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Low-energy valence photoemission in Ce compounds: Beyond the Anderson impurity model
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The valence level photoemission spectra in the Anderson impurity model for Ce compounds at zero tem-
perature are studied as a function of the photon energylost of the former studies on Ce compounds are
based on the sudden approximation, which is valid in the high energy region. For the photoemission in the
adiabatic limit of the low-energy region, one should consider the dipole matrix elements and the dynamic
photoelectron scattering potential. We can manage it by combining the time-evolution formalism and;the 1/
scheme in a largklevel degeneraci; . This gives the exact results bis—oe. In view of experiments on the
valence photoemission, two contributions df @nd band emissions are mixed. We study the sepafatnd
band contributiongfrom Ce 5) and total emission including the interference between two on an equal footing
with varying the photon energy. In thef €mission case, we also explore the effects of dynamic scattering
potential of the photoelectron with respectdofor which the extended model is proposed. Its effects are found
very similar to the core level photoemission in the shake down case with a localized charge transfer excitation.
Additionally, we examine the adiabatic-sudden transition in valence level photoemission for the present local-
ized system through the simplified two-level model.

[. INTRODUCTION compounds, the valence photoemission has often been used.
Through their studies of valence photoemissiofr@mission

The Anderson impurity modgAIM ) was originally pro-  channel, they reproduced two-peak structure in Ce com-
posed to discuss the property of magnetic impurities in nonpound using AIM consistent with the experiments. In the
magnetic metal$ After that, AIM has been widely applied to €arlier evolution stage for Ce materials, it was found that the
the analysis of spectroscopic data foandd electron sys- valence PES shows just a sindteelated structure 2-3 eV
tems, i.e., rare earth compouAd®r transition metal below the Fermi level® Later PES experiments have dem-
compounds, where electron states are treated to be an impuonstrated the # spectrum has the additional structure inter-
rity and they are hybridized with the valence or conductionestingly near the Fermi levér™* Subsequently, it was shown
electron states. Also, AIM has been often used to describthat the particular structure is due to the Kondo resonance
the Ce mixed-valence compounds, where one consideffs thesinglet characterized by the small enefBy. In the actual
level on one atom and its interaction with the conductionexperiments on valence photoemission, two contributions of
bands. In investigations of Ce and its compounds, the basif emission and band emissi¢itom Ce & or other bands
question concerns the nature of Adectron and other elec- are mixed. The identification off4emission from the experi-
tronic states and how they mix with thé 4tate. Much of the ments is a highly nontrivial work. Wieliczkat al** have
interests are therefore imposed on the properties of the 4reported the additional peak near the Fermi level using the
states, i.e., the occupation, position, width, coupling to theesonant 4 emission. Another possibility is to assume the
metallic band, intra-atomic Coulomb interaction, and so onbehaviors of 4 and band emissions with respect to the pho-
There were numerous studies of thermodynamic and trangon energies, especially in 20—80 &¥Nevertheless, they
port properties for them, which has been followed by thecould have said nothing about the interference between the
electron-spectroscopy studiés. two. These works can motivate to explore a more explicit

The photoemission spectroscof§ES is a very useful analysis for the interference effects of two emission channels
tool for studying the electronic structure of matters and couldvith  the photon energy varied. Gunnarsson and
have provided a lot of insights also for Ce studies. But it isSchmhammel* have also studied the band emission contri-
worth noting PES cannot always give a simple answer abouaution as well as # emission and discussed the interference
the underlying electronic structure because the photoelectrogffects of the two. However, all their works were within the
may perturb the system left behind. An actual description oudden approximation.
theoretical PES is quite complicated and therefore the sud- We consider both the contributions of 4nd 5 emission
den approximation is frequently used, where the photoeleon an equal footing by introducing two dipole matrix ele-
tron is assumed decoupled from the remaining solithe  mentsA(E) andAg(e,E), whereE is the kinetic energy of
sudden approximation becomes exact when the kinetic erphotoelectrons. In the sudden approximation, the dipole ma-
ergy of the emitted electron gets large infinitely. trix elements are normally treated constant vétiBut in the

Gunnarsson and Schhammet have extensively studied low energy PES, it can be crucial. Combining the time-
the electron spectroscopies for Ce compounds, i.e., core levdependent formalism and N idea, we can calculate the
photoemission, x-ray absorption, and bremsstrahlung isoctRES exactly up taO(1/N;)° as the photon energy varies.
romat spectroscopy as well as the valence photoemissioiN;=o can be a good approximation Mx=14 in Ce com-
For the information of the position and width bievel in the  pounds. Then we study the separate contributionsfodrd
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5d emission and more interestingly the nontrivial interfer- H=Ho+A,
ence effects between the two. The relative sign or strength of
A¢(E) andA4(e,E) are important. Difference in the energy
scale of A{(E) and Ay(e,E) makes the spectra from each HO:EV f EwEVwEVdE”LEV f ewZV‘pfvde”LefEV My
channel separate with respectdan the low energy PES. It
is also found that, because the interference contribution has a > J
peak near the Fermi level, thef4lerived peak near the >
Fermi level may be enhanced or suppressed in the total spec- o
tra.

