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It has been revealed that the Ce valence depend strongly on the type of the
transition metal in the Ce-doped perovskite transition metal oxides R;_,Ce,M O3 (R:
rare earth or divalent cation; M: transition metal) [1]-[5]. This fact itself is quite
natural since two different oxides of Ce, namely CeOy and CeyO3 are known. In CeO,
and Ce,03, the ionic state of Ce is Ce'™ with the formal configuration of [Xe]4 f°5d°6s°
and Ce*T with [Xe]4f15d°6s°, respectively. When Ce?™ replaces R*" in R;_,Ce,MOs3,
the valence M becomes 3 — x. In other words, electrons are doped to the valence band
in the vicinity of the Fermi level (Fr). On the other hand, when Ce" replaces R,
the valence of M is kept three and no electron doping occurs. Therefore the ionic state
of Ce is expected to play an important role in controlling such properties as colossal
magnetoresistance (CMR) behavior[6]—[9].

The above-mentioned dependence of the Ce valence on M in Ry_,Ce,MO3 can be
summarized as follows. When light transition metals such as vanadium and titanium,
which have only few 3d electrons, are on the M site of R;_,Ce,MO3, the Ce ions
generally take the Ce3" state. On the contrary, when heavy transition metals are
on the M site, the Ce ions usually become Ce**. Closely related case is the well-
known high temperature superconductor Nd,_,Ce,CuO, in which is Ce takes the Ce*t
state[10]. This tendency can be understood in such a manner that Ce¥™ (Ce?") with
larger (smaller) ionic radius is more stable because the lattice constant is larger (smaller)
when lighter (heavier) M with larger (smaller) ionic radius occupies the M site. In the
case of M = Mn, located in the center of Ms, the ionic state of Ce may be expected to
vary depending on the specific composition. For example, Ce ions in CaggCeyoMnO3
are considered to take the Cel™ state because Ce L3 (2p — 5d) photoabsorption
spectrum is much closer to CeO, than to CeRhsSis, in which Ce ions are known to
take the Ce3Tstate[3]. On the other hand, in Lag47Cey2Cag33MnO3, 60 % of Ce ions
are considered to take the Ce*" state and the remaining 40 % the Ce 3T state, based on
the comparison between its Ce 3d XPS and those of CeOy and Ce,O3[4].

Ndg 4551055 MnO3 (NSMO) undergoes a transition from paramagnetic insulator(PT)
to A-type antiferromagnetic metal(AFM) at the temperature (T") of 220 K[6]. Since
Sr ions take the Sr?t state, the formal valence of Mn is 3.55 in NSMO. The Ce-
doped systems, Ndg45_,Ce,Srg55MnO3 (NCSMO), exhibit a phase diagram shown in
Fig.1(a)[11]. As z increases, the PI to AF transition temperature is lowered. At the
same time, the T-dependence of resistivity in the AF phase changes from metallic to
semiconducting. A new low-7" phase (AF2), whose magnetic properties are not fully
understood, appears in the range of x > 0.2. If the Ce ions exist as Ce?" when Ce
ions are doped into NSMO, it would make the mean ionic radius of the R site larger.
This would lead to a similar behavior as in Ndg 45_,La,Srg55sMnO3. On the other hand,
if the Ce ions exist as Ce*", it would be the same as electron doping into the Mn
site, resembling the behavior in Ndg 45.,510.55_,MnO3. In these systems, ferromagnetic
metal phase is inserted between PI and AF phase for x > 0.15 in Ndg 45_,La,Srg 55 MnO3
and for x > 0 in Ndg.45:,570.55_.MnO3, and a new low-7" magnetic phase is not found.
Therefore, the present phase diagram suggests that Ce exists neither as pure Ce®" nor
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Figure 1. (Colour) (a) The phase diagram of Ndg 45-,Ce;Srg 55 MnO3 (NCSMO).[11]

The dots show the measured temperatures (7).

