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Bulk-sensitive measurements of the electronic structure of Ce in the (Ce;_,Nd,);Al system have been
performed as a function of temperature and x using x-ray absorption spectroscopy in the partial fluorescence
yield mode and resonant x-ray emission spectroscopy (RXES) at the Ce L; edge. In the Ce-rich samples, the
RXES spectra indicate a mixed-valence state consisting mainly of f' with a small fraction of f° and f2. The
f1/f? intensity ratio is found to undergo a first-order transition at low temperature, coinciding with the «
— 7 structural transition. Following the disappearance of the Kondo effect at x>0.2, the f!/f? intensity ratio
is found to significantly increase with x, signifying a weakening of the mixed-valence character. The fact that
the volume remains nearly constant upon Nd doping points to an electronic origin of the x dependence of the

Ce f'/f? intensity ratio.

DOLI: 10.1103/PhysRevB.81.115137

I. INTRODUCTION

Ce-based intermetallic compounds have generated consid-
erable interest owing to their exotic, heavy fermionlike
physical properties such as a large electronic specific coeffi-
cient, valence fluctuation, Kondo effect, and magnetic
ordering.!> These unusual properties are normally attributed
to the peculiar behavior of the atomiclike 4f states and their
hybridization with the band of conduction electrons, compet-
ing with the Ruderman-Kittel-Kasuya-Yoshida (RKKY) in-
teraction.

Among the (Ce,Al)-based compounds, the R;Al (R: rare
earth) system has attracted much attention. R;Al has a
NisAl-type hexagonal crystal structure with the space group
P6/mmc at room temperature. Ce;Al is an archetypal heavy
fermion system with a large electronic specific coefficient of
the order of 100 mJ/K?/Ce-mol.>"'7 Upon cooling, a struc-
tural transition from « (hexagonal) to y (monoclinic) occurs
at T¢=110 K accompanied by a volume contraction of about
9%, and antiferromagnetic order sets in at Ty=2.2 K.>!! At
T<1 K the specific heat shows Fermi-liquid behavior. The
temperature dependence of the resistivity shows a minimum
around 20 K, suggesting single impurity Kondo regime.'®
Using Ce-3d photoelectron spectroscopy (PES), it was
shown that at T<Tj the Ce** (4f°) weight increases, point-
ing to increased valence fluctuation and Kondo effect.” At
T>500 K Ce;Al has a 8 phase with cubic structure. Zeng et
al.'® succeeded in synthesizing the B phase fcc Ce;Al at
room temperature under high pressure. Their study showed
that the electronic transition accompanying the structural
transition is reversible after decompression to ambient pres-
sure, whereas the structural transition is not.

On the other hand, the ferromagnet Nd;Al has been re-
cently successfully synthesized.!” Nd;Al shows paramag-
netic to ferromagnetic transition at 70=74 K. Below T the
resistivity decreases monotonically and below 10 K it is not
proportional to 72, respectively, indicating the absence of
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single impurity Kondo region and of a Fermi-liquid ground
state. Therefore, the substitution of Nd to Ce sites in Ce;Al
offers the interesting opportunity to span the competing in-
teractions between magnetic orderings and the Kondo effect.
Recently Li er al. reported the lattice parameter, electrical
resistivity, ~ magnetization, and  specific  heat of
(Ce,_,Nd,);AL%° Both Ty and T rapidly decrease upon Nd
substitution until vanishing at x=0.1 and 0.4 respectively, as
ferromagnetism sets in at x=0.2, T increasing linearly with
x. The low-temperature resistivity shows log—7 dependence
for x=0.3, implying occurrence of single impurity Kondo
effect. At x=0.35, the Kondo effect disappears, coinciding
with the a to 7y phase transition upon x increase at low tem-
perature and its associated volume increase. In order to elu-
cidate these rich physical properties, a thorough investigation
of the electronic structure is necessary. It is what we aim to
provide with the present study.

In this paper, we report an x-ray spectroscopic study of
the electronic structure of (Ce;_,Nd,);Al as a function of
both x and temperature. We employ two complementary hard
x-ray spectroscopic probes at the Ce L5 edge, partial fluores-
cence yield x-ray absorption spectroscopy (PFY-XAS) and
resonant x-ray emission spectroscopy (RXES).21-2¢ For the
Ce-rich systems (x=0.2), we observe in the temperature de-
pendence of the f!/f? ratio a first-order transition coinciding
with the a— v transition. After the Kondo effect vanishes at
x>0.2, the f'/f? intensity ratio is found to monotonically
increase with x, pointing to a decrease in the Ce mixed-
valence character upon Nd doping.

