PHYSICAL REVIEW B

VOLUME 31, NUMBER 10

15 MAY 1985

4 f-related electronic structure of ¥-Ce metal

Takeshi Watanabe and Akimasa Sakuma
Department of Applied Physics, Tohoku University, Sendai 980, Japan
(Received 20 December 1984)

The 4f-related valence-band density of states (DOS) of cerium metal is derived theoretically by
means of the Green’s-function technique with a decoupling procedure. A model Hamiltonian in-
cludes the Anderson-type mixing term, and the f-level degeneracy and spin-orbit splitting are expli-
citly taken into account. As a result of numerical calculations it was found that the structure near
the Fermi edge of the 4f-related DOS is markedly influenced by the spin-orbit splitting if the mix-
ing strength is much smaller than the splitting as well as the thermal energy k7. It was also re-
vealed that there appears a peak at a larger binding energy which is very sensitive to the shape of the
conduction-band DOS. It is proposed that the present result should give an explanation for the
difference between the valence-band photoemission spectra of y- and a-Ce metals.

Recent measurements of ultraviolet photoemission
spectroscopy (UPS) and bremsstrahlung isochromat spec-
troscopy (BIS) data have revealed significant difference in
the spectral shape near the Fermi edge between y-phase
and a-phase cerium metals and compounds. According to
Wieliczka et al.,! although the gross features are similar
to those reported in the previous experiment,? the near
edge peak of their UPS data with much improved resolu-
tion shows a distinct shoulder at the edge in y-phase ceri-
um metal whereas the corresponding peak in a-phase ceri-
um metal exhibits a sharp cutoff. In BIS studies the spec-
tra are markedly different in two phases. The spectra ob-
served by Wuilloud et al.® clearly indicates the presence
of a sharp peak right above the Fermi edge in the a phase
but no such peak in the ¥ phase. A similar feature was
also observed in BIS spectra of compounds, i.e., a-type
compounds, Celr, and CeRu,, which exhibit a sharp peak
near the edge while no peak is observed in the y-type
compound CeAl;.*

Theoretical attempts to explain the presence of the two
peaks in UPS and x-ray photoemission spectroscopy
(XPS) data have been carried out by several groups. Liu
and Ho considered the Coulomb interaction between the
localized 4f hole and itinerant d electrons and showed
that two peaks appear depending on whether the hole is
screened or unscreened by conduction electrons.’ In the
model proposed by Gunnarsson and Schonhammer the f-
d mixing is introduced by means of the Anderson Hamil-
tonian and it was shown for the case of infinite degenera-
cy of the 4f level and zero temperature that there is a
broad 4f-related peak near the bottom of the conduction
band and a sharp one very close to the Fermi edge.® How-
ever, it is difficult to explain by these models, the new
feature observed in UPS and/or BIS data of y-type Ce
metal and compounds.

In the present work in order to derive the 4f-related
density of states (DOS) at finite temperatures we general-
ize the decoupling method of the equation of motion for
the Green’s function originally introduced by Lacroix’
and further consider the spin-orbit splitting and orbital
degeneracy of the 4f level. The Hamiltonian includes the
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Anderson-type mixing as was used in the work by Gun-
narsson and Schonhammer and explicitly distinguishes
the 4f level with different J values. The Hamiltonian is
given by

H=3 € LoCho + > E;Ximm
ko M

+ |2 3 VioXmocko +Hee. |, (1)
k,o I M

where €; and E; are the energies of the conduction elec-
tron and the 4f levels with J =3 and =, respectively, and
CL, (cko) is the creation (annihilation) operator for the
conduction electron. The projection operator |a){B| are
represented by X,g’s, which satisfy the completeness con-
dition

Xoo+ X X =1 )

LM

Here, X indicates the projection | 'Sy ) ('S¢ | construct-
ing a vacuum space for the 4f state. The third term
represents the mixing between the 4f and conduction
states.

