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Electronic structure of the intermediate-valence compound EuNi, P, studied
by soft x-ray photoemission spectroscopy
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We carried out angle-resolved photoemission (ARPES) experiments using soft x rays to investigate the
electronic structure of the intermediate-valence compound EuNi,P,. Both the Eu’* and Eu** components arising
from the 4% and 4f° final states were observed in the valence spectra, directly confirming an intermediate-
valence character of Eu ions. The three-dimensional band structure was studied by ARPES measurements,
and the ARPES results were compared with calculations based on the density-functional theory for the non-4 f
reference compounds SrNi, P, and YNi,P,. We found that the ARPES spectra up to just below the Fermi level are
better reproduced by the calculation of SrNi, P, rather than that of YNi,P,. The heavy-fermion bands in EuNi, P,
are thus considered to be formed through the hybridization between the dispersive valence bands, which resemble
those for SrNi,P,, and the Eu?* components located at the very vicinity of the Fermi level.
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I. INTRODUCTION

Intermetallic compounds with rare-earth elements have
drawn considerable attention since they exhibit a variety of
intriguing properties, such as heavy-fermion state, non-Fermi-
liquid behavior, and unconventional superconductivity. These
phenomena are ascribed to the complex many-body interac-
tion between localized 4 f electrons and conduction electrons.
Recently, it has been pointed out that unconventional su-
perconductivity and non-Fermi-liquid behavior in some Ce-
and Yb-based compounds are associated with the valence
instability [1-4]. Hence, understanding the nature of valence
fluctuations in these compounds and their electronic structures
is an important issue among the f-electron physics.

It has been reported that some Eu-based compounds show
valence instability, and their valence states can be tuned by
external parameters, such as pressure, temperature, and chem-
ical substitution [5]. This valence instability is ascribed to
the small energy difference between the magnetic Eu>* state
4f7: $=17/2, L=0, and J =7/2) and the nonmagnetic
Eu’" state (4f°: § =3, L =3, and J = 0). Here, S, L, and
J represent the spin, orbital, and total angular momentum,
respectively. Valence transitions have actually been observed
in several Eu compounds, such as EuRh,Si, [6,7], EuNi,Ge,
[8,9], EuCo,Ge; [10], and EuGay4 [11]; these compounds have
nearly divalent valence states and show antiferromagnetic
order at low temperatures. They exhibit pressure-induced
valence transitions to a nearly Eu®" state. Their magnetic
ordered states due to Eu®t ions abruptly disappear at criti-
cal pressure, at which valence transitions occur, and above
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the critical pressure, these compounds exhibit first-order
temperature-induced valence transitions. Therefore, their P-T
phase diagrams are markedly different from those of Ce- and
Yb-based heavy-fermion systems.

Recently, it has been found that there exists another type
of Eu compounds whose pressure variation of the magnetic
ordering temperature resembles the Doniach phase diagram
as in Ce- and Yb-based compounds [12]. For example,
Eu,Ni3Ges and EuRhSi; are reported to belong to this type
[13]. The Néel temperature of Eu;NizGes (Ty = 19 K) ini-
tially increases with pressure up to around 7 GPa and then
decreases continuously toward zero with further increasing
pressure. EuRhSi; exhibits similar behavior. As another ex-
ample, the phase diagram of EuCu,(Ge;_,Si, ) is also similar
to the Doniach phase diagram [14—16]. In these compounds,
the Eu valence is therefore considered to evolve continu-
ously upon increasing pressure and doping, and interestingly
heavy-fermion behavior is observed in the thermodynamic
and transport measurements at around the critical pressure and
concentration at which 7y drops to zero.