(b) The Ce 3ds/, XAS spectra of

NCSMO(x=0.1, 0.3, 0.45). The inset shows the spectral changes in the vicinity of the
f! final state of x=0.3. (c) The Ce 3d HAXPES spectra of NCSMO(x=0.3).
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Table 1. The Ce concentration (x) and temperature (1") dependence of the intensity of
the “f0 — d f'” component in Ndg 45_,Ce,Sro.55MnO3 normalized by that of CeOs.
The Ce and Mn valences are roughly estimated based on the calculation shown in Fig.
3. The related discussions are given in the last part of this paper.

x T(K)  “f9— d’f!” intensity Ce valence Mn valence
0.45 100-280 0.7 3.53 3.31
0.3 280 0.6 3.44 3.42
20 0.4 3.30 3.46
0.1 20-280 0.8 3.65 3.49
0 3.55
CGOQ 1 4

pure Ce** state. The richness of the phase diagram is expected to come from x and/or
T dependence of the Ce electronic state. In order to discuss the mechanism underlying
the phase diagram, it is essential to know the Ce electronic state and the Ce valence
in NCSMO. In this paper, we report on the Ce 3d x-ray photoabsorption spectroscopy
(XAS) studies on Ndg45_,Ce,Sro55MnO3 single crystals with z = 0.1, 0.3 and 0.45,
and hard x-ray photoelectron spectroscopy (HAXPES) studies of z = 0.3, for which
the clearest T dependence is observed in the Ce 3d XAS. These experimental methods
are chosen because they are bulk sensitive. The importance of the bulk sensitivity
of the electron spectroscopy has been recognized for rare earth and transition metal
compounds [12, 13]. Our discussion will be based on electron spectroscopy experiments
on CeOq[14]-[17] and Ce203[16] and theoretical analyses of them[18]-[22] by means of
the single-impurity Anderson model (STAM)[23, 24].

Single crystals of Ndg 45_,Ce,Srg55MnO3 (z = 0.1, 0.3 and 0.45) were grown by the
floating-zone method The clean surfaces of samples were obtained by in situ fracturing.
The base pressure was better than 4x107% Pa. The Ce 3d XAS measurements were
performed at BL25SU in SPring-8. The XAS spectra were obtained by means of the
total electron yield (TEY) method, with the photon energy resolution of ~ 100 meV.
The HAXPES measurements were performed at BLI9LXU in SPring-8 with use of an
MBS A1-HE analyzer. The photon energy hr was set to 7934 eV and the Ce 3d core-
level photoelectron spectra were measured with the total energy resolution of ~ 500
meV. Probing depth of XAS with TEY method is roughly 10 nm and that of HAXPES
with hv = 8 keV is roughly 7-8 nm. These probing depths are presently the largest that
can be obtained by electron spectroscopy method with good enough energy resolution
for above-mentioned purpose.

Figure 1(b) shows the T dependence of the Ce 3ds;; XAS spectra of NCSMO
(x=0.1, 0.3, 0.45). The spectra are normalized by the integrated intensity in the energy
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region displayed here. For all s and T's, the Ce 3d XAS spectra reveal three remarkable
peaks (main peaks) and a satellite which is on the higher photon energy side of the main
peaks. The three main peaks are observed at about 881.5, 883 and 884 eV, and the
satellite structure is observed at around 889 eV. The satellite has also been observed
for CeO4[17, 20] and other mixed-valent Ce compounds[25]. This structure has been
attributed to the 3d°4f! final state, mainly resulting from the 4 f° initial state, in other
words the Ce?* state. This structure is not seen for Ce;O5 in which Ce is in the Ce?*
state[16]. Therefore, the intensity of the 889-eV satellite is expected to scale with the
ratio between Ce** and Ce3* initial states. The intensity of this “f° — d° f1” structure
was estimated by integrating the spectral area after subtracting the background of
the “f1 — d°f?” peak. The results normalized by that for CeO, are shown in Table
[. Main spectral features observed between 880 and 885 eV have been attributed to
the multiplet structures of 3d°4f? final state configurations, mainly resulting from the
Ce 3d — 4f photoexcitation of the Ce3* (4f!) state. However, the 3d%4f2 multiplet
structures observed for most of the mixed-valent Ce compounds [17, 25] consist of two
main peaks, in contrast to the three main peaks in the present case. Both atomic
calculation [26] and STAM calculation for mixed-valent Ce system [20] have yielded a
two-component structure due to two groups of multiplet states split by about 2-3 eV.
Therefore, the present three-peak line shape suggests an unusual electronic state. This
unusual 3d°4 f? line-shape will be reproduced by SIAM calculation below.