The Green’s function for the 4f electron Gy (w) is de-
fined by

Glw)=—i [ 0°° dt expliot) ([ Xo ne(), Xngols) s (3)
where

Xo,qm(t)=exp(iHt)X o jprexp( —iHt) . 4)
The 4f-related DOS for each J is then expressed by

pr(@)=——Im'S G() . 5)
™ M

To evaluate the Green’s function we assume that the
potential | V}‘A‘},o is spherically symmetric around the Ce
ion. Then, decoupling the equation of motion for G (w)
in the second order with respect to the mixing interaction
we can write the Green’s function G, (w) as follows:
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where A/ (w), Bjy(w), and C are defined b v
™ ™ y respectively. In summations, 2’, the term (J',M')
yke (x.., =(J,M) is excluded. The expectation values appearing in
Apl@)=1—3F ¥ o7 {Xra oo ? , (7) Egs. (7) and (8) can be expressed by using the Green’s
I ke @—€+(Ep—Ej) function G (w) as follows:
]
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Therefore, Egs. (6)—(11) form simultaneous integral equa-
tions for Gy (w), from which the 4f-related DOS is de-
rived by Eq. (5). We performed self-consistent numerical
calculations to obtain ps,, for given shapes of the
conduction-band DOS. In the course of calculations the
spin-orbit splitting A is chosen to be 0.3 eV from spectro-
scopic data,® and also temperature (kzT) is taken to be
0.03 eV so that the calculated DOS can be compared with
BIS, UPS, and/or XPS data taken at room temperature.

For simplicity it is assumed that the mixing strength
VJM o is constant and therefore we can write

E(VJ’M’O)* JM05(60—€1()= W)y ydprpe - (12)
k,o

Here, W(w) is equal to the product of the conduction-
band DOS D(w) and | VJM o |2 In order to consider the

presence of the d and s components of the conduction
band we assumed the following DOS ( in eV):

D(0)=Do{£[1—(0/2?]'*+[1—-(0/1.5)71'%},  (13)
3
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FIG. 1. Calculated 4f-related density of states, ps, (@), as a

function of energy relative to the Fermi edge. The bare 4f level
is placed at —1 eV, and W are taken to be 0.0144 ¢V (left-hand
side of the figure) and 0.0196 (right-hand side). The values of A
and kpT are 0.3 €V and 0.03 eV, respectively.
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which can reproduce approximately the low-energy part
of the conduction-band DOS of La metal calculated by
Glotzel and Fritsche.” Here, the Fermi energy is taken to
be 2 eV, as usually assumed, so that the Fermi edge ap-
pears at =0, the center of the two ellipses. The parame-
ters Dy and & are chosen so as to keep the area of DOS
below the Fermi edge equal to /2. For the sake of con-
venience to compare with the case of a single semielliptic
DOS the two parameters are taken to be 1 eV ™! and 0.25,
respectively. Furthermore, the product Dy | VJMO |% is
denoted by W.

In Fig. 1 the 4f-related DOS for the J = 3 level, ps y, is
shown for two values of W, 0.0144 (left-hand side) and
0.0196 (right-hand side), and the bare 4f level placed at -
E;s,,=—1.0 eV as indicated by the arrow. Also, in Fig. 2
the result for E5,,=—0.8 eV is shown for the same
values of W. It is noticed in these figures that the Kondo
peak appears slightly above the Fermi edge and its intensi-
ty increases with the mixing strength and also as the bare
4f level approaches to the Fermi edge. The characteristic

0 5/2(w)

¥ ¥

-2 -1 ) 1 -2 -1 o 1
w (ev) w (ev)