It has recently been reported that the adiabatic-suddewhere l,bE,,(l,/fE,,) is a photoelectron operatog, denotes the
transition due to the photoelectron scattering potential will5d conduction statess; describes the impurity #level, and
be governed by the characteristic of relevant excitations t&/(€) is a hybridization matrix element between the conduc-
which the emitted electron couples in the system. When th&on states and localizefdevel. |V(€)|? can be modelized to
photoelectron couples to the extended excitation like plashave a semielliptical form symmetric with respect ¢p
mon, the sudden transition occurs in very large kinetic ener=0, 7|V(€)|?=2V*(B>~€°)*%B?, where B is the band-
gies (N keV) ,15 while to the localized excitationsl the sudden width. A in the Hamiltonian is the deOle term describing the
approximation occurs much quick€rIn our study, the ex- pho_ton—matter interaction. The one particle basis used in Eq.
trinsic effects with respect t@ beyond the sudden approxi- (1) is introduced by assumifil
mation will be considered only through the extended impu-
rity model including the dynamic hole-induced scattering > VE Vi =|V(€)|28mm »
potential. Effects such as surface or several damping mecha- K
nisms will not be taken into account. The recent angle-
resolved photoemission specttARPES in Ce or other UL=V(e) 1D Vindle—e) v, .
f-electron systems shows that another notable feature in the k
low energy spectra is its angle dependent moduldfion, ang soy is the orbital and spin magnetic quantum number
which is thought of as the lattice effects of théevel and and from v=1torv= Nf if we assume the magnetic degen_
should be understood from the Anderson lattice model. Neveracy N, of f-level. In Ce,N; is normally taken as 14. To
ertheless, the merit of AIM is that theemission spectra apply 1N; idea, we need one subsidiary condition that
integrated oveik is closely approximated by the impurity N}/Z\/(é) should be independent of; .
f-spectral functiort®'® The system of Ce compounds has |n A, we will generally have two interaction terms due to
also included the localized excitations representedy !, 4f level and B conduction bands, so
f2 created from the hole potential. We can consider the scat-
tering potential in the valence PES due to fheole in the
impu%it?/ model within the formalism. The scattering effects A= EV: f dE[Af(E)'/’EV'/’ﬁA?(EWI‘/’EJ
will not be important for band emission channel. The cross-

V(e><¢1¢ey+wszv>de+; 2 o,

v#v'

over from adiabatic to sudden limit can be also reexamined 1 N

in this localized system, for which we simplify the model to + N > f dedE[Aqy(€,E) gg, e,

have only two relevant levels. The same criterion for the o

transition is found as in the previous wofkihe energy scale NNICAS Nl )

of E=1/(2R?), whereR is a scattering potential range.
We organize the paper as follows. Our model and th
formalism for calculation are given in Sec. Il. The simple

By giving the explicit time dependendy7) in A and rede-
fining the dipole matrix element&;(E) andAy(e,E),

sudden approximation results for separate and both channels

are described in Sec. IlI. In Sec. IV, we present the model for AB)=MA(B)(),

necessary dipole matrix elements and calculate the spectra Ag(€,E)—MyAy(e,E)f(7), 3)
for the separate contributions fof 4nd 5d emission and for

both with respect to the photon energies. We also discuss the f(r)=e 1®(e"7"=1), >0 (4)

interference contribution between two. In Sec. V, for 4 }
emission, we extend the model to include the photoelectroM/€ use a time-dependent formulation and solve the Schro
scattering potential and study its effects within the same fordinger equation for the total HamiltoniaH.

malism. In Sec. VI, we try to reexamine the adiabatic-sudden We first introduce a statf),

crossover in the system by way of the simplified two-level
model. In Sec. VII, we give the discussion and conclusion.

Ny
joy=11 JJE Yl lvag, (5)

where all the conduction electron states below Fermi energy
are occupied and thielevel is empty. For the simplicity, we

As mentioned in the Introduction, we consider the AIM keep only the lowest order terms ofNk/before and after the
Hamiltonian in the energy basis used in Gunnarsson anghotoemission, which means the results will be exadias
Schmhammer’s discussion for Ce compourid$, o0

Il. MODEL AND FORMALISM
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[E.eee’)= NY2(N;— 1)Y4(N;—2) 12 FIG. 1. In the upper panel, thiederived valence PES is pro-

vided (M4=0) and in the lower panel, the conduction band emis-
oot ot sion is given M;=0) forU=5.0 eV, e=—-2.5 eV,V=0.5 eV,
X E Ve, l/fe"v"lﬂe'v"/fww)- andB=6 eV. Both calculations are based on the sudden approxi-
vy £y mation. Spectral curves are normalized to have the same area.
(10)

