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High-resolution angle-resolved photoemission spectroscopy of CeBi
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High-resolution angle-resolved photoemission spectros¢biR-ARPES has been performed on a CeBi
single crystal to study the complicated electronic structure near the Fermi eyel The experimental result
was compared with the band-structure calculation based op-thenixing model as well as the de Haas—van
Alphen (dHvA) effect measurements. It was found that the overall feature of the valence band shows a
remarkably good agreement between the experiment and the calculation, suggesting the essential validity of the
p-f mixing model. HR-ARPES measurement n&arhas established the existence of a small electron pocket
centered at théM point in the Brillouin zone, supporting the band calculation and the dHvA measurement.
HR-ARPES spectra around tHé point show some dispersive bands né&ar indicative of a hole pocket
centered at thé point, though it was not so clearly resolved as the electron pocket due to close proximity of
individual bands. These results are consistent with the semimetallic nature of CeBi. The observed quantitative
discrepancy between the experiment and the calculation is discliS€863-18286)00437-1

[. INTRODUCTION spin-orbit interaction of Bi  states and the weakest hybrid-
ization between Bi p and Ce 4 states:® **Experimentally,
Cerium monopnictidegCeX; X=N, P, As, Sb, and Bi it behaves as a low-carrigi0.021 carriers per a Ce ipn
with a simple NaCl structure are categorized as a low-carrieflense-Kondo systefi:'® It shows a complicated magnetic
dense-Kondo system, showing anomalous physical propephase transition with temperature; it transform from a para-
ties such as complicated magnetic phase transitiotilany ~ Magnetic phase to an antiferromagnetic type-I phasgel)
experimental and theoretical studies have been performed é¥ 25 K, then changesl Into another antiferromagnetic-type-1A
these compounds to elucidate the nature of their anomalou¥'aS&AF-1A) at 13 K“The Ce 4 spin arrangement in the
electronic and magnetic properties. Among several theoret@ntiferromagnetic phases is described by the periodic stack-
cal proposals, the-f mixing mode? seems successful in N9 structure of ferroma_lgn_enc planes with alterngtlngﬂtp
explaining well the unique magnetic behavior. According to@nd down(—) magnetization. The above-mentioned AF-|
this model, the top of occupied electronic states consistdhd AF-IA phases of CeBi correspond to stacking sequences
mainly of the pnictogemp state(n=2-6), while the bottom  ©f (+—) and (++——) of ferromagnetic planes, respec-
of the unoccupied electronic states originates in the g5 tively. The paramagnetic phase shows a dense—léan_do-llke
state. Ce monopnictides except for CeN are semimetallic dugehavior with the Kondo temperature @k =100 K" in
to the overlap between the pnictogenstate and the Ce spite of the low-carrier concentration. The de Hgas—van Al-
5dt,, state, possessing a hole pocket with a dominant pnicPhen (dHvA) measurement on the ferromagnetic pfiaSe
togenp character at th& point (I'y) and an electron pocket shows an overall agreement with tghﬁ tig\nd—structure calcula-
with the Ce i nature at theX point in the Brillouin zone. It  tion based on th@-f mixing model™" '
is established that Ce ions in Ce monopnictides are almost Angle-resolved photoemission spectroscépRPES isa
trivalent and the Ce &, state is split into thés quartet and  Unique and powerful experimental technique, providing di-
the I, doublet due to the crystal field. Hence the pnictogen Tectly theE (energy —k (wave vectoy relation, namely the
states forming the top of occupied electronic states ar®and structure of a crystal. In this paper, we report our high-
strongly mixed with the Ce 4, quartet having the sanig resolution ARPES results on single-crystal CeBi at Iqw tem-
symmetry, causing a downward shift of the Cle AT'g) State perature(10 K). We compare the ARPES results with the
and at the same time an upward shift of the pnictoggs band-structur_e calculation as yvell as the deA measure-
state. On the other hand, the intra-atomic anisotrapit men_ts and discuss the complicated electronic structure of
Coulomb interaction is expected to be considerably stron§€B-
between the Ce #, doublet(I'7) and the Ce 8t,, band at
the bottom of the unoccupied state. Thef mixing model
thus explains how the complicated electronic structure near
the Fermi level Ef) gives an anomalously high Kondo  CeBi single crystals were grown by the Bridgman method
temperaturé® (T,) as well as the anomalous anisotropic with a sealed tungsten crucible and a high-frequency induc-
magnetic properties. tion furnace. High purity Ce (R) and Bi (5N) metals with
CeBi is expected to have the largest hole and electrotthe respective composition ratio were used as starting mate-
pockets among Ce monopnictifldsecause of the strongest rials. The obtained sample were characterized by the Debye-
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= FIG. 2. Brillouin zone of an antiferromagnetic CeBi of type-IA