II. EXPERIMENTS

(Ce;_,Nd,);Al polycrystalline samples were prepared for
x=0, 0.05, 0.15, 0.25, 0.35, 0.5, and 1.0 by an arc melting
method under argon atmosphere. Detailed information of the
structure, magnetic ordering and other transport properties
can be found in Ref. 20. The temperature dependence of the
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FIG. 1. (Color online) (a)—(c) Change in lattice parameters as a
function of temperature at x=0, 0.5, and 1.0. (d) Change in volume
as a function of temperature for given x. (¢) x dependence of lattice
parameters at 10 and 300 K. (f) Change in volume as a function of
x for given temperatures.

crystal structure is measured by x-ray diffraction (XRD), us-
ing a Rigaku RINT2000 diffractometer. PFY-XAS and
RXES measurements were performed at the Taiwan beam-
line BL12XU at SPring-8.2” The undulator beam was mono-
chromatized by a pair of Si(111) crystals and focused to a
spot of about 120 (horizontal) X80 (vertical) um? at the
sample position using a toroidal mirror. The samples were at
45° to the direction of the incident beam and the radiation
scattered from the sample at 90° from the direction of the
incident beam was analyzed. Incident photon energies are
calibrated by using metal K-absorption edges of V and Cr. A
Johann-type spectrometer equipped with a spherically bent
(~1 m) Si(400) crystal was used to analyze the Ce La,
(3ds;,—2ps) emission line. The overall energy resolution
was about 1.5 eV. A closed-circuit He cryostat was used for
the low-temperature measurements.

III. RESULTS AND DISCUSSION
A. Phase diagram

We measure both temperature (7) and x dependences of
the lattice parameters. Ce;Al shows a structural transition at
Ts=110 K as shown in Fig. 1(a) in agreement with a previ-
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FIG. 2. (Color online) Phase diagram of (Ce;_,Nd,);Al. x de-
pendences of characteristic temperature (Ref. 20) (7, open square),
Néel temperature (T, closed square), structural transition tempera-
ture (7%, closed triangle: from x-ray diffraction, open triangle: from
resistivity measurement), and magnetic transition temperature from
paramagnet to ferromagnet (T, closed circle) are shown, respec-
tively. The data are taken from Ref. 20 except Ty obtained by the
x-ray diffraction (this work).

ous measurement.® In the low-temperature phase, a and b
contract and c¢ expands, yielding a monoclinic structure
where all three axes have close values. This is the so-called
a— vy structural transition, observed to take place at x
=0.35 as seen in Fig. 1(d). The volume contraction at T is
found to be within 6%—-9%. At x=0.35, only a slight, mono-
tonic volume contraction upon cooling is observed. The mea-
sured values of Ty are summarized in Fig. 2 as a function of
x and T, along with T, Ty, and T, which is related to the
Kondo temperature. According to the Bethe-Ansatz solution
of the Cogblin-Schrieffer model, the physical properties of a
Kondo lattice are well scaled by a single energy parameter
(T,).?%* We used the T, estimated through the fitting the
Rajan’s curve to the experimental result of the magnetic sus-
ceptibility with taking into account the crystal-field effect.?’

The values of Ty measured by XRD agree well with the
resistivity measurement of Ref. 20. At low temperature there
is a crossover of the structural and magnetic transitions be-
tween x=0.2 and 0.4. Ce-rich samples, in the limited region
of x=0.1, display an antiferromagnetic transition around 2
K. Resistivity measurements indicate a Kondo minimum in
the same region,?” pointing to an increased c— f hybridization
between the conduction band and the f states. A small pro-
portion of substituted Nd atoms strongly dilute the Kondo
effect. Chen er al. observed the coexistence of magnetic or-
dering and Kondo behavior in the antiferromagnetic phase of
(Ce,Al)-based compounds.'>!7 Our results here suggest a
similar phenomenon for the Ce-rich (Ce,_,Nd,);Al In
(Ce;_,La,);Al, the enhancement of T;) accompanying the vol-
ume contraction with decreasing La concentration x was re-
ported to coincide with the decrease of Ty."> This is consis-
tent with the competition between Kondo effect and the
RKKY interaction. This is, however, in contrast with Nd sub-
stitution to the Ce site which causes both 7{) and Ty to con-
comitantly decrease due to the increase of the ferromagnetic
local-moment character.
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FIG. 3. (Color online) Examples of the curve fit for (a) PFY-
XAS and (b) RXES at E;,=5719 €V of the x=0 sample at 300 K,
respectively. Open circles and solid line correspond to the experi-
mental data and total intensity of fit curves, respectively.