Within the above basis set, after time the wave function
| W (7)) of the system is given by

the solution identical to the more conventional
photoemissiort®?! 7 is a small positive number and gives a
lifetime broadening in the spectra. In the actual calculation,

7 is taken as 0.3 eV0.01 a.u).. The photoemission spectra
|W(7))=a( T)|0>+f b(e;7)|e)de will now be proportional to
+f c(e,e';7) €€ )dede’ |(E)=f |d(E,E;T)|2d6+J |e(E,e,€";7)|?dede’
+J d(E,€;7)|E,e)dEde +f |f(E,e.€',€";7)|°dede’de”, (14

and we see, due tbl;—0 andM4—0,
+J e(E,€,€’;7)|E,€,€' YdEdede’

I(E)=a(E)M?+ B(E)M3+ y(E)M;My4, (15

+f f(E,e.€’,€",7)|E €€ ,e")dEdede’de". where a(E), B(E), and y(E) correspond to &, 5d emis-
11 sion, and interference between those, respectively.

The coefficients of (7)) can be determined by the time- Ill. SUDDEN APPROXIMATION
dependent Schdinger equation o
In the sudden approximation, we normally neglEctie-

pendency of the dipole matrix elements, i%&;(E)=M; and
Ay(e,E)=MyA(€), whereE is a kinetic energy of photo-
o N electron. Gunnarsson and Schammet* assumedA(e€)
yvhere the initial condition of the state should be .correspondha\,e the same shape ¥ée) for the conduction band emis-
ing to the ground state before the photoemissjdn(r sion, which we will simply follow.
=0))=|¥o) The AIM has often been studied in the limit &f=oo,
where it becomes so simple as to allow the analytic solu-
|\P(O)>:a(0)|0>+f b(e;0)|e)de tions. In our formalism, to negledi,e’) and |E,€,€’,€”)
corresponds to the limit. However the assumptids ~ is
not really justified becaudd is just about 5-6 eV\Ref. 22
+f c(e,€';0)|€,€")dede’ (13 and thusf® and f2 configurations are energetically compa-
rable, i.e.,e; is about—2——3 eV (Ref. 7 and 2¢+U
and the equations fa(0), b(e;0), andc(e,e’;0) are found ~0. In the calculations, we have always takér=5.0 eV
in Ref. 14. The coefficient¥; and M4 represent the exter- ande;=—2.5 eV to be 2;+U=0. In Fig. 1, we give the
nal field strength. In the present formalism, we solve thesimple valence PES results fof 4nd 5 emission, respec-
equation in the limit oM{—0 andM4—0 and let the sys- tively.
tem evolve for a time of the order 4/ Then we can show It is seen in Fig. 1 that we nicely reproduce the well-

J
V() =Hw (), (12
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PES behaves in the low-energy regime, first off we should
account for theE-dependent dipole matrix elements. Using
the Slater-typeorbital for the corresponding atomic orbital,
we calculateE-dependent dipole matrix elements. The Slater
orbital for R,,(r) is given by

Ru(r)=(20)" ¥ (2n)1]- ¥ n—1e=4r, (16)

where the orbital exponent is determined by a suitable rule.
But in the 4'5d'6s? configuration of Ce, the Slater orbital
for 5d gives actually the poor representation compared to a
more accurate LSD calculatithfor the atomic wave func-
tion for Ce. We adopt therefore the same functional form of
Eq. (16), but determine the exponetitsuitably by compar-

. ing with the accurate result, i.e., we takg;=5.0 and{sgq
=2.0 (by a Slater-rulesq will be 0.75. In principle, the
atomic orbital and photoelectron basis function having an
7 explicit angular momentum channleshould be obtained by
solving the Schrdinger equation under the same Ce atomic
potential. But in our discussion the basis function is simply
ENERGY (eV) assumed to be a spherical Bessel functiot, of

Intensity (arb. unit)

Intensity (arb. unit)
—
ot
T

FIG. 2. The valence PES including both contributions bfahd
5d emission is shown. Two solid lines are the total spectra corre-
sponding to constructive or destructive interference, where interfer-
ence effectglabeled intj is added or subtracted. Ia), we use and its normalization follows

|A4/A¢|=2.0 and in(b), |A4/A;|=6.0. The used parameters are
same in Fig. 1. J' rzdle*(r)gplE/(r):5(E_E/)_ (18)
known sudden #PES result$ having the double-peak
structure in the upper panel and also gdtBES simulating SO the dipole matrix elements forf £mission is given by
the broad structureless conduction band. THePES is es-

ecially interesting because of its ample physics. The peak _ 2 I=4
\F/)vell bglow the F%rmi level correspogdspto‘y4onizationp Af(E)_MJ FdrRy (NN eg (1), 9
peak, 41—4f° and the peak near the Fermi leveliso
called Kondo resonance peadrise from a 4 hole screened
byla 4f ialectron(making a % hole near the Fermi levgl

