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Angle-resolved photoemission spectroscopy of Ca8i, ), (CaAlSi), which is a superconductdtransi-
tion temperature is 7.7 Xwith the AIB, structure, revealed that superconducting gaps on two Fermi surfaces
(FS9 with three-dimensional character aroufiA) andM (L) in the Brillouin zone provide essentially the
same superconducting gap value 1.2 meV+0.2 meV). This is in contrast to the case of MgBn which
different FSs exhibit different gap values. The reduced gap valu@PkgT. of ~4.2+0.2 classifies CaAlSi
as a moderately strong-coupling superconductor.
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After the discovery of an unexpectedly high-temperaturers and am-derived 3D FS. Since, in MgB the SC gap
superconductivity in MgB,* intensive studies of Mg as  values depend on the characters of the FS sheets, in the com-
well as related compounds, have been performed to undeparison between CaAlSi and Mg is interesting to see the
stand the mechanism of its superconductifitifrom the peculiarity of the electronic structure of MgB
magnitude and symmetry of the superconducti&g) gap, In this paper we report on the ARPES results on the band
which are closely related to the strength and origin of thedispersion and the FS dependence of the SC gap of CaAlSi.
driving force of the Cooper pair, respectively, evidence forThe valence-band ARPES study of CaAlSi shows fairly good
an unusual SC gap and not a simple isotropiwave gap  agreement with band-structure calculations, except for one
have been concludédThe unusual gap has been explainedpand that can be ascribed to a surface-state band. The SC
in terms of a multiple gap scenarfayhich predicts two gaps gaps on different FS sheets, both with 3D character, are
with different magnitudes originating in two Fermi-surface found to be nearly of the same magnitude ofl..2 meV
(FS sheets with different symmetry. Although the relation- +0.2 meV, resulting in a reduced gap value-e#.2+0.2.
ship between the gaps and the character of FSs has begRis is, to our knowledge, the first data reporting a FS sheet-
addressed using tunneling spectros¢opgd Raman spec- dependent measurement of the SC gap of MgBated com-
troscopy; more recently, direct evidence for an unusual SCpounds. This result provides important insights to the role of
gap has been provided by angle-resolved photoemissioihe character of the FS for the superconducting properties of
spectroscopfARPES.®” ARPES has the capability of de- AB,-type compounds.
tecting momentum K)-resolved electronic structures and, The CaAlSi single crystals were synthesized by a
hence, could confirnk dependence of a SC gap in MgB  floating-zone method. The details were described in Ref. 11.
These ARPES studies have clarified a larger gap on the twok-ray diffraction measurements confirmed that our CaAlSi
dimensional(2D) FS sheet derived from the orbital and a  single crystals have the AjBcrystal structure with lattice
smaller gap on the three-dimensiort@D) FS derived from constantsa=4.19002(3) A andc=4.3978(6) A, as re-
the 7 orbital, showing two-band superconductivity as an ori-ported earlief:!! Sample orientations were identified by
gin for both the unusual SC gap and the high transition temtaue backscattering measurements perforragdsitu and
perature T.). In comparison, ARPES studies of the SC gapfurther confirmed by the symmetry of ARPES spectra. All
in related compounds which possess the same structure hatlee ARPES spectra were obtained with a high-resolution
not been reported so far, since superconductivity of the comhemispherical analyzer using monochromatic He resonance
pounds with the AIB structure has not been reliably ob- lines[He la (21.218 eV and He lkx (40.814 eV]. ARPES
tained and/or thel. is too low to be accessed by ARPES valence-band spectra were taken wih-30 meV energy
measurements due to instrumental limitations of sampleesolution and ultrahigh-resolution spectra for SC gaps were
cooling. This may leave a question whether such an unusughken with a 3.1 meV resolution. The instrumental angular
SC gap is a characteristic of MgB resolution was set ta-0.2°. The samples were cleaved and