In the case of x = 0.45, nearly no T" dependence is seen. This result is consistent
with the phase diagram (Fig. 1 (a)). Namely, at 280 K and 200 K the sample is in the
PI state, and at 100 K it can be around PI-AF phase transition but the phase transition
itself is not clear at this composition. In the case of x = 0.3, we have observed drastic T’
dependence not only in the relative ratio of the three main peaks but also in the intensity
of the 49 — 3d%4 f! satellite as shown in the inset of Fig. 1 (b). Small but finite change
is found between 280 K and 200K although both T's are within the PI phase. Through
the PI — AF transition, the 4f° — 3d%4f! satellite decreases and the spectral weight
is slightly transferred from the 884 eV peak to the 881.5 eV peak. Through AF — AF2
transition, the 4/ — 3d%4 f! satellite decreases further and the 884 eV peak decreases
drastically and both the 881.5 and 883 eV peaks increase. The change in the intensity
of the 4f° — 3d%4f! satellite is monotonous through the successive PI — AF — AF2
transitions. On the other hand, the change in the intensity ratios between the three
main peaks is qualitatively different between PI — AF and AF — AF2 transitions. In
the case of x=0.1, a rather small spectral weight transfer from the 884 peak to the 881.5
eV peak is found between 280 K and 100 K. Between 100 K and 20 K, nearly no change
was found. This is consistent with the absence of the AF2 phase in this concentration.

Figure 1(c) shows the T dependence of the Ce 3d HAXPES spectrum of NCSMO
(x=0.3). Shirley type background[27] has been subtracted from each spectrum and the
spectra are normalized by the integrated intensity in the energy region displayed here.
The spectra of 200 K and below are superimposed on that of 280 K for comparison.
We have clearly observed four peak structures at the binding energy (Fg) of about 885,
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898.5, 903 and 916.5 eV. These four structures reflect two types of energy splitting. One
is the spin-orbit splitting of ~18 eV between Ce 3ds/, and 3ds/, core levels (see Fig.
1(c)). The other is the splitting of ~13.5 eV between the final states with different Ce
4f numbers. The structures near 898.5 and 916.5 eV correspond to the 3d°4f° final
state. On the other hand, the structures near 885 and 903 eV correspond to strongly
mixed states consisting of 3d°4f! and 3d%4f? final state configurations. The spectral
shapes have shown noticeable change between 200 and 100 K. The 3d°4f° final state is
smaller at 100 K than at 200 K. Therefore, it is understood as the weight of the 4f°
initial state decreases through the PI— AF phase transition. As for the 3d%°4f! and
3d%4 f? mixed structure around Eg = 885 eV, the shoulder structure near Eg = 880 eV
becomes slightly larger at 100 K than at 200 K. In the Ce 3d HAXPES, essentially no
change was found between 100 K (AF phase) and 20 K (AF2 phase). This is in quite
a strong contrast to the remarkable difference in Ce 3d XAS between the AF and AF2
phases.

For a quantitative analysis of Ce valence, STAM has widely been applied. Here, we
consider a Hamiltonian in the form H = H; + H,, where H; describes SIAM and H,
describles the intraatomic interaction related to spin and orbital angular momenta. In
STAM, the atom whose core electron is photoexcited is taken as an impurity atom in
the solid, and its localized atomic orbital is assumed to hybridize with the surrounding
valence band state. In the present case the Ce atom corresponds to the impurity atom
and its 4f level hybridizes with the valence band. The Hamiltonian of SIAM is thus
written as

H1:

er = Upe D (1 —nag ] > np
¢
+ Uff Z anan, +€dznd§ +ngzznzu

v>v!

+zi:ViZy: l(\/a) ! <\/E)( . Nd) atap, +he.|. (1)

The valence band is replaced by levels, and the ith level is assumed to have the energy
€ri- “f” stands for the 4f level, and “d” for the 3d core-level. £; (g4) is the energy
of the f (d) level. Uy, is the attractive Coulomb potential between a core hole and an
f electron. Uyy is the repulsive Coulomb potential between f electrons. ny,, n, and
nge are the number operators of the f state, the valence band state and the d state,
respectively. v (£) is a combined index representing the spin and orbital states of the f
(d) symmetry state. V; is the hybridization between the f level and the ith conduction
band level. « and [, representing the dependence of hybridization on the number of
[ electrons Ny = 37, ny, and that of the d electrons Ng = 3" nge, were set as 2.0 and
0.28, respectively[29]. When Ce 4f electron number increases from one to two, the Ce
4f orbital expands due to electron-electron repulsion, leading to a larger hybridization.
When a core-hole is created, the Ce 4f orbital shrinks due to the attractive potential
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Figure 2. (Colour online) (a)The initial states of the single impurity Amderson model
(SIAM) of the one valence band considering the atomic multiplets. (b)The Ce 3d
HAXPES spectra of NCSMO (x=0.3, 280 K) (red dots). A solid line is STAM fitting
result. (c) The Ce 3ds5/o XAS spectra of NCSMO (x=0.3, 280 K) (red dots). A solid
line is SIAM fitting result.

of the core-hole, leading to a smaller hybridization. H, is expressed as
H2 = Hee + Hso (2)

where H,, is the electron-electron interaction and Hy, is the spin-orbit interaction of 4 f
and 3d electrons[26]. H, gives rise to the atomic multiplet structures. The calculations
of spectra were performed by with the program developed by Tanaka[28].