(AF-1A) phase with a simple tetragonal structytieick line) com-
pared with that of the paramagnetic phase with a fcc strugthne
line).

! Fig. 2 for the Brillouin zong The spectral intensity is nor-
% malized at a prominent peak around 3 eV binding energy.
N The polar angld€6) denoted on each spectrum was measured
4Bind3in é 1 Er from the surface normal of tHa.00] plane. We find in Fig. 1
g Energy (eV) that the position and intensity of peaks in the ARPES spectra
FIG_. 1 High-resolution angle-_resolved _phot_oemigsion spectra ofre very sensitive to the polar angle. This spectral change
a CeBi smg!e crystal measured in theM direction with the He | directly represents the band structure of CeBi in THd
resonance l'néz.l'.zz _e\)} at 10 K. Polar angleo) referred to the direction, since the polar angkis converted into the wave
surface normal is indicated on each spectrum. vectork. When we look at the vicinity of the Fermi level, we

Scherrer method as well as the resistivity and transversdltice that the spectral change is remarkablé-a0°-10°
magnetic resistance measurements. Obtained lattice constafifld 22°—35°. In the region @i=0°-10°, a large broad peak
residual resistivity at 4.2 K, and magnetoresistifityp/p(0) ~ Moves from the vicinity of the Fermi level to the high
whereAp=p(10T)—p(0)] at 0.8 K were 6.505 A, 1.pQ cm,  binding-energy side when we increase the polar angle from
and 8. These values are almost the same as those of a sin§le to about 10°. On the other hand, we find a small but
crystal with which the dHVA effect was observed;?®  distinct structure just aEg in spectra of¢=22°-35°. The
showing a high quality of the present crystal. former spectral change suggests the existence of dispersive
Photoemission measurements were carried out using leands which touch or crods: near thel’ point in the Bril-
homebuilt high-resolution photoemission spectrometerjouin zone while the latter implies an electron pocket near
which has a large hemispherical electron energy analyzehe M point.
(diameter: 300 miand a highly bright discharge lanip. In order to see the spectral change nEarin detail, we
The base pressure of the spectrometer was® ™ Torrand  show in Fig. 3 the spectra ne& in an enlarged binding-
the angular resolution was abatifl°. The energy resolution energy scale. We find in Fig.(® that there are at least two
was set at about 50 meV for quick data acquisition becausgispersive bandgA andB) in the vicinity of the Fermi level
of relatively fast degradation of the sample surface as desrounde=0° and both have a similar energy dispersion with
scribed below. A clean mirrorlike surface of CeBlO0l  ine minimum binding energy at=0°. The observed disper-
plane was obtained kip situ cleaving at 10 K just before the ;5 appears to be symmetric with respectste0°, which
measurement and ke.pt at the same temperature .througthHicates high accuracy of the sample alignment in the
the measurement. Since we observed degradation of t esent measurement. We also find in Fits) 3hat bandA
sample surface as evident by increase of background in t C?Pes not cros . whi.Ie bandB seems to touchE, near

spectrum, we recorded every spectra before the spectral” . . e
change became detectalfisithin a few hours. We have %—O since the photoemission spectrum shows a very sharp

measured ARPES spectra for several samples and obtainFae atEg at o= _#0_2; In tr?e [jeg|on ofblargergolsr angleﬁ
reproducible results. The Fermi level of the sample was relr19- 3D)], on the other hand, we observed three well-
ferred to that of a gold film evaporated on the sample subf€Selved bandsX-Z), of which dispersive features are to-