Ca(AlysSip5)» (CaAlSi) is isostructural with MgB and  measuredn situ under an ultrahigh vacuum condition with a
shows superconductivity below 7.7 &, which is, to our base pressure better tham 50~ ! Torr. The binding energy
knowledge, the highedk; in ternary compounds having the (BE) and the energy resolution of each spectrum were cali-
AIB, structure. Furthermore, band-structure calculatidns brated with the Fermi edge of a gold film evaporated onto a
have predicted that CaAlSi has two FS sheets, both of whiclkkopper substrate near the samples. The accuracy of the Fermi
have 3D character. This is in contrast to MgBwhich ex-  energy Eg) is better than 5 meV for valence-band measure-
hibits two types of FS sheets, consisting of a 2l@lerived ments and 0.2 meV for SC gap measurements.
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(@) (b) by the scalar-relativistic schemi&We used the experimen-
' tally known lattice constants and space grédp.The
muffin-tin radius of each atom is 0.88or Ca, 0.22 for Al
and Si. The basis functions with the wave vecthe- G|
2| o) <Kna=3.6(27/a), wherek is a wave vector in the Bril-
louin zone(BZ) andG is a reciprocal-lattice vector, resulting
in about 270 basis linear augmented plane waléPWs).
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I'(A)-K(H)-M (L) high symmetry directions in the BZ with

HE K(H) the He lle resonance line. Here, we only discuss the overall

' valence-band dispersions with He]l because the back-
ground coming from secondary electrons is much lower and
the accessible BE and reciprocal space are much wider in He
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AL Ila than in He k. In Fig. 1, ARPES spectra have several
v peaks whose inte_nsity and energy position systematically
bttt change as a function of the measukedAs for the structure
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FIG. 1. The valence-band ARPES spectra of CaAlSi obtained withM (L), which appears to form an electron pocket. To make
He lla measured along th@) I'(A)-M(L) and(b) T'(A)-K(H)-M(L) the band dispersions more visible, we took a second deriva-
high symmetry directions. tive of the raw spectra shown in Fig. 1 and plotted the inten-

o sity as a function of BE an&, as shown in Fig. 2. Higher

standard full-potential augmented plane-wa#eLAPW)  higher intensity regioncorrespond to electronic bands. We
method, in order to identify the character and dimensionalityypserved several dispersive bands within 6 e\Epfhaving

of each FS sheet observed experimentally. We have carrigfle same periodicity as that of the bulk BZ, especially for the
out this calciglatlon by using the computer cad@NSAl_-94 T'(A)-K(H)-M(L) line. NearEr, besides the highest inten-
and TsPACE™® For the exchange-correlation potential we gjty region around thé/(L) point that is evident from the
adopted the local-density approximatidtDA), according to oy data, we also find that higher intensity regions exist
Gunnarson and Lundqvist. The calculation of the core around thel'(A) point and at halfway of both (A)-K(H)
states and the valence states are self-consistently carried a4 T'(A)-M(L). We also observe two higher intensity re-

Binding Energy (eV)

B %0 %\ ‘ |
\(5 ;: F
20
T T T g 7
M R® T S K & M =
L . ® HT G 2021 |
=
FIG. 2. (Color) The second-derivative valence-band intensity map ; 0.3 “. |

of CaAlSi along thel'(A)-M(L) and I'(A)-K(H)-M(L) directions. k along line (C)

The higher intensity regions correspond to the bands. The curves show )

the calculated band dispersions with the FLAPW method; the black and FIG. 3. (Color) (a) The FS map of CaAlISi. Each blue curve shows
red curves represent the dispersionkgr:0 and/c planes in the BZ,  calculated FSs on differeky, planes(see text (b) The intensity map of
respectively. CaAlSi along the line €) of (a) corresponding to th&'-M line.
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gions nearEg around theI'(A) and M(L) points along AR SR AR
I'(A)-M(L), which suggest the existence of electronlike FS ==y, | CaAlSi

sheets. This is consistent with the Hall coefficient measure- |T.=T7K
ments reporting that the dominant carriers in CaAlSi are
electronstt

