a moderately strong-coupl
superconductor. As for theG, we needed a relatively larg
value~0.6 meV! compared toD. One possible reason for tha
is an anisotropy in thekz direction, consistent with magnet
zation measurements.11,23 On the other hand, the chance th
an in-plane gap anisotropy can be eliminated from magn
zation measurements11,23 is reported when the in-plane an
isotropy is negligible.

Thus, the present results in CaAlSi are in sharp contras
the multiple gaps observed in MgB2. In MgB2, the two gaps
with different magnitude open on the two FS sheets w
very different characters~2D s band and 3Dp band!. On the
other hand, in CaAlSi, we observed identical gap value
different FS sheets with the same character~highly hybrid-
ized 3D electronic states of Ca, Al, and Si!. Moreover, the
reduced gap of 4.2 in CaAlSi is slightly larger than that f
the larger gap in MgB2 @3.56 ~Ref. 6!, 3.54 ~Ref. 24!#, sug-
gesting that strong coupling is not required for explaining
Tc of MgB2. Thus SC gap measurements on the different
sheets of CaAlSi contrast the characteristic superconduc
electronic structure of MgB2 originating from the coexist-
ence of FS sheets with different dimensionality. Fir
principle calculations3 showed that, in MgB2, the 2D FSs, or
)
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2D bands can selectively couple to the high-frequency
phonon mode throughk-dependent electron-phonon co
pling. Thus MgB2 is different from superconductors wher
k-dependent electron-phonon coupling does not play a m
role, as in CaAlSi.10

In summary, we have performed ARPES of CaAlS
which is a superconductor (Tc57.7 K) with the AlB2 struc-
ture. The experimental valence bands agree fairly well w
the calculated results, except for a band that can be ascr
to a surface state. Measurements of the superconducting
on the two different electron pockets aroundG(A) andM (L)
in the BZ provide essentially the same superconducting
value (;1.2 meV60.2 meV), corresponding to the reduce
gap value 2D(0)/kBTc of ;4.260.2. This indicates tha
CaAlSi is a moderately strong-coupling superconduc
Moreover, observed similar gap values on different FSs
CaAlSi, but with the same 3D character, contrast with
different gap values on different FSs in MgB2, providing
important insights to the role of dimensionality and symm
try for the superconducting properties of AlB2-type com-
pounds.
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