In the separate calculations of emission channels, the ab- Ad(e,E)=MaAg(€)Aa(E). (20
solute values or signs dfl; andMy are surely irrelevant to - Aj(e) is still assumed to have the shape\tfe) as in the
the results. There can be, however, some subtleties when wgst section and\4(E) can be expected to have muckl 5
consider both emission channels. The PES curves drasticalitomic orbital character if we think of the tight binding idea
change with respect to the relative sign or relative ratio ofoy the corresponding energy band. Thus we assume the be-
My andMq. For the relative strength, we parametrize thepayior of A4(E) as
ratio of |A4/A¢|, whereA;=M4A’(0) andA;=M; (note
|Ag/A¢|>1 does not always mean the band emission is Ad(E)ocf r2drRey(1)r @\ =3(r). 21)
dominant over thé emission. The relative sign is related to E
whether the interference will be constructive or destructive.pyare it should be noted that the possiblehannel of photo-

As shown in Fig. 2, the relative ratio and sign of two qactrons aré=2.4 for 4f-emission and= 1,3 for 5d emis-
dipole components are crucial in valence PES. Int(::restinglyg?iOn due to the angular momentum selection rule, but the
the interference contributions show a peak near the Fem?hajor channel will be =4 andl =3, respectively.
level, which may enhance the Kondo resonance peak from In Fig. 3, we give the dipole mé\trix behaviors f (E)
4t emission in the _construptive case or suppress in_the decind A4(E). 'This is obtained from very crude calculations,
structive case. In_Flg.(B_), in the total spectra, even if we but qualitatively quite consistent with the calculation of Yeh
can see a clear ionization peak neqt we see only the and Linda@® of photoionization cross sections for Ce. We
shoulder structure not a peak near the Fermi level due 10 gy simply expect from the behaviors of dipole elements the
strong destructive interference. general trend is that in the low energy,emission will be
dominant overf emission, while in the high energfemis-
sion dominant oved emission. We first show the calculation
result for separate f4and 5 contributions with respect to

In the last section, we have illustrated the sudden approxivarious photon energies.
mation results valid in the high-energy PES. To see how the Figure 4 showsw-dependent # and 51 emission, the

2
@'E(r>=%<2E>l’4j.<ﬁr>, (17)

and for the %-conduction band emission, we assume
A4(€,E) has a simple separable form similar to

IV. LOW ENERGY VALENCE PHOTOEMISSION:
EFFECTS OF DIPOLE MATRIX
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FIG. 3. The behaviors of dipole matrix elemeX§E), Ay4(E)
are provided with respect to the photoelectron kinetic endtgy

Note the different energy scale in two behaviors. The absolute val-

ues are arbitrary.

changes of spectral weight and shape withvaried. The

spectral weight will be proportional to the square of dipole
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FIG. 5. The valence PES with respect to photon energies are
provided. The relative strength of two channels is taken as
|Zd/Zf| =2.0. Here two solid lines are the total spectra correspond-
ing to constructive or destructive interference. The dashed line rep-
resents 4 emission, the dotted line & emission, and the dot-
dashed line the interference contribution.

matrix elements at the corresponding energies and the shape

related to the behaviors of dipole element. If the Eadial

wave function does not vary significantly for La and Ce, the
bottom panel of the figure can be compared with the PES fo

La (Ref. 11 and found to be consistent with the experiment.

We can also find asv increases the spectral shape ap-

proaches the sudden approximation res(dee the insejs

Now we investigate the total valence PES to which bot
4f and & emission contribute with respect to various pho-
ton energiesw. To parametrize the relative strength of two
dipole matrix effects, we redefiné; and A4 as A;
=A{(E)|g—40, Ag=maXAq(eE)}. That is,A; is defined as
the value ofA{(E) atE=4.0 andA 4 as the value oA 4(¢,E)

12H

08 H

04}

Intensity (arb. unit)

08 H

04

Intensity (arb. unit)

ENERGY (eV)

FIG. 4. Thew-dependent valence PES are given forefnission
(upper pangl and 5 emission(lower panel. The spectra atw
=0.5 in the upper panel av=4.0 in the lower will be so tiny that

at e=0.0 andE~0.6 (see Fig. 3 We give the behaviors of
yalence PES aso varied for [Aq/A¢|=2.0 and|A4/A]
=6.0, respectively.

In Figs. 5 and 6, we see thatat=0.5 a.u., the dominant
contributions are from &-band emission becaugg (E) in-

pcreases slowly compared tby(e,E), however, atw=4.0

a.u., most of the spectra in Ce arises from tHeefectrons
becausé\ 4(¢,E) rapidly falls off overE~0.6 a.u. Gunnars-
son and Schoshammel* have obtained the total emission
spectra involving the interferendef 4f and &) based on
the sudden approximation, but could not have discussed
these behaviors with respectdo In the experiments, on the
other hand, the increasingf &and decreasing band features
with varying  has been used to separate thesttuctures?
That is, in the experiments, using He resonance lines, to
subtract ©=0.78(=21.2 eV) result from w=1.5
(=40.8 eV) result leads to approximately émission for a
moderate value ofA /A (i.e., say for|Ay/A¢~2).