FIG. 2. Calculated 4f-related density of states, ps,»(w), as a
function of energy relative to the Fermi edge. The bare 4f level
is taken at —0.8 eV, and other parameters are kept the same as
in Fig. 1.
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feature of the present result is that because of the spin-
orbit splitting of the 4f level the Kondo peak observed in
Ps,2 is accompanied by the satellite about 0.3 eV (=A)
below the main peak. As is shown later the satellite peak
appears above the main peak in p;,. In the case of low
mixing as presented by Fig. 1 (left-hand side) the satellite
peak is dominant compared with the Kondo peak which is
observed almost similar to a shoulder. We believe that the
density of states illustrated by this figure corresponds to
the case of y-phase Ce metal, and the peak and shoulder
observed in UPS data' should reflect the satellite and
Kondo peak in a low mixing case. Also, no distinct peak
is expected to appear at the Fermi edge in BIS data. As
the mixing strength increases as in Fig. 1 (right-hand side)
or the bare 4f level approaches to the Fermi edge as in
Fig. 2 (left-hand side) the Kondo peak contributes to ps,
as much as the satellite peak, and in a high mixing case
the near edge structure of ps,, is predominantly deter-
mined by the contribution of the Kondo peak as shown in
Fig. 2 (right-hand side), which should give rise to a sharp
peak at the Fermi edge both in UPS and in BIS. Howev-
er, the accuracy of the present approximation is not clear
particularly in the case of high mixing for which the re-
sult of Gunnarsson and Schonhammer is probably more
appropriate, and no quantitative arguments should be
made. We are now in the process of developing a dif-
ferent procedure in which the resolvent operator is ex-
" panded in the perturbation series.!°

Finally, in order to investigate how the shape of D(w)
of the conduction band affects the 4f-related DOS we car-
ried out numerical calculations for D (w) given by a single
semielliptic shape with a full width of 4 eV;i.e.,

D(w)=Dy[1—(/2)*]172. : (14)

Again the area below the Fermi edge (w=0) is set equal to
7/2, and thus D{ proves to be 1 eV~!. In Fig. 3 both
ps,» and p; ; calculated for W=0.016 (left-hand side) and
0.02 (right-hand side) are shown. The 4f level is placed at
—1 eV as in Fig. 1. It is clear that the peak at a higher
binding energy is markedly influenced by the shape of the
conduction-band DOS whereas the near edge structure ex-
hibits the feature similar to Fig. 1. If we estimate the
Kondo temperature by!!

(1/2)/(5/2)

1+2 DexplEsp/(5/2)0W],  (15)

Ty~
K A

.it turns out to be 10 K for Fig. 3 (left-hand side) and
about 60K for Fig. 3 (right-hand side). Here (J) indicates
the degeneracy of J levels and D is the bandwidth. In
Fig. 3 (left-hand side) the spectral weight is dominated by
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FIG. 3. Calculated 4f-related density of states, ps,() in a
solid curve and p7,,(@) in a dashed curve. The bare 4f level is
at —1 eV, and the values of A and kT are the same as the pre-
vious ones. However, the conduction-band DOS D (w) is given
by a single semielliptic shape, and W’s are taken to be 0.016
(left-hand side) and 0.02 (right-hand side), respectively. Notice
the marked change in the spectral shape of the structure at a
lower energy peak.

ps/2 below the Fermi edge because the spin-orbit splitting
is much larger than the Kondo temperature as well as the
thermal energy kp7T. As was mentioned earlier, the Kon-
do peak observed right above the Fermi edge in p;, is ac-
companied by the satellite peak which sits about 0.3 eV
above the main peak in contrast to the case of ps,. This
is simply because the J =7 level is located above the &
level by 0.3 eV and the system gains this amount of ener-
gy by transferring an electron from the J = = level to the
=< level in the final state.

In conclusion, we calculated numerically the 4f-related
DOS curve at finite temperature considering explicitly the
spin-orbit splitting and orbital degeneracy of the 4f level.
We believe that the present result obtained for a low mix-
ing case (Tx <<T) should give an explanation to the
structure observed in UPS and BIS data of y-Ce metal
and y-type Ce compounds. In the high mixing case the
Kondo temperature estimated from Eq. (15) is almost as
much as k3T and the approximation used may not be ap-
propriate. We will report on a more general procedure for
this case in a separate paper. It should be mentioned that
the structure observed at a higher binding energy is very
sensitive to the shape of the conduction-band DOS, and
therefore the characteristic feature of the conduction-band
DOS at least at the lower energy region should be con-
sidered when the spectral shape of the peak at a higher
binding energy is to be discussed.
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