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Electronic structure of CeAg,Ge, studied by resonant photoemission spectroscopy
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The electronic structure of CeAg,Ge, single crystal has been investigated by using valence-band photoemis-
sion at different photon energies ranging from 110 to 150 eV. Resonant photoemission has been observed near
the 4d threshold of Ce at 121 eV. The constant initial-state spectra shows two photoemission features having
4f character near the Fermi level at —0.4 and —1.7 eV which exhibits Fano-type sharp resonance character. The
experimental spectra have been interpreted with the help of calculations based on full-potential linearized
augmented plane-wave method using density-functional theory. Excellent agreement has been obtained be-
tween the theory and the experiment. The origin of the feature near to Fermi level is related to the Ce 4f states
and the feature at —1.7 eV is related to the strong hybridization between the Ce 4f and 5d, Ag 4d and Ge 4p

states.
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Resonant photoemission spectroscopy (RPES) has
emerged as a very powerful tool to understand the electronic
states of rare earths. From last few decades, Ce-based inter-
metallic compounds have attracted much attention for their
various ground-state properties, such as the magnetism, non-
magnetic heavy Fermion, and quantum criticality, etc.!® The
diverse ground states are due to the competition between the
Ruderman-Kittel-Kasuya-Yosida interaction and the Kondo
effect.” CeAg,Ge, belongs to a wide class of cerium com-
pounds that crystallize in the ThCr,Si, structure having a
body-centered tetragonal lattice.® At room temperature it ex-
hibits a paramagnetic phase while at low temperature an an-
tiferromagnetic phase with Ty=7 K is reported.>® More re-
cently, detailed studies were performed on a single crystal,
which has shown that CeAg,Ge, orders antiferromagneti-
cally at 4.6 K.® The neutron-diffraction experiment shows a
sine modulated structure with a magnetic moment equal to
1.85up at T=1.5 K.° In the Ce based intermetallic alloys it
is believed that the ground-state properties depend on the
strength of hybridization of the f electrons with the delocal-
ized band states and this motivated us to understand the elec-
tronic structure of CeAg,Ge,. In the present work, we inves-
tigate the occupied electronic states of CeAg,Ge, at room
temperature and try to provide a clear understanding of the
hybridization between the local Ce 4f electrons and the itin-
erant conduction electrons by the systematic Ce 4d-4f RPES
study.

CeAg,Ge, single crystal was grown by the self-flux
method.® For the PE measurements the sample has been me-
chanically polished to mirror finish using quarter micron dia-
mond paste. The RPES measurements on this sample were
carried out at the angle-integrated PE beamline on the
Indus-1 synchrotron radiation source.’ The valence-band
(VB) photoemission spectra were recorded using a photon
energy of 110-130 eV in very small steps of 1 eV. The en-
ergy analyzer from Omicron (EA125) is used to measure the
spectra at room temperature. The spectra were normalized by
the photon flux estimated from the photocurrent from the
post mirror of the beam line. To determine the Fermi edge of
the sample we have mounted the sample and the gold foil on
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the same sample holder, and measured the spectra of gold
and the sample one after another at the same monochromator
setting. The base pressure in the analysis chamber was 1
X 107! mbar. To obtain atomically clean surface the sample
has been sputtered with 1.5 keV argon ions and annealed at
500 K. Similar process have been employed to clean the
Ni,MnGa single crystals.!® Surface cleanliness was con-
firmed by the absence of the O 1s, C 1s, and O 2p signals.
The experimental resolution was estimated to be from 0.32
to 0.44 eV in the photon energy range 110-150 eV. For the
x-ray photoelectron spectroscopy (XPS) measurement Al Ko
x-ray source which provides 1486.6 eV photons from Omi-
cron (DAR400) is used. The ab initio, relativistic spin-
polarized calculations are performed using full-potential lin-
earized augmented plane-wave (FPLAPW) program'' with
the generalized gradient approximation for exchange
correlation.'” An energy cutoff for the plane-wave expansion
of about 17 Ry is used (R ;7K .x=9.5). The muffin-tin radii
are Ce, 2.6; Ag, 2.5; and Ge, 2.3 a.u. The number of k points
for self-consistent field cycles in the reducible (irreducible)
Brillouin zone is 8000 (635). The convergence criterion for
the total energy E,,, is 0.1 mRy. The charge convergence is
set to 0.001. The tetrahedron method has been used for
k-space integration. The lattice constants are taken from the
experiment.® Hence the calculations are performed at lattice
parameters of @ and b=8.127715 and ¢=20.735973 a.u.
Prior to the RPES measurements the surface composition
was estimated from core-level XPS measurements. In Fig. 1
we show the core-level spectra of Ce 3d, Ag 3d and Ge 3d.
In order to determine the surface composition, the area under
the XPS core-level peaks have been determined by fitting the
spectra using a least-square error minimization routine. The
core levels have been fitted with Doniac-Sunji¢ line shape.'?
The inelastic background has been subtracted using Tougaard
method.'* The instrumental broadening is considered by con-
voluting the line shapes with a Voigt function. The instru-
mental parameters have been kept fixed during the fitting.
For determining composition, we find the atom density (N)
for each constituent by normalizing the area under the corre-
sponding core-level peak (/) by the respective photoioniza-
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FIG. 1. (Color online) Core-level spectra of CeAg,Ge, showing
(a) Ce 3d, (b) Ag 3d, and (c) Ge 3d core level. Solid blue line is fit
to the experimental data (open circles). In (a) f* (n=0,1,2) designs
the final states related to the main peaks of Ce.