Below, in Fig. 7, we can see the behaviors of interference
asw varies. Asw increases, the interference becomes stron-
ger at first and then weaker again. That is, at aleoutl.O or
2.0 a.u., we see the strong interferences becausef laoithd
emissions are comparable to each other, where the spectra

08 T T T T T T T T T T T T T T
06

0.6

04
04

0.2

Intensity (arb. unit)

0 L L

0.2

03

0.2

0.1

Intensity (arb. unit)

0 o T 1 1 1 O

—

ENERGY (V)

4 2
ENERGY (eV)

they are not illustrated. In the respective inset, the spectra is nor- FIG. 6. The valence PES with respect to photon energies. The
malized to have the same area to give the change of shape. The undative strength of two channels is taken|as/A¢|=6.0. Nota-
of w is the atomic unifl a.u= 27.2 eV. tions are same as in Fig. 5.
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T T T T T T T 1.2 T T T T T T T T T
T w= 1 4
L o=
E e g ]
g L T = 06 -
E L > 04 -
- 0.2 i
Los25oT 0 I 5
-6
ENERGY (V)
002 T T T T
FIG. 7. The contributions of interference are given with respect
to the photon energies. In the intermediate energies, the interfer- = 0.015
ences are very strong. 8
& 001
cannot be understood from two separate emission spectra. ?
Particularly in the case of strong destructive interference, 0.005
although the 4 emission always comprises two pedkee ;
the inset of upper panel in Fig)4the peak near the Fermi 08
level may be smeared in the total spectra. @)
V. LOW ENERGY VALENCE PHOTOEMISSION: FIG. 8. (a) The photoelectron scattering potentiglr) is given
EFFECTS OF PHOTOELECTRON SCATTERING as normalized byJ. (b) The diagonal and off-diagonal parts of

) . scattering potential matrix are given.
In the low photon energy region, we should consider the

effects of photoelectron scattering potential induced by the Vee=[ V(1) = Vsg(r)Ins—Vae(r)
hole left by the electron emission as well as the dipole matrix
behavior. The band emission can also raise the shake-up ef- =[V4e(r)—Vsq(r)J(ng—1) = Vsy(r). (24)

fects such as plasmon satellifé&sNevertheless, in the
present model, within N; expansion, the relevant bases of
Egs. (5)—(10) in the limit of N—o do not allow any con-
ductior_1 elec_tron-hole excitation. Any shake-up behaviors Vsc=V(r)(n;—1), V(r)=Vge(r)—Veq(r). (25
from dielectric responses by band emissions then cannot be ) ) o )
seen in the taken limit, but in the next higher order df/ Then we cut o_ff the potential by taking the muffin-tin radius
For a hole in a localizefilevel, however, a small number of "mt @S the radius of neutral Ce atom,=3.49 a.u.V,(r)
electrons may undergo measurable shifts in response to tffdVsq(r) are evaluated from the Slater orbital. Now(r)
potential induced by a hofé.For the photoelectron scatter- 1S @& short range one due to a screening of condudtiekec-
ing potential, we should go back to E(l) and see the in- trons.and have a simple _relatlon betwadm) and the intra-
teraction of af-level impurity electron. In this section, we atomic Coulomb correlatiokJ,
will confine our discussion only to thilevel valence pho-
toemission, i.e., here we do not consider the interference U:f drps(r)V(r)=V(0), (26)
with band contributions. IH(="Hy+A), it needs noting
that thef-electron correlation is actually a quantity renormal- if we assume thé-level charge densityp(r) and thef level
ized by the conduction electrons, that is, is quite localized like the core level. Thur) should be
redefined by (¥)V(r), wheree is a dielectric constant cho-
+ _ sen to make sure of E@26), being due to screening by the
Uffnfnf+ufdnf2y f dede,fer=(Usr=Ura)neNs surrounding, s is V(0)/U~5.24. The behavior o¥(r) is
given in Fig. &a). Then we express the scattering potential in
(22) terms of the photoelectron basis function

We know Vs4(r) is much broader and weaker th&h;(r)
and better to be neglected. So we takg as

:Unfnf ,

where we have usemiﬁEVfdeszV% is a conserved quan- Vo= E f dEJE V(E E’)ng - E ,/,‘r,w =1
tity. In the similar way, we can compose the scattering po- v S I
tential termVgc which must be added t#(, (27)

where the potential matrix elemeW(E,E’) are
Vsc=Var(NNe+Vsg(r) > fdfllfzvll/ev_vm(r),
23 VEED- [ dret (ViNeenn). (8

where it should be noted that the initial neutfglound state  As in calculating the dipole matrix, the photoelectron basis
is 4f1. Then we have function ¢g,(r) must be obtained by solving the ScHiger
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A N
ENERGY (eV) ENERGY (V) ENERGY (eV) ENERGY (eV)
FIG. 9. Effects of scattering potentiédolid line) are illustrated FIG. 10. Notations are same as in Fig. 9. Here the scattering
by comparing with noninteracting resultslashed ling at given  potential range has been made a bit larger than in a Ce case,
photon energies. =5.24 a.u.