strate and its accuracy was estimated to be better than ®lly different each other in contrast with the region near
mevV. 6=0°[Fig. 3@]. In particular, band shows a very charac-

teristic energy dispersion; it suddenly appearsEat at
#=24°-25°, showing a very small dispersion with the maxi-
mum binding energy of about 0.15 eV é+29° and again
Figure 1 shows the ARPES spectra of CeBi measured anters into unoccupied stat@boveEy) at =35°. This pro-
T=10 K along thel'M direction in the Brillouin zongsee vides a clear evidence for existence of an electron pocket at

Ill. RESULTS AND DISCUSSION
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FIG. 4. Experimental band structure of CeBi in thdAZ
plane of the Brillouin zone(Fig. 2 derived from the present
ARPES measurementfigs. 1 and 3 Solid and open circles and
crosses represent prominent, medium, and weak structures in the
spectra, respectively. The result of the band-structure calculation
based on th@-f mixing model is also shown for comparison. Solid
and broken lines correspond ItM and ZA lines in the Brillouin
zone, respectively. Note an overall agreement between the experi-
ment and the calculation.

the M point in the Brillouin zone as predicted by the band-
structure calculatior®?2

Figure 4 shows the band dispersion obtained from the
present ARPES measurement by converting the polar angle
into the wave vectok using a conventional methdd.The
experimental results are shown by solid and open circles and
crosses depending on the intensity of peaks in the spectra;
solid circles represent prominent peaks, being followed by
open circles and crosses in this order. In Fig. 4, the experi-
mentally obtained band dispersion is compared with a band-
structure calculation based on thef mixing model. In the
calculation, we assumed that the up-spin and down-spin sites
are occupied by th¢,=5/2 andj,=—5/2 states of a Ce ion,
respectively. The energy level of the occupied state was set
at 1.2 eV below thé& in the calculation as in the ferromag-
netic case. The details of the band calculation was described
elsewheré?® In Fig. 4, we show the calculated energy disper-
sion along two parallel high-symmetry lin€M (solid lineg
and ZA (broken line$ since the ARPES measurement was
done in thd"MAZ plane in the Brillouin zonésee Fig. 2. It

FIG. 3. (a) High-resolution angle-resolved photoemission spec-is well eStab“She.d that a hi_gh—_symmetry line in the BriIIouin'
tra nearEg of CeBi in an enlarged binding-energy scale measured”°N€ has'a do”.“”am Contr!bu“on to the ARPES SpeCtrum n
around thel’(Z) point in the Brillouin zone. Spectra show disper- a thr_ee-dlmen5|onal _materlal bgca_use of the r_elatlvely high
sive bandsA(M) andB(A). BandB approache&, and touches it density of states on it and the lifetime broadeningkgfer-

around #=0°. (b) High-resolution angle-resolved photoemission Pendicular to the crystal surfa®.
spectra neaEg of CeBi around theM(A) point in the Brillouin As found in Fig. 4, the overall feature of the band struc-

zone. Three dispersing band<M), Y(A), and Z(®) are clearly ture shows a good agreement between the experiment and
seen. Note that band suddenly appears &g around§=24°-25°, the calculation. It is Surprising that the blndlng energy of
showing a slight energy dispersion with the maximum binding en-bands at’(Z) point shows an almost perfect agreement be-
ergy of about 0.15 eV a#=29°[corresponding to th#™(A) poinf],  tween the two. We also find that some highly dispersive
and then enters again into unoccupied state@=85°. This char- bands located at 2—3.5 eV predicted by the calculation are
acteristic behavior of band@ indicates existence of an electron clearly observed in the present ARPES measurement at al-
pocket at theM point. most the same energy position, although a small deviation is