tion cross section o,'> the mean-free path (\) of the photo-
electron for an inorganic compound,'® and the analyzer
étendue given by G(E)xE=3'7 where E is the kinetic en-
ergy of the photoelectron. Thus, N =m, where C is a
product of the detector efficiency, angular asymmetry photo-
electron intensity, flux of the x-ray characteristic line per unit
area, inverse cosine of incidence angle, and cosine of emis-
sion angle. The surface composition determined in this way
is about Cey ¢sAg; g5Ge, 5, from the depth of 28 A, which is
the probing depth of the photoelectrons.

From Fig. 1 the 3ds, and 3ds, peak of Ce appears at
885.2 eV and 903.75 eV, respectively, with a spin orbit split-
ting of 18.4 eV. On the other hand Ag 3ds,, and 3d5,, appears
at 367.8 and 373.8 eV, respectively, with the spin orbit split-
ting of 6 eV and the Ge 3d peak appears at 31.7 eV. The
Ce 3d peak of CeAg,Ge, shows two main peaks correspond-
ing to 3ds, and 3ds,, spin-orbit component along with the
doublets. The main peaks are associated with the poorly
screened 3d°f! final state. The additional peak labeled as f?
represents the Ce atoms in the 34°f? state. f*> peak indicates
hybridization of the 4f levels with the other orbitals. f° peak
arises from the 4+ valence state of Ce. The intensity of f°
peak in the core level (Fig. 1) is almost negligible which
indicates that Ce exists in trivalent state in this compound
similar to CeSe.'® In addition to the f! peak, f° and f> peaks
have been observed for other Ce based intermetallic com-
pounds like CeAlCu, CeNi,Si,, CeAlNi, CePd;, and
CeNisB.!8-20

The VB spectra of CeAg,Ge, recorded at different photon
energies over 110-150 eV are shown in Fig. 2. The back-
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FIG. 2. (Color online) Normal emission VB spectra of
CeAg,Ge, recorded at different photon energy across the 4d-4f
resonance. The Fermi edge of gold (red open circle) has been used
to align the normalized Fermi edge of the sample (blue solid line)
which is shown in the inset for two incident photon energies of 21
and 114 eV.