equation under the atomic potential. But here we use simplginsic processes in the low-energy regions just as in the
spherical Bessel function df=4 as in the last section. We shake down scenario of core level P&Se ratio is increased
hopefully expect the essential feature will not be spoiled bydue to the scattering The second point is the relevant en-
neglecting the phase shifi(k). So the desirableg,(r) is ergy scale governing the constructive interference due to the
photoelectron scattering. In Fig. 9, we see the maximal scat-
tering effects aroundv~2.0, while, in Fig. 10, the energy
scale giving the maximal effects is~1.0. That is, the gov-
erning energy scale is decreased by an increased range. In
the core level PES, we found the relevant energy ¢an be
2 _ _ directly related by the potential rang®) as E= 1/(2R?),
V(E,E’)=—(4EE’)1’4J drr2j ,(N2EN)V(r)ja(N2E'T), which tempts an application of the criteria to the present
™ (30) system. And it then can be a natural motivation that we make
a parallel analysis for the adiabatic-sudden transition in this
whose explicit behaviors are shown in FigbhB system and try to answer if the criteria found previously in
As Vg added, the total Hamiltoniak becomesHy+ A core level PES can be still valid in this valence PES or not.
+ Vg, corresponding to the extended AIM. Undaf, the  This question is extensively discussed in the next section,
valence PES via théchannel can be calculated. The com-where we propose the reduced two-level model for the sake
parison of the results witlgc to those withoutVgc (still of simplicity.
including the dipole elementds provided in Fig. 9. The
effects of scattering potential are quite small as shown in Fig.
9, which must be due to a weak scattering potential in typical
Ce compounds. Nevertheless, it is very meaningful to pursue
a general consensus in the valence PES about the photoelec-The AIM can be reduced into the two-level model, i.e.,
tron scattering effects. In order to be more instructive, wethe whole continuum band is replaced by one level. The
also investigate the resulting behaviors for a slightly differ-Hamiltonian#, we should now consider is
ent potential whose range is a bit larger by 5@%&e Fig.
10).
In both Figs. 9 and 10, it is notable that there are no Ho= €42 Viglaot €12 Ylotio
appreciable changes in the peak near the Fermi level, while 7 7
an increase in the ionization peak. This will be understood
from the scattering potentiaf(r)(n;—1). The Fermi-level +V2 (P ghdet Whtbrs) +Ungng (31
peak is from 41— 4f1, which will not be affected much by 7
the potential because of;=1, but the ionization peak is
from 4f1—4£9. It is important to grasp the underlying phys-

ics from the spectral changes as the potential range is ir{_he “level crossing” as the hole is createid more evident.

creased from = 3.49 t0r m=5.24(1.5¢3.49). Naturally a . The change of relevant electronic levels is given schemati-

longer range potential results in more prominent effects in L X .
the spectra. In two respects, the spectral changes due to t §Ily before and after the photoemission in the following Fig.

photoelectron scattering look very similar to the core level
PES in the “shake down” case in the previous work of
ours?® First, if we simulate the absorption intensity ratio by
the ratio of the ionization peak to the Fermi-level peak, we
find the constructive interference between intrinsic and ex- |10 = 0 10),

2 N
Pe,(1)= \/%(ZE)MI J(N2E1) Y (1) (29

and the matrix element(E,E") is

VI. ADIABATIC-SUDDEN TRANSITION FOR TWO-
ELECTRON AND N;=2

wheren;, = w;rgwf,,. Then the analogy of the present prob-
lem with the core level PES for the shake down cédmering

We can introduce three statgl),|f1), and|f?) as fol-
lows:



& P e
f f 2 L N . f 0 h f
1 ~
f ft
before after

FIG. 11. Schematic view of the relevant configurations in initial
and final stage. Here we assume; 2 U~0. Note there is a level

crossing before and after the emission.