B. x dependence of the electronic structure

The fits of the PFY-XAS and RXES at E;,=5719 eV
spectra are shown for Ce;Al at 300 K as examples in Figs.
3(a) and 3(b), respectively, where E;, is incident photon
energy.?'2¢ After subtraction of an arctangent-like (asym-
metrical double sigmoid) function corresponding to the con-
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tinuum excitations, two Voigt functions are used to fit the f'
(Ce®*) component centered at 5726 eV and the f> (Ce*)
contribution around 5718 eV. For the fit of the RXES spectra,
we use a pseudo-Voigt function for f' and Voigt functions for
the other components. As will be shown in the analysis of the
RXES spectra in Sec. III D, a small fraction of f° (Ce*) is
also present, hidden by the high-energy tail of the f! peak in
the PFY-XAS spectrum. The x dependence of the Ce L; PFY-
XAS spectra measured at 300 and 22 K is shown in Figs.
4(a) and 4(d). We note that the intensity of the spectra is
normalized by the area of the Le«; fluorescence spectrum
collected for all samples at an incident photon energy of
E;,=5760 eV. Figures 4(b) and 4(e) show the difference be-
tween the PFY-XAS spectra for the different values of x
measured and the spectrum for Ce;Al. The x dependence of
the intensity ratio of f' to f2, derived from the fits of the
spectra in Figs. 4(a) and 4(d), is shown in Figs. 4(c) and 4(f).
The ratio is found to be nearly constant over x=0-0.2, and
grows monotonically with x at x>0.2. We note that the
range of the vertical axis of Figs. 4(c) and 4(f) is too large to
allow for observing the small variations in the f!/f> intensity
ratio between 300 and 22 K at x<<0.35 (namely, across the
a— 1y transition). These variations are investigated in detail
in the next section. The increase in f' at the detriment of f2
with increasing x suggests a decrease in the interaction be-
tween the f and the itinerant d states, in accord with the
suppression of the Kondo effect. It is consistent with the
resistivity decrease upon x increase?® which indicates an in-
crease of the number of conduction-band electrons. In turn,
this change in the density of conduction states might also
cause a shift of the Fermi level, accounting for the fact that
the local-moment character starts to dominate. At x=0.25
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FIG. 5. (Color online) Temperature dependence of the Ce L; PFY-XAS spectra measured for (a) x=0 (Ce;Al), (c) x=0.2, (e) x=0.25, and
(g) x=0.5 with enlarged parts of figures at right-upper sides. Change in the intensity ratio of f! to f2 as a function of temperature is shown
for (b) x=0 (d) x=0.2, (f) x=0.25, and (h) x=0.5. Dashed lines in (b), (d), (f), and (h) correspond to the T curves, where y and T are

magnetic susceptibility and temperature, respectively.

the Kondo effect competes with the moment localization in-
duced by the Nd substitution. Around x=0.3 the Kondo ef-
fect on the Ce sites disappears and the Ce f! intensity mono-
tonically increases, while the magnetic character of both Ce
and Nd governs.?’ A similar electron-doping effect was also
observed in Yb,_,Lu,Al; (Ref. 33) and Ce(Pd,_,Cu,);>*
with a shift of the Fermi level concomitant to a change in the
Kondo temperature.

The increase in the Ce f'/f? intensity ratio with x is likely
to have an electronic origin, since the volume of the unit cell
is almost independent of x. Trivalent in EuPd;, Eu in
Ce(sEug sPd; was recently reported to be in a mixed-valent
state, seemingly induced by a charge transfer between the 4f
states of Ce and Eu.? This case stresses the importance of
the 4f—4f interactions and their possible consequence on the
f occupancy when two different rare-earth ions are present in
the same unit cell. Similarly in (Ce,_,Nd,);Al, a charge
transfer from Ce 4f to Nd 4f, enhanced as x increases, could
account for the increase of the Ce f!/f? intensity ratio. The
knowledge of the Nd electronic structure would be necessary
to ascertain this hypothesis.

C. Temperature dependence of the electronic structure

Figures 5(a), 5(c), 5(e), and 5(g) show the temperature
dependence of the PFY-XAS spectra measured at x=0, 0.2,
0.25, and 0.5, respectively. The corresponding temperature
dependence of the f! to f? intensity ratio is displayed in Figs.
5(b), 5(d), 5(f), and 5(h), respectively. In the x=0, 0.2, and
0.25 samples, the f!/f> intensity ratio decreases abruptly
upon cooling at the a— 7y structural transition (~100, 70,
and 50 K respectively), as a direct consequence of the vol-
ume contraction associated with the transition. On the other
hand, at x=0.5 the f!/f* intensity ratio is unchanged
throughout the 20-300 K range within the error bars, in ac-
cordance with the absence of a— 7 structural transition.

In Ce metal McMahan et al.’® showed by LDA+DMFT
calculations that at the y— « transition, while the volume
decreases in AV/V~14%, the fraction of fl decreases and

those of f° and f? increase. Experimentally, the relative de-
crease in the f! component with respect to f> was evidenced
by Rueff er al.3! and Dallera et al’*> using the RXES. Al-
though (Ce,_,Nd,);Al undergoes a reversed transition from
a to y with decreasing temperature, the relation between the
relative change in the f! intensity and the volume is basically
the same as Ce metal and other Ce alloys: the decrease in the
volume causes the relative decrease of the f1 intensity, as
seen in the lower panels of Fig. 5.

