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High-resolution angle-resolved photoemission study of CeP:
Narrow-band formation of 4f electrons
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High-resolution angle-resolved photoemission spectroscopy at low temperature has been performed on the
low-carrier Kondo material CeP. It was found that fhé bonding state with a dominanf £haracter exhibits
a finite-energy dispersion of about 40 meV along Ehédirection in the Brillouin zone. This implies thaf 4
electrons in CeP form a narrow band owing to the strong anisotrgpit and d-f mixing.
[S0163-18207)51306-3

Ce compounds have been intensively studied because spective composition ratio were used as starting materials.
their various intriguing physical properties. The observedObtained single crystals were characterized by the x-ray dif-
anomalous properties are regarded to originate in the natufeaction as well as the resistivity and transversal magnetic
of Ce & electrons in the compounds. However, the charactefesistance measurements. Measured lattice constant, residual
of 4f electrons itself has not been well elucidated and hasesistivity at 4.2 K, and magnetoresistivity at 0.4 Xo/o(0)
been interpreted with either of the two extreme models, lowhereAp=0(10 T)-0(0)] were 5.945 A, 780 cm, and 2.7,

calized and itirzlera_nt ones. The single-impurity Andersonyespectively, being almost the same values as those of a
model(SIAM),2? which treatsf electrons as localized states, single crystal used in the previous de Haas—van Alphen

successfully describes the dense Kondo materials with 10Wx,a55urement’
do temperatur¥ (T,’s), while it appears not to work e ; ;
Kon k=) Photoemission measurements were carried out with a

. . _ . . . y . 57 - ] X ) X
\llzvsrlih?rr 'Petirerr?fd'ﬁtet vale_nc_e ma:e(rjl_als with hlg_ms. . _home-built high-resolution photoemission spectrometer
’ photoemission Studies on various Cerungip pag g large hemispherical electron energy analyzer

compound$® reported the existence of a finite-energy dis-(d. . ] - .
) “ i " ; iameter: 300 mmand a highly bright discharge lamp. The
persion of the “Kondo-resonance” peak at the Fermi IeveIbase pressure of the spectrometer was better thah02™!

Er), suggesting a substantial contribution of lattice effect to .
'Ehg)elec?r%nic s?ructure Torr. The angular and energy resolutions were set at 2° and

The p-f mixing model’® which treats the # state as a 50 meV, respectively, for quick data acquisition because of

band, has successfully explained the experimental results &¢latively fast degradation of the sample surface as described
semimetallic Ce monopnictide&€eX; X=N to Bi).}"1In beIO\_N. A cIt_aan mwrorhkg surface of peBOO] plane was
this model two different types of carriers strongly interactoPtained byin situ cleaving at 15 K just before the mea-
with the Ce 4 state; one is the holelike state originating in surement and kept at the same temperature throughout the
the pnictogerp state located at thE point in the Brillouin ~ €xperiment. Since we observed degradation of the sample
zone and another is the electronlike state atthgoint hav-  surface as evidenced by increase of background in the spec-
ing the Ce %, character. Thel-f mixing between the Ce trum after a few hours after cleaving, we recorded every
4f doublet(I';) and the Ce 8,4 states, as well as the-f spectra within one hour. We have measured several samples
mixing (the anisotropic hybridization between the Cé 4 and confirmed the reproducibility of the ARPES spectra. The
quartet and the pnictoggm,, states with the samEg sym-  Fermi level of the sample was referenced to that of a gold
metry) together play a significant role in characterizing thefilm deposited on the sample substrate and its accuracy was
observed anomalous properties of Ce monopnictides. Suchestimated to be better than 5 meV.
strong anisotropic interaction between the esfate and Figure 1 shows ARPES spectra of CeP measured at 15 K
the pnictogermp as well as the Cedbstate is expected to give along thel'’X direction in the fcc Brillouin zone using He |
a substantiak (wave vector dependence of the hybridiza- [21.2 eV, Fig. 18)] and He 11[40.8 eV, Fig. 1b)] resonance
tion strength, resulting in the band formation of the de 4 lines. The intensity of spectra is normalized at a prominent
states. Angle-resolved photoemission spectros¢ARPES peak at about 2 eV. The polar andl® measured from the
is a unique and powerful experimental technique, providingsurface normal of the cleave¢dlO0] plane is denoted on each
directly the E (energy -k relation, namely the band struc- spectrum. We find in Fig. 1 that ARPES spectra excited by
ture. In this paper, we report a high-energy resolutidR)  two different photongHe | and He 1) show remarkably dif-
ARPES study on single-crystal CeP and discuss the elederent spectral features; He | spectra have a prominent peak
tronic structure and thereby the validity of tipef mixing  at about 2 eV while He Il spectra exhibit two additional
model. peaks comparable to the 2-eV peak at about 0.3 and 3 eV,
CeP single crystals were grown in a sealed tungsten cruespectively. In particular, the 0.3-eV peak is remarkably en-
cible using a high-frequency induction furnace. High-purity hanced in He Il spectra compared with that of He | spectra.
Ce (99.9% pure and P(99.999% purkemetals with the re- This difference of spectral shape is due to the photon-energy
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_ FIG. 1. Angle-resolved photoemission spectra of a C&B0] FIG. 2. High-resolution angle-resolved photoemission spectra
single-crystal surface measured along € direction in the Bril- nearEp of CeP[100] single-crystal surface measured using He ||