1) = %[«ﬂwm0>—wwa|0>],
|£2)=yd144,10).
then we can exprest, in these bases,
0 Vv 0
vV Ae Vv
0 V 2Aet+U

Ho= +2eq, (32)

whereA e= e;— €5 andV=+/2V. For simplicity, we will put
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Also noticeable is

Wio| Vo) = %[ —sing[f% — o)+ cosd[ft; — )], (39

where the parametric ang{ w/4< 6</2) is

cotezﬁ(\/wz+8+w). (40

Now we consider the optical activation Hamiltonian

A=k2 Mttt - (41)

Here it should be noted that we adopt the different photo-
electron basis usinfg rather thark, i.e., having the normal-
ization of 6, than S(E—E') [see Egs.(17) and (18)],
ko (1) = (2IR) Y] 4(kr) Y 4m(r) (R: a big radius where the
boundary condition is imposgdwhich could give an appar-
ent analogy of the present simplified problem with the core

2Ae+U=0. The ground state corresponding to the initiall€vel one. Within the first order perturbation theory, the pho-

state of photoemission\V) is

Ag
[Wo)= [1£°)+ 7|f1>+|f2>], (33)

v
VA2+2V2
whereA = 1he—1\AE2+8V2 and its energyE, is
Eo=Ag+2¢e,. (34)

The final states of the target are given by the following set of

bases:
[F%0)=yi,10),
[F10)=yi,10).
Then the Hamiltoniar¥, with onef-electron emitted is

0 V2
V/\/E Ae
Note ¢f0|fo>:01 ¢f0|f1>:1/\/§0-|~f,0;_0->’ and ¢f0|f2>

HO = + €y - (35)

=o[f%;— o) and o is +1. Hereo is actually a redundant

toemission matrix elememl (i ko) (i =1,2) will be
M (i, ko)

ol 1+V

:<“’i?“’ m“’o>
ka/Mk/
=miMk+Z C”mlz 1 ,
! K (1)+EO_EJ_§I(,2+|77

(42)
where the scattering potentidlk is taken as
Vsc=V(r)(ns—1), ka':J dr e, (NV(r) ey (1)
(43

and thus

mi=(Vi;— ol Vo), Cij:<q’i ?—0'|nf|‘1’j ;—0'>_5ij-

parameter. The possible final target states will be given by

the eigenstates df, in Eq. (35),
|W1;0)=cose|[f% o) —sing[ft; o), (36)

W, 0)=sing[T% o) +cose[f; o), (37)

where E1=3AeT 5VA€+2V2+ ey(SE= VA2 +2V?),

and the parametes(7/4< p<m/2) is determined by
1

2.5
\/E(\/W +2—w),

t Ae 38)
anp= W= —.
¢ \Y/

That is, the coefficients are

1
m,=-—=co ¢+ 0) o,

V2

1
m;=— —=sin(¢+ 0) o,

V2

C1=—COSL@, Cp=—Si@, Ci,=Cy=—SiNeCOSe.
If we consider a ratio between the main and the satellite
absorption intensity divided by a noninteracting case

r(w)/ro(w),r(w)/ro(w) is
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2

.V _ [w| sin2¢sine+6)V_ [w+dE
l+SIn2gD:Fk2: — =Fk, =
r(w) E E cose+6) E E 44
ro(®) V_ [w+8E| sin2ecode+0)V [\’
1+cogp=F, = - - zF | =
E '\ E 2sine+60) E "\ E

where ki=2(w+Ey— E%),Z)= w—op(on=E,—E, is Where F(0)=0.052286 and n/4<¢<m/2,m/4<6<l2,
threshold energy for the satelliteand we exploit the model and m/2< ¢+ < should be noted. In Fig. 13, we show
matrix elementaM, andV,,, as used in the previous core r(w)/ro(w) as a function olw/E for a few values ofV/E.

level case, Figure 13 shows a®& increases the ratio also increases
and reaches a maximum. From the arguments in our previous
Vi Myer Y, ~ work,'® we see roughlyR~Ry/3 andV~3V(0)/2 and for
S e—eutin =MELeB), (49 ce R~1 andV~0.3, which leads t&//E~0.6. Most no-

table is that the curves have the universal feature indepen-
dent of V/E, i.e., the maximum positions at&’E~ 1 and the

1 (= xdx ~ -
Fle)=— f s — P —, overshoots disappear at abeutE~ 10 irrespective ol/E.
mJo [1+x°]1+ (RKk=X)7][X“—€—in] This means the adiabatic-sudden transition depends only on
(46) E, that is,R, even if the amplitude of overshoot relies on
= .5 V/E. Beyond the first order perturbation, the overshoot range
_ (Rk) will be reduced due to the multiple scattering, but the uni-
My=——=—, (47 . : S
1+ (Rk)® versal behavior does not change. This conclusion is exactly
identical to that in the core level case and implies the same
e ~5 s criteria can be applied also to the valence PES case.
VR (R°KkK")
ka,:? BL)5 Bl /\5 B2 27’
[1+(RK)°T[1+(RK")][1+R(k—k")“] VIl. CONCLUSION
(48)

We have studied the valence photoemission spectra in the

whereR is the characteristic length scale of the system di_Ar\]ndgrsor:j impucrlity r’?odel Iaiming at C/e compounds. Using
rectly related to the potential range aie- 1/2R2 Here itis ~ L'c Ume-dependent formulation and\}/expansion, we can

0 .
found that from Eq(44), r(w)/ro(w) can be written essen- treat the problem exactly up t@(1/Ny)". For Ce com

) ) : . ounds,N;=c can be a good approximation fou;=14.
tially in the same mathematics as in the core level case. If} .. . : e

. . . . ithin the formalism, to evaluate the photoemission spectra
the following Fig. 12, we give the behaviors Bf¢).