Intensity (arb. units)
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seen near thé1(A) point. A bunch of calculated bands lo- its considerably small photoionization cross section for He |

cated at 1.5-2 eV is also observed in the experiment as photons**

prominent peak. According to the band calculafigrt®181° Finally, we discuss the quantitative discrepancy between
the dispersive bands located at 1.5-3.5 eV originate mainljhe experiment and the calculation as shown in Fig. 4. Al-

in the Bi 6p,, state. Although we could not resolve each though both show a good qualitative agreement each other,
calculated band located Bt —1.5 eV because of their close We find some discrepancies in the binding energy of bands,
proximity and the lifetime broadening, we observed one ofor €xample, at thé!(A) point. This quantitative difference

two composite bar(@) in the experiment in the same energy May arise_from the treatment of tfiéband in the calculation,
region. These bands have a dominant Bips§ where a single level is assumed for théevel and an appro-

charactef*16.1819n Fig. 4, we find a small portion of a priate binding energy was chosen to reproduce the dHVA
dispersivé band be|0\E,; a:c theM or A point, which we result. However, as already observed by resonant photoemis-

. . : sion spectroscop}f:'?thef level in the compound splits into
ascribe to an electron pocket at tpoint predicted by the the bonding and antibonding bands with the energy interval

band calculation since there are no corresponding calculate 2-3 eV. This suggests that the observed discrepancy in

bands nearEr at the A point. It is noticed that the Fig. 4 may be reduced when two separievels are prop-
Eg-crossing point of this electron pocket shows a goode”y incorporated in the calculation.
agreement between the calculation and the ARPES experi-

ment, supporting the dHvA measuremé&nt,while the bot- IV. CONCLUSION
tom of the electron pocket is shallower about twice in the

experiment, suggesting a strong renormalization effect near W€ have performed a high-resolution angle-resolved pho-
Er. This electron pocket consists of the Cedtg, ~ l0emission spectroscofARPES on a single crystal CeBi
state$9:16.18.19 to investigate the complex electronic structure near We '
When we compare the present ARPES result with théound that ARPES spectra show a remarkable change with
dHVA measuremert!62°handsA andB in Figs. 3a) and 4 respect to the angle of emitted photoelectrons, reflecting the

may correspond to the bands forming the small hole Shee&omplicated bgnd structure. Although we found some disper-
observed in the dHvVA measurement for the ferromagneti ve bands with a Bi B qhar.acter Wh!Ch approach and
phase under a magnetic field. Thef mixing model has ouch E; at theT" point indicative of existence of a hole
predicted that the anisotropf (I'g) mixing pushes up the pocket centered at the point, we c_:ou_ld_ not resolve each
8 bands, producing several hole pockets centerdd mint band due to the close proximity of individual bands. Ir_1 con-
under a magnetic field. In the present ARPES study, howlrast, we clearly observed an electron pocket athheoint
ever, we could not observe the larger hole sh&&This may havmg a ?_trongt;hCe (5t29. ch?rﬁ_cter. '{hese ]:A‘FC{PES 3\?ser\|/a—
be because the spectral intensity is considerably suppressgansd ﬁgnt"tr;‘ be zer?lm(ta aflic Ta lljr? N b N c; eH: SO
by a strong anisotropip-f (I's) mixing and the resultant oun at the band-structure calculation based onp
small photoionization cross section for the He | photths. mixing model shows a_goc_)d qualltatlve agr_eemer_lt_wnh the
While it is difficult to identify definitely a hole pocket at PreSent ARPES result, indicating the essential validity of the
the T point, an electron pocket at the point is clearly model. The observed quantitative discrepancy between the
observed iﬁ the experiment as seen in Fig. 4. However, w xperiment and the calculation demands a more realistic

could not observe another larger electron pocket whic reatment of the & level in the calculation.
crosseskEr around a middle point between tHé and M
points. According to thep-f mixing model®®*° this band
has a strongly mixed character of Cé dnd & states with a We are very grateful to Professor T. Kasuya for useful
substantial 4 weight. Similarly to the large hole pocket discussion. T.Y. and A.C. thank the Japan Society for the
which has a strong #character and is absent in the presentPromotion of Science for financial support. This work was
ARPES measurement, the large electron pocket may not agupported by grants from the NEDO and the Ministry of
pear as a prominent structure in an ARPES spectrum due teducation, Science, and Culture of Japan.
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