louin zone qsing the He (21.2 eV (a) and He 1 (40.8 eV} (b) photons(40.8 e\j. One of the insets shows the fcc Brillouin zone of
resonance Ilr_les at 15 K. Polar andl@) referred to the surface cep projected onto tHA.00] plane, together with some representa-
normal is indicated on each spectrum. tive ARPES measurement points. The upper inset shows the mea-
sured energy positiotbinding energy of the p-f bonding peak at
dependence of the photoionization cross section of atomigbout 300 meV as a function of the wave vector along ke
orbitals?® Since the photoionization cross section of thepP 3 direction.
orbital is dominant over those of the other two orbitéCe
4f and %) in the He | photon-energy range, the 2-eV peak isthe prominent peak in the He | spectrum in CeBi, is observed
ascribed to the P B states. On the other hand, since thein the He Il spectrum of CeBshown latey.
photoionization cross section of the CE drbital drastically The two peaks observed at 0.3 and 3 eV in the Hell
increases from the He | photd@1.2 e\ to the He 11(40.8  Spectra are ascribed to thef bonding and antibonding
eV) in comparison with other atomic orbital® 3p and Ce  States, respectively, produced through the many-body corre-
5d orbitals, the additional two peaks at 0.3 and 3 eV in He 1 lation effect?®~22In order to observe a possible dispersive
spectra have a substantial Cé dharacter, especially the feature of the bonding peak at 0.3 eV, we measured the He Il
0.3-eV peak which appears to have a dominant €ehar-  SPectra neaEg with a higher energy resolutio(50 meV)

acter as is clearly seen from the large enhancement rate frofff'd Show them in Fig. 2. One of the insets to Fig. 2 shows
the He | to the He Il excitation. the fcc Brillouin zone projected onto the00] plane, to-

It is interesting to compare the present result on CeP Wiﬂgether_ with some ARPES measurement points. Since It is
) . established that the electronic states along the high-
our previous measurements on CéBlt is found from the

. mmetry lines in the Brillouin zone make a dominant con-
comparison of the He | ARPES specira that the energy han %bution )ico an ARPES spectrum because of the lifetime
with binding energies higher than 1 eV exhibit a similar

) .~ broadening and the large density of states on the high-
dependence in the two compounds, although the relative INsymmetry line€® the normal emissioi9=0°) spectrum re-

tensity of the bands is different between the two. A remark+jacts the electronic structure mainly at bdtrand X points
able difference in the band structure derived from the He |yhile the ARPES spectrum @=20° corresponds to thx
ARPES spectra lies neét ; in CeBi a prominent dispersive point as shown in the inset. In Fig. 2, we clearly find a small
band is observed neaEr around thel' point (6~0°  but definite energy dispersion of the bonding peak from the
(Ref. 19 while in CeP the spectral intensity neag is con-  T'(X) point (=0°) to the X point (§=20°). Another inset to
siderably reduced and, on the contrary, the intensity is rathefig. 2 shows the measured binding energy of the bonding
enhanced in the He Il measurement, as shown in Fig. 1. Thigeak as a function of the wave vector along Ibédirection.

is explained by the difference in the hybridization strengthThe peak of bonding states is located at about 290 meV at
between the pnictogep states and the Cefdlevel. The the I'(X) point, starts to move away fror&g to the high
strongerp-f hybridization (mixing) in CeP leads to the in- binding energy with increasing polar andl®, turns around
crease of Ce #icharacter in the bands nelg . Actually, a at =15°, and moves back to the low binding energy till
small dispersive structure neag , which may correspond to  §=20°. The magnitude of total energy dispersion is about 40



55 HIGH-RESOLUTION ANGLE-RESOLVD . .. R3357

meV. We find that the observed energy dispersion matchesore realistic band calculation based on fd mixing
the crystal periodicity, as is evident by the symmetric behavimodel including twof levels is necessary to be compared
ior both at thel'(X) point (¢=0°) and theX point (¢=20°).  With the present ARPES results. _ _
This indicates that the observed energy dispersion is of agnérre-?gsrl&tj:éogho\{\(l)zmhi:‘;/i?) npse;;%;migd%_mgggegﬂgmn
intrinsic bulk origin. Considering the strong Cé& dharacter single crystal CeP. The He(R1.2 eV} spectrum shows a
of the band, it is inferred that Cef £lectrons in CeP form a

: _ _ \}:)rominent peak at 2 eV while the He (40.8 eV} spectrum
narrow band having the energy dispersion of about 40 meVexhibits two additional peaks comparable to the 2-eV peak at

The observed energy dispersion shows a good accordan@e3 and 3 eV. By considering the photoionization cross sec-
with the prediction by the-f mixing model'® Thep-f mix-  tion of each atomic orbital, the 2-eV peak is assigned to the
ing model explains that the finite-energy dispersion of €e 4 P 3p states while the 0.3- and 3-eV peaks are ascribed to the

electrons is produced through the anisotropid mixing  P-f bonding and antibonding states, respectively, with a
around thel" point and the interatomid-f mixing at theX dominant Ce & character. HR-ARPES measurements near

. ) Er showed that the bonding peak has a small but definite
point. Actually, a small shoulder nedr in the ARPES  (4pout 40 meY energy dispersion matching well the crystal

spectrum of9=0° may represent the hole pocket, as has beeperiodicity. This suggests that Cé électrons in CeP form a
suggested in the ARPES study on CéBiA quantitative  narrow band through the anisotrogief andd-f many-body
comparison of the energy dispersion of the Gebénd be- interaction.

tween the present ARPES results and the band calculation

based on the-f mixing model would give a deeper insight  \ye are very grateful to Professor O. Sakai for many use-
into the hybridization strength between the (esfates and | discussions. T.Y. and A.C. thank the Japan Society for
the P 3 and Ce 9 states. However, at the present stage, thehe Promotion of Science for financial support. This work
calculationt® treats the many-body effect as one effective was supported by grants from the NEDO and the Ministry of
level and approximates the self-energy using a mean field. &Aducation, Science and Culture of Japan.
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