APPSR oy,

M(L) A=1.2meV ‘V.
r'=0.6 meV 3

o 2

ey . ‘"iu""-a."-,
I(A) A=1.1meV A
T'=0.6 mevV

The black and red curves superimposed in Fig. 2d corre- S X
spond to the calculated band dispersions as a function of BE —— tting result
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andk on thek,=0 and=/c planes, respectively. The calcu- 240

lated energy-band structure is in good agreement with the
previous report® The characters of selected bands are indi- T e i
cated at the right side of the figure witl* and “ 7.”" The o 15 o s Ep 5
bands are composed mainly of the, 3p,, and 3, elec- Binding Energy (meV)
trons of Al and Si, while ther bands are composed mainly FIG_. 4. Temperature-dependent uItrahigh-resqution spectra of
o1 3p, electrons of Al and Si. The rest o the bands orignale /1S nessured on U 7S sheets ) snd b pante The
from highly hybridized 3D electronic states of Ca, Al, and Si. he SC states, respectivelgee text
The calculated band dispersions for theand 7= bands lo-
cated from 1.5 to 6.0 eV appear very similar to the experi-better identification ok, values. In Fig. 8) these structures
mental dispersions, though a larger deviation is observed fdorm a hexagonal-like and an elliptical intensity distribution
the  band fromk,=0 plane around th€ point® Simulta-  aroundI'(A) andM(L), respectively. As mentioned above,
neous observation of two bands frdg=0 andz/c may be  both FSs are 3D, hence we compared with the calculated FSs
due tok, broadening, which originates from a smaller escapeat differentk, planes in Fig. &) by blue curves, where the
depth of photoelectrons due to a band gap in the final state awlid, dotted, and broken curves correspond to the intersec-
due to the photon energy uséde lle).*® We can also find tions of two FSs(one is a pancakelike FS aroufidand the
that the observed features ndat have a similarity to the other is a sixfolded gearlike FS centeredlathat has six
calculated band dispersions. The electron pocketlike strucellipsoidal holes around alongk,) on k,=0, 7/2c, and
ture atM (L) corresponds to the 3D band lat=0, though  =/c, respectively. As seen in Fig(8, the two FSs observed
the energy position of the calculated-band bottom has highawith He la show good correspondence to FS sheet&,at
BE compared with the experimental-band bottom. This shift=0. The negligible intensity around the midpoints along
of the band bottom may be caused by a narrowing of thé"(A)-M(L) and I'(A)-K(L), which are observed using
bandwidth in consideration with the observation of anotherHe la, suggests that we dominantly detected electronic struc-
electron pocketlike structure &t(A), which can also be re- tures neaEg from k,~0 using He k.
lated to the 3D band &,=0. The features located halfway Figure 4 shows ultrahigh-resolutiof3.1 me\) temper-
alongI'(A)-M(L) andI'(A)-K(H) can be assigned to the ature-dependent spectra in the vicinity Bf measured on
3D band atk,=m/c. Thus we can assign the band disper-the gearlike sheet along lin) in Fig. 3 and the pancake-
sions nealEg to the 3D bands from differerit, planes. An like FS sheet along lineR) are shown in Fig. 4. To com-
important finding from the valence-band study is that CaAlSipensate the low count rate owing to the higher resolution
has 3D FS sheets only. We found that another band arounddsed, the spectra shown in Fig. 4 are the sum of ARPES
eV, indicated with an asterisk, cannot be assigned to angpectra along the two lines, representing a nearly one-
calculated bands. We attribute thisband to a surface state, dimensional density of states. This allows us to do a Dynes
as we found that structure degraded very rapidly when the afiunction analysigbelow), which was originally used for de-
was introduced into the measurement chamber. A similar suscribing the superconducting density of states. The open and
face state band aroud®A) was also reported in MgB*’ filled circles represent the experimental results measured at
Next, we discuss the electronic structure neawith the 5.4 K (norma) and 10 K(SC), respectively. Belowl, of 7.7
data obtained with the Halresonance line, because higher K, we observe a midpoint shift of the leading edge and a
intensity of He lx makes it possible to study band structuresquasiparticle peak around 4 meV BE, indicative of opening
nearEg in more detail. It is also possible to measure the SCof the SC gap for both FS sheets. To estimate the magnitude
gap with the higher resolution, as compared with Helh  of the SC gap$A), we fit the data with the Dynes functidf,
Fig. 3 we plotted spectral intensities arouBgd with a 40  including a broadening parametér® A Dynes function was
meV energy window over the BZthe thick hexagon indi- first multiplied with a Fermi-Dirac function of the measured
cates the first BZ Higher intensity regions plotted with yel- temperature and then convoluted with a Gaussian with a full
low (and red for much higher intensity regjororrespond to  width at half maximum(FWHM) equal to the experimental
FSs. Figure @) is the spectral intensity map as a function of resolution?® We determineA’s andI’s so that the observed
BE andk along the thin broken line@) of Fig. 3&@. We  spectra can be well reproduced with the calculated spectra
used different color scales in Figs(aBand 3b) to empha- as seen for the peak and the leading edge regions. The solid
size the FSs and the bands. In Figb)3 the two electron curves in Fig. 4 are the fitting results. The values for
pocketlike structures around'(A) and M(L) are more the FS aroundl’(A) and M(L) are 1.1 and 1.2 meV,
clearly seen than in Fig. 1 or 2. This is most probably due taespectively, which indicates that the SC gaps are of the
higher signal-to-noise ratio and the longer escape depth cfame magnitude within the accuracy of the fitting process
photoelectrons using Herlcompared to He it, leading to  zx< (0.2 meV)?* We estimated the gap valuestek from