At first, we have considered one valence band level, taking into account the initial
states shown in Fig.2(a). ¢ is the energy of the valence band level. We compare in
Fig.2(b) the Ce 3d HAXPES spectrum of NCSMO (x=0.3, 280 K) (red dots) and the
one valence band SIAM fitting result (solid line), and in Fig.2 (c) the Ce 3ds5/2 XAS
spectrum of NCSMO (x=0.3, 280 K) (red dots) and the one valence band SIAM fitting
result (solid line). The adopted parameters for fitting the spectra using the one valence
band model are listed in Table 2. We have controlled the parameters so that (1) the
calculated Ce 3d HAXPES roughly reproduces peak position and the intensity of d° f°
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Table 2. The adopted parameters for fitting the spectra using the one valence band

model.
A(eV) V (eV) Uy (V) Uype (eV)
—0.900  0.201 6.55 12.0

peak and (2) the calculated Ce 3d XAS roughly reproduces the three-peak structure of
the f! — d°f? spectrum. However, the calculated Ce 3d HAXPES could not reproduce
the structure around 880 eV. In the calculated Ce 3d XAS, the f° — d°f! intensity is
too large compared to the experiment. The energy difference between the valence band
level and the Ce 4f state corresponds to the charge transfer energy (A = ey —¢y). The
charge transfer energy A is —0.9 eV, which means that the energy of the Ce 4f state
(¢f) is lower than that of the valence band level (g5). We can interpret that the valence
band level represents the part of the valence band in the vicinity of Fr. However, there
is another part of the valence band, namely the O 2p band, with which the Ce 4 f state is
expected to hybridize strongly. The O 2p band is expected to exist on the lower energy
(larger binding energy) side than the Ce 4f state. The one valence band model hence
cannot reproduce the hybridization between the O 2p band and the Ce 4f state.

Therefore, we have considered SIAM with two valence band levels illustrated in
Fig.3(a). The level at i represents the valence band in the vicinity of Ey and that
at ey represents the O 2p band. We compare in the upper part of Fig.3 (b) the Ce
3d HAXPES spectrum of NCSMO (x=0.3, 280 K) (red dots) and the two valence band
levels SIAM fitting result (solid line), and in top of Fig.3 (c) the Ce 3d5/2 XAS spectrum
of NCSMO (x=0.3, 280 K) (red dots) and the two valence bands SIAM fitting result
(solid line). The adopted parameters for fitting the spectra using the two valence bands
model are listed in Table 3, where A; = €y —¢ey;. The XAS and HAXPES spectra can be
better reproduced by this two valence bands model than by the one valence band model.
This reconfirms that both O 2p band and the valence band near Er play essential roles
in determining the Ce 4f electronic state.

We also tried to reproduce the 7' dependence of NCSMO (z = 0.3). The XAS
and HAXPES spectra of T = 280 K and 20 K can be reproduced by changing the
hybridization strength between Ce 4f state and the valence band with higher binding
energy (V4), which is shown in bottom of Fig. 3 (b) and Fig. 3 (c), respectively. Red
(blue) lines adopt V5=0.620 (0.616) eV and roughly reproduce the spectra at 7" = 280
K (20 K). Weights of the different configurations in the initial state are listed in Table
4. The small change in V5 of less than 1 % leads to rather large changes in the weights
of different configurations. A rough sketch of how different configurations hybridize
with each other to result in the ground states (“g. st.”) is shown in Fig. 3 (d). In this
diagram, |f2L;?) and |f2L,?), the weight of which is small, are neglected for simplicity.
Since V5 is much larger than V;, we first consider the effect of V5. Namely, we consider
the bonding state between |f°) and |f'Ly) (between |f'L;) and |f2L; L)) and call it
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Figure 3. (Colour) (a)The initial states of the single impurity Anderson model
(SIAM) of the two valence bands to consider the atomic multiplets. (b)Top: The Ce 3d
HAXPES spectra of NCSMO (x=0.3, 280 K) (red dots). A solid line is STAM fitting
result. Bottom:Vs dependence of SIAM result reproducing the 7' dependence (The
red (blue) line is with V5=0.620 (0.616) eV reproducing the experiment at T' = 280
(20) K). The red and blue colors correspond to those in Fig. 2. (c)Top: The Ce 3d5/,
XAS spectra of NCSMO (x=0.3, 280 K) (red dots). A solid line is STAM fitting result.
Bottom: V2 dependence of STAM result reproducing the T dependence. (d) A schematic
diagram showing the property of the ground state of the initial state of STAM.
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Table 3. The adopted parameters for fitting the spectra using the two valence bands