ground obtained by the Tougaard procedure'* has been sub-
tracted from each raw data. The Fermi level of the sample
was aligned with respect to the VB spectra of the in situ
cleaned gold foil at the same monochromator setting and is
shown in the inset of Fig. 2 at 21 and at 114 eV incident
photon energies. The Fermi edge is not clearly visible mainly
due to the poor resolution (=0.4 eV). The VB shows mainly
four features marked as A, B, C, and D at -0.4 eV, —1.7 eV,
-5.5 eV, and -9.9 eV, respectively. Features A and B are
resonantly enhanced above the Ce 4d threshold located
around 121 eV in CeAg,Ge, and is related to Ce 4f states.
This is clearly seen in Fig. 2. The 4d-4f resonance in Ce
compounds occurs at photon energies at which 4d core elec-
trons are excited to the 4f states. Ce shows resonance phe-
nomenon particularly due to highly localized excitations of
the form 4d'%4f"— 4d'°4f"~!, which may decay either by a
direct photoemission phenomena: 4d'%4f"+hv— 4d'%4f"!
+e, or by photoionization of the excited electron into the
conduction band followed by Auger emission: 4d'%4f"+hv
—4d°4"1 - 4d'°4 "1+ e. The final states of the two chan-
nels are indistinguishable so that there is a quantum interfer-
ence between the two channels. On closely looking at Fig. 2,
two resonance features are observed when photon energies
are varied from 110 to 150 eV. The enhanced resonance fea-
ture at 121 eV is due to the 4d;, and is much more signifi-
cant than the one at 111 eV that is mainly due to the 4ds),
threshold.?! From high-resolution photoemission using He
resonance lines, Patthey et al.,?? studied the Ce 4f contribu-
tion to the photoelectron spectra. The specific aspect of the
4f spectra of Ce compounds is the two-peak profile. One
peak occurs at the Fermi edge and the other between 2 and 3
eV below it. Many theoretical works based on the single
impurity Anderson model have been reported to explain the
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FIG. 3. The constant initial state of the resonant features A and
B as a function of photon energy. The solid line shows the fitting
with the Fano line shape. Inset shows the difference of the on-
resonance spectrum at 121 eV and the off-resonance spectrum at
116 eV.

two peak profile of the Ce 4f spectra in Ce-based intermetal-
lics such as CeNiSn, CeFez.23 Here the second feature related
to Ce 4f state is found to be broad and shifted toward the
lower binding energy which may be due to the hybridization
of the Ce 4f states with the Ag 4d and Ge 4p states.

To evaluate the resonance energy we have plotted the dif-
ference spectrum in the inset of Fig. 3 obtained by subtract-
ing the off-resonance VB spectra at an excitation energy of
116 eV from the on-resonance VB spectra at an excitation
energy of 121 eV. It is evident in the figure that mainly the
features A and B shows the resonant behavior, on the other
hand, the features C and D shows a broad peak which does
not show a characteristic resonance-type behavior. Hence the
constant initial state (CIS) intensity have been plotted only
for the features A and B and are shown in Fig. 3. The CIS
intensity plots are obtained from Fig. 2 by plotting the nor-
malized intensity of the marked regions (A and B) at fixed
binding energy positions of the respective features. A maxi-
mum in the intensity of these spectra around a photon energy
of 111 and 121 eV is observed. CIS spectra has been shown
to give rise to a characteristic line profile for the cross-
section variation in the vicinity of the resonance. Fano?* pre-

dicts a line shape for this type of process which obeys the

equation: cr(hv):o;,%ﬁzﬁﬂrb, where e=(hv—E,)/I', E, is

the resonance energy, I is the half-width of the line, and ¢ is
the line profile index. The cross sections o, and oy, corre-
spond to the transitions to states of the continuum those,
respectively, do and do not interact with the discrete autoion-
izing state. In Fig. 3 the markers (filled circles and triangles)
and the solid line show the experimental data points and the
fitted Fano line shape, respectively, achieved with a curve of
the form (g+e€)?/(1+€’) for the parameter values ¢
=2.45(%0.06), '=4.23(%=0.2), and E;=121.14(*0.06) for
feature A and ¢=2.36(*0.04), I'=3.995(*0.1), and E,
=121.38(*0.03) for feature B. The empirical parameters I"
and g are related to the Coulomb potential and the dipole
matrix elements. We have not calculated the Coulomb poten-
tial and the dipole matrix elements but the determined I" and
q values appear to be reasonable when compared to the val-
ues previously reported for other Ce based compounds such
as CeNi and Ce-Co.?>2¢
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FIG. 4. (Color online) For CeAg,Ge, (a) Total DOS along with
the Ce, Ag, and Ge total DOS, (b) partial DOS showing Ce 3d,
Ce 4f, Ag 4d, and Ge 4p states, and (c) calculated and experimental
valence band (at 118 eV).