In a former Ce-3d PES study on Ce;Al, both f° and f?
intensities were found to increase abruptly by 10% at the
transition around 120 K when the spectrum intensity is nor-
malized to the f' peak,” in good agreement with our study.
Sakurai et al. estimated the decrease of magnetic moment to
about 20% at low temperature, hinting at an increase in the
Kondo effect across the a— 7 transition.®

In lower panels in Fig. 5 we also show the temperature
dependence of xT, where y is the magnetic susceptibility.?"
We find a jump in the x7 curves at 110 K for x=0, 50-60 K
for x=0.2, and 30 K for x=0.25 which systematically coin-
cides with the @ — v transition. The temperature dependence
of the f! intensity seemingly follows that of x7T at x=0, 0.2,
and 0.25. In Yb compounds we observed close similarities
between the temperature dependence of the rare-earth va-
lence and of x7.2>% This is well understood because the
decrease in x7 with temperature originates from the con-
comitant decrease in the magnetic Yb3* component, Yb**
being nonmagnetic. In the Ce system both 4f% and 4f' con-
figurations are magnetic and 4f° is nonmagnetic. Both f° and
f% components increase below 120 K based on PES,” and f
decreases according to both PES and our RXES study. It
seems here that the temperature-induced f' decrease can ex-
plain the temperature dependence of x7 in a similar fashion
as for Yb compounds for the x=0, 0.2, and 0.25 samples.

D. Resonant Raman spectra

The E;, dependence of the Ce 2p5,,-3ds5,, RXES spectrum
across the Ly edge is shown in Fig. 6 for Ce;Al (x=0) at both
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FIG. 6. (Color online) Ce 2ps3,,-3ds;, RXES spectra as a function of incident photon energies of E;, across the L3 edge for (a)—(c) Ce;Al
(x=0) at 300 K, (d)—(f) Ce3Al at 22 K, and (g)—-(i) x=0.2 sample at 22 K. The vertical position of the each RXES spectra in the panel (b),
(e), and (h) corresponds to the E;, of PFY-XAS spectrum they were measured at in the panel (a), (d), and (g), respectively. The E;,
dependence of the respective components fitted to the RXES spectra (Raman f°: closed square, f': closed circle, f2: open circle, and
fluorescence: open square) is shown in (c), (f), and (i) with the PFY-XAS spectra.

300 and 22 K and for the x=0.2 sample at 22 K. For E;, up
to the maximum of the white line, the spectra are found to be
in the so-called Raman regime with a constant energy trans-
fer, which is defined as the difference between the incident
and emitted photon energies. The best fit was obtained with
three Raman components, respectively, corresponding to f°,
f!, and f2. The E;, dependence of those components and of
the La; fluorescence is shown in Figs. 6(c), 6(f), and 6(i)
along with the PFY-XAS spectrum. We estimated the mean
valence using the formula v=3+{I(f°)-I()}/{I(f")+I(f*)
+1(f°)}, where I(f") is the intensity of the f* component. We
obtain 3.02 = 0.05 for Ce;Al at 300 K, 3.02 % 0.05 for Ce;Al
at 22 K, and 3.05+0.05 for x=0.2 at 22 K. The correspond-
ing intensity ratios in percentage are f%: f!: f>=3.8: 94.5: 1.7
for x=0 at 300 K, 4.3: 93.4: 2.3 for x=0 at 22 K, and 7.4:
89.8: 2.8 for x=0.2 at 22 K. The Ce valence for x=0, 0.2 is
therefore nearly 3+, with small finite components of f> and
£, indicating a slightly intermediate-valent state. The va-
lence is found to be only weakly dependent on temperature
and x for the considered systems. Experimentally derived
values of the magnetic moment for these systems were best
reproduced by calculations assuming trivalent Ce and Nd
ions,”® in good agreement with our results.

IV. CONCLUSION

We have studied both composition and temperature de-
pendences of the electronic structure of (Ce;_,Nd,);Al using
bulk-sensitive x-ray spectroscopies, PFY-XAS and RXES.
The results show a small valence fluctuation in the Ce-rich
systems, consisting mainly of f! with a small fraction of f°
and f2. At x=0.25 the change in the f' to f? intensity ratio as
a function of temperature follows the change in the volume
accompanying the a— 7 structural phase transition. A small
substitution of Nd at the Ce sites strongly dilutes the Kondo
effect and the f' to f2 intensity ratio becomes invariant over
temperature with the onset of the AF order. The fact that the
volume remains nearly constant upon Nd doping points to a
possibility of an electronic origin of the change in the f'/f?
intensity ratio with x such as Nd 4f-Ce 4f charge transfer.
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