=42
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the known temperature dependence of the SGapd ob- 2D bands can selectively couple to the high-frequency 2D
tained 1.4-0.1 meV. The reduced gap valueAgT phonon mode througtk-dependent electron-phonon cou-
=0K)/kgT. is 4.2+ 0.2, which is larger than the BCS value pling. Thus MgB is different from superconductors where

of 3.52, classifying CaAlSi as a moderately strong-couplingk-dependent electron-phonon coupling does not play a major
superconductor. As for thE, we needed a relatively large role, as in CaAlSt?

value(0.6 meV) compared ta\. One possible reason for that [N summary, we have performed ARPES of CaAlSi,

is an anisotropy in th&, direction, consistent with magneti- Which is a superconductoif{=7.7 K) with the AlB, struc-
zation measurements?3On the other hand, the chance that ture- The experimental valence bands agree fairly well wlth
an in-plane gap anisotropy can be eliminated from magneﬁthe calculated results, except for a band that can be ascribed

zation measuremert<?® is reported when the in-plane an- to a surface state. Measurements of the superconducting gap
isotropy is negligible. on the two diffr—;rent electr.on pockets aroun@A) andM (I__)
Thus, the present results in CaAlSi are in sharp contrast t§! the BZ provide essentially the same superconducting gap
the multiple gaps observed in MgBIn MgB,, the two gaps value (~1.2 meV:0.2 meV), correspondl_ng.to .the reduced
with different magnitude open on the two FS sheets withd@P value A(0)/kgT, of ~4.2+0.2. This indicates that
very different character@D o band and 3Dr band. On the CaAlSi is a moderat_ely strong-coupling sgperconductqr.
other hand, in CaAISi, we observed identical gap value ofioreover, observed similar gap values on different FSs in
different FS sheets with the same charactéghly hybrid- QaAIS|, but with the same 3D charact_er, contrast.vx(lth the
ized 3D electronic states of Ca, Al, and).SMloreover, the different gap values on different FSs in MgBproviding
reduced gap of 4.2 in CaAlSi is slightly larger than that forimportant insights to the fole of dlme_nS|onaI|ty and symme-
the larger gap in MgB[3.56 (Ref. 6, 3.54 (Ref. 24], sug- try for the superconducting properties of AlB/pe com-
gesting that strong coupling is not required for explaining the?ounds.
T, of MgB,. Thus SC gap measurements on the different FS This work was supported by Grant-in-aid from the Min-
sheets of CaAlSi contrast the characteristic superconductingtry of Education, Science, and Culture of Japan. S.T. thanks
electronic structure of MgB originating from the coexist- the Japan Society for the Promotion of Science for financial
ence of FS sheets with different dimensionality. First-support. We thank Professor A. Chainani for valuable discus-
principle calculation$showed that, in MgB, the 2D FSs, or  sions and a reading of the manuscript.
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