To understand the origin of the features in the experimen-
tal VB spectra we show the total density of states (DOS)
along with the total Ce, Ag, and Ge DOS in Fig. 4(a). The
partial DOS of Ce 5d, Ce 4f, Ag 4d, and Ge 4p states close
to the Fermi level from —4 to 1 eV are shown in Fig. 4(b). It
is evident from Figs. 4(a) and 4(b) that the DOS of
CeAg,Ge, near to the Er are mainly due to the Ce 4f states
which extends upto —2 eV. On the other hand a strong hy-
bridization between the Ce, Ag, and Ge states are observed
for the features existing at —1.5 and -2.3 eV. The broad
feature centering around —5.5 eV is dominated by the Ag 4d
states. The feature around —8 eV is due to the hybridization
between the Ag and Ge states. Hence it is clear from the
DOS that the resonant features A and B observed in the ex-
periment (Fig. 3) is due to the Ce 4f states and the hybrid-
ized Ce 4f states with the Ce 5d, Ag 4d, and Ge 4p states,
respectively. Ce 5d states are found to be overlapping with
the Ce 4f states and contribute for the carriers near Ey in
CeTe, and CeNi,Ge,.”” Hence the resonant character of the
feature B is mainly due to the hybridized Ce 4f state.

Information about hybridization between Ce 4f orbitals
with the other orbitals can be derived from the analysis of
Ce 3ds), core-level peak [Fig. 1(a)].?® The total hybridization
parameter (A) is related to the ratio r=1I(f2)/[I1(f)+1(f*)],
where I(f') and I(f?) are relative intensities of f' and f2
peaks, which in the present case is estimated to be =0.365.
Using a correlation between A and r as outlined by Fuggle et
al.,”® the value of A obtained is =0.190 eV. For CeAg,Ge,,
Endstra et al.,” reported the value of hybridization matrix
element (V) between Ce f states and Ag d states calculated
using Harrison-Straub model. If we consider that the total
hybridization has similar contributions from Ag d states and
Ge p states then the value of V,, can be approximately cal-
culated from the equation Adf:Zij/Bd, where B is the full
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width at half maximum (FWHM) of the Ag d bands (1.2 eV)
and A=2A,.*® Hence, the value of V, is estimated to be
0.238 eV which agrees reasonably well with the value of V,,
reported in Ref. 29.

For comparing the experimental VB with the theory, in
Fig. 4(c) we show the DOS which has been broadened by
adding the total DOS of Ce, Ag, and Ge. This added DOS is
multiplied with the Fermi function at the measurement tem-
perature and convoluted with a Voigt function. The FWHM
of the Gaussian component is taken to be 0.4 eV of the Voigt
function which represents the instrumental resolution in dif-
ferent measurements. The energy-dependent Lorentzian
FWHM that represents the lifetime broadening is 0.3E,
where E is the energy with respect to Ep.3° The inelastic
background and the matrix elements are not considered. This
is a standard procedure of comparing the photoemission
spectrum with the calculated DOS.3%3! The features A, B, C,
and D obtained from the calculated VB are in very good
agreement with the experiment. There are small differences
which could be related to the fact that the FPLAPW method
is based on density-functional theory (DFT) that is a ground-
state calculation and the electron-electron interaction is con-
sidered in an average way. The difference between the ex-
periment and DFT can be quantified in terms of self-energy,

PHYSICAL REVIEW B 82, 113107 (2010)

where the real part gives the energy shift and the imaginary
part gives the broadening. However, sample related effects
such as the presence of antisite defects and site disorder that
are not considered in the calculation might also be respon-
sible for the small disagreements.’!

In conclusion, we have studied the electronic structure of
CeAg,Ge, by using angle-integrated 4d-4f RPES. The VB
spectra show two resonance features A and B observed at
-0.4 eV and —-1.7 eV, respectively at a 121 eV excitation
energy which corresponds to the threshold energy of the
Ce 4d states. The constant initial state as a function of pho-
ton energy shows a good fit with a Fano line-shape profile
for the resonance features. From the FPLAPW calculations,
the origin of the feature A is related to the Ce 4f states and
the feature B is related to the strong hybridization between
the Ce, Ag, and Ge states. The calculated VB shows an ex-
cellent agreement with the experimental spectra.
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