Similarly to the core case, we always have an overshoof’ corresponding to solving the time-dependent Sdimger

S . ) - equation.
kiehawor inr()/ro(w) in the low-energy limit, whenst To investigate the low energy photoemission spectra, we

' should consider the dipole matrix and photoelectron scatter-
ing matrix additionally compared to the sudden approxima-

=, . 2
1_,:(0)! singsing tion valid in high energy limit. In view of experiment, the
r (o) E cog o+ 0) valence PES always consistfoadmission and band emission.
ol )= = : >1, (499  So we considered both dipole matrix elements having ex-
oL 1+ F(O)! M plicit E dependencies and obtained the total spectra as well
E sin(¢+0) as two separate spectra with respect to the photon energies.
1.3 : : :
V=02 4
~ 12 =02 (V/E=10)—
< =03 (V/BE=07) —— i
< =04 (V/E=05) -
3 11 =05 (V/E =04) ~em J
= ]
1 .
1 1 1 1 (] 1
0 2 4 6 3 10 0 5 10 15 20
a/E /B
FIG. 12. The functiorF(e,) defined in Eq(46). Both the real FIG. 13. The ratia (»)/ro(w) as a function ofv/E for several

and imaginary parts are given. values of V/E. Ae/V=—2.0 is taken.
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The relative strength and sign of two dipole elements aréwo peaks can be written actually in the same way as in the
crucial in the total spectra. Due to differences in the energyore case. Through the same analysis, we can find that also
scales of 4 and X dipole elements, the general trends arein the valence PES, the sudden transition happens on the

that, in a very low energy=1.0 a.u), the & emission is  energy scale oE=1/(2R?), whereR is a typical length
dominant, while the # emission increases and dominatesscale of the scattering potential.

over the %l emission in a high energy«(=2.0 ay. Itis also Finally, we would like to make it clear the scope or the
found that the interference effects bfemission and band outlook of our present model. Within the model, we cannot
emission(from d) are highly nontrivial especially when the yet arrive at the realistic photoemission in a true solid. It is
separate contributions are comparable to each other. (Biten reported that the valence is altered at the surface, which
w~1.0 or 2.0 a.u., depending on the relative strepgthe to  gives important contributions to the photocurrent since the
a strong peak of the interferences near the Fermi level, thehean free path is quite smaft?But it should be noted that
Kondo resonance peak off £mission may not be shown in the present PES study is based ohléxpansion and\;
the total spectra in the case of destructive interference. The,« |imit. In the Ny—o limit, the relevant excitation in the
constructive or destructive interference will be determinedsystem is purely local, which is associated just witmdd
by the relative sign. occupation. This means the spectra are independent of the
We also studied the effects of scattering potential for the-hole position. On the other hand, beyond M- limit,
f-electron emission. The mod@\IM) is slightly extended to  extended excitations from the conduction band start to enter
include the corresponding term. Scattering effects on thenhe formalism. Beyond the limit we should in principle work
band emission is neglected in the infinilg limit. The po-  in the generalized AlIM including a term
tential matrix also includes the kinetic energy dependencie&UédnfEV,fdede/,pT W, (no effects whenN;— ),

Itis a general result that in the case where the photoelectropyich rajses the fluctuation potential for the photoelectron as

couples to the localized excitation, the arrival at the sudden ,,, re ooyt t )
transition is much faster compared to the extended excita- VI(E.E €€ g e e, ey . Then the spectra be

tion. Extrinsic scattering gives the similar effects to the corecOMe dependent on thiehole position with respect to the

level PES(Ref. 16 in the shake down case if we assign thesurfacé5 and the full spectra should be obtained by integrat-

Kondo resonance and ionization peak to the main and satef9 the spectra over thiehole posmon., where we may also
onsider the effects of valence altering near the surface by

lite peak, respectively. Its effects, however, are much Sma”e?ssumingef(z) or V(e:2) (z:f-hole position. Therefore, on

than in the core level case, which stems mainly from weake to the full bhot . wrally i
potential strength and shorter range in Ce case. Neverthele Ee way 1o the 1ull photoemission, we can naturally Incorpo-
rate the surface effects in the spectra.

interestingly, behaviors of two-peak ratio is reminiscent of
the previous analysis of core level PES. Therefore, this can
be a motivation to do a further analysis for the adiabatic-
sudden behavior. We can then ask the question “Can the The author would like to thank Lars Hedin, Olle Gunnars-
criteria found in the core level case also be valid in the vason, and Byungll Min for valuable discussions and their
lence case.” To explore this, first we simplify the model into critical reading of the manuscript. The author is also grateful
just a two-level one, where the whole conduction band igo Jim Allen for the useful information on recent Ce photo-
replaced by one level. Then it is found the intensity ratio ofemission studies.
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