model.
Ay (eV) Vi (eV) Ay (eV) Vo (eV) Uysp (V) Uge (eV)
-1.102 0.008 1.70 0.62 8.0 12.0

Table 4. Calculated Ce 4f configurations in the initial state and the Ce valence
Va(eV) If%  If'La)  [f'Le)  [fPLi®)  [f?LiLs) [f?L2®) Ce valence

0620 220% 51.2% 199% 0.0% 46 % 2.2 % 3.44
0.616 151 % 642% 135% 0.0% 5.7 % 1.5 % 3.30

/%) (|f*L1*)). The ground state can then be considered as the bonding state between
|f%*) and | f'L,*) through hybridization V;.

As illustrated in Fig. 3 (a), the electronic state of the valence band in the vicinity
of Er is the same for |f°), |f1Ly) and |f2Ly?). Therefore, not only |f°) but also |f*Ls)
and | f2@2> should be categorized as Ce** state. In fact, experimental results on CeO,
have been successfully interpreted by considering electronic states corresponding to | f°),
|f1Ly) and |f2Ly?) with the weights of 55.4 %, 43.1 % and 1.4 %, respectively[18]. On
the other hand, |f'Ly) and |f*L; Ly) can be considered as Ce*" state since one hole
exists in the valence band in the vicinity of Ey. Finally, | f2L;?) corresponds to the Ce?*
state. Based on these definitions, Ce valence can be calculated as shown in Table 4.
The estimated Ce bulk valence hence decreases from 3.44 to 3.30 with cooling from 280
K to 20 K in z = 0.3. If we fit the relation between the Ce valence and the “f° — d° f1”
intensity in the Ce 3d XAS of CeOy and NCSMO with z = 0.3 at 280 K and 20 K
using a third order polynomial, Ce valence of NCSMO with x = 0.1 and x = 0.45 can
be roughly estimated as shown in Table 1. Mn valence estimated using the Ce valence
is also shown in Table 1. The decrease of Mn valence with respect to 3.55 of NSMO
(x = 0), in other words the number of doped electrons per Mn, is not proportional to z
and also is T" dependent in the case of z = 0.3.

Here, we note that |f%) (|f'L;*)) state in Fig. 3 (d) corresponds to the Ce*™
(Ce®T) state. If Vj is zero, either of the pure |f%) or the pure |f!L;*), that has the
lower energy, becomes the ground state and the Ce valence becomes either 4 or 3,
respectively. The small but finite V; is the origin of the intermediate Ce valence. Since
the nearest neighbors of the Ce site are oxygen atoms, the origin of the £;; band is most
likely the small but finite O 2p partial density of states in the vicinity of Fr. This state
is expected to hybridize strongly with the Mn 3d state. Through this channel and the
channel of electron doping mentioned in the last paragraph, the Ce 4 f electronic states
have strong influences on the Mn 3d electronic states, giving rise to the rich magnetic
and transport properties of NCSMO.

In conclusion, Ce 3d XAS shows that the Ce ions exist in the Ce?** and Ce*t mixed-
valent states in Ndg45_,Ce,Srg55Mn0O3, and we find that the XAS spectral feature of
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x = 0.3 depend strongly on T. The measured Ce 3d XAS and HAXPES spectra for
NCSMO agree reasonably well with the calculation using the single impurity Anderson
model (STAM) considering the atomic multiplets and the two valence band levels. These
two valence band levels represent the valence band in the vicinity of Er and the O 2p
band. The Ce valence has been found to depend on both x and 7. This indicates that
the change in the Ce valence plays an essential role in the phase transitions of NCSMO.

The Ce 3d XAS measurement at BL25SU of SPring-8 was performed under proposal
No. 2000B0338-NS-np. This work was in part supported by Funding Program for World-
Leading Innovative R & D on Science and Technology (FIRST Program).
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