Among the Eu-based compounds, EuNi,P, is particularly
interesting since it exhibits intermediate valence as well as
heavy-fermion behavior at ambient pressure. The Eu valence
weakly depends on temperature and is estimated to be around
2.5 at low temperatures by Mossbauer experiments [17]. The
various physical quantities, such as electrical resistivity, spe-
cific heat, and nuclear spin-lattice relaxation rate, exhibit
Fermi-liquid behavior at low temperatures without any sign of
magnetic ordering [18-20]. The electronic specific heat coef-
ficient is estimated to be ¥ ~ 100 mJ K2 mol~!, reflecting
highly enhanced effective masses of quasiparticles [18,19].
The ratio of the observed y value and the quadratic term in
the resistivity fulfills the generalized Kadowaki-Woods plot
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with N = 4 [21]. In addition, the temperature dependence of
electrical resistivity and thermal expansion is similar to that
of Ce-based heavy-fermion compounds, indicating that the
formation of the heavy-fermion state is associated with the
Kondo effect [18,22].

The electronic structure of EuNi,P, has been studied by
high-resolution angle-resolved photoemission (ARPES) ex-
periments using low-energy photons (hv =34 to 70 eV)
[23,24]. These ARPES studies directly observed splittings and
dispersions of the 4 f final state multiplet components caused
by the hybridization with Ni 3d derived bands, revealing that
the hybridization between the 4 f and the conduction electrons
plays a key role for the heavy-fermion behavior. On the other
hand, the previous ARPES experiments were performed in a
limited region in the momentum space and focused on the
band structure near the Fermi level (Eg). Therefore, the entire
band structure of this compound has not been fully clarified
yet. In this paper, we performed ARPES experiments using
bulk-sensitive soft x rays [25,26] over wider momentum and
energy ranges to derive the three-dimensional band struc-
ture and further investigate the intermediate-valence state and
heavy-fermion behavior in EuNi,P,.

II. EXPERIMENTAL DETAILS

A single crystalline sample of EuNi,P, was grown by the
Sn-flux method. The details of sample preparation are given
in Ref. [18]. The photoemission experiments were performed
at the soft x-ray undulator beamline BL23SU [27] in SPring-
8. Various photon energies in the soft x-ray range (500 to
1200 eV) were used. The energy and angular distributions
of photoelectrons were measured using a Gammadata-Scienta
SES2002 analyzer. The energy resolutions were about 90,
130, and 280 meV for Av = 500, 700, and 1200 eV, respec-
tively, and the angular resolution along the analyzer slit was
£0.15°. The binding energy of the photoemission spectra
was determined with respect to the Fermi edge of an evap-
orated gold film, and the position of ARPES scans in the
momentum space was calculated using a free-electron final
state model with an inner potential value of V, = 12 eV [28].
The base pressure of the main chamber was kept better than
2 x 1078 Pa, and the sample temperature was controlled by a
liquid helium flow cryostat and maintained at 20 K through-
out the experiments. A clean sample surface parallel to the
(001) plane was obtained by cleaving in situ just before the
measurements.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the angle-integrated photoemission
(AIPES) spectrum of the EuNi,P, measured at hv = 500 eV.
At this photon energy, the Eu 4f and Ni 3d orbitals have
dominant contributions because of their strong photoemission
cross sections, which are more than one order of magnitude
larger than those of other states, such as Eu 5d and P 3p
[30]. The peak located at around 1.8 eV originates from Ni
3d derived bands. It is generally known that Eu>* components
arising from the 4 £° final state multiplet are usually observed
between Eg and 2 eV, and Eu** components arising from the
4£3 final state multiplet exist between 6 and 11 eV [15,31].
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FIG. 1. (a) AIPES spectrum of EuNi,P, measured at hv =
500 eV. The vertical bars show the calculated 4 £ and 4> final state
multiplets cited from Refs. [15,29], which correspond to the Eu**
and Eu** components, respectively. These calculated multiplets are
shifted to match the experimental Eu** and Eu** peaks. (b) AIPES
spectra of EuNi,P, measured with various photon energies ranging
from 500 to 1200 eV. (c) Fitted AIPES spectrum for zv = 800 eV. In
(c), the solid red and blue lines are results of fitting, and the dashed
lines represent the spectral components. (d) Photon energy depen-
dence of the intensity ratio between Eu** and Eu** components.

165124-2



ELECTRONIC STRUCTURE OF THE ...

PHYSICAL REVIEW B 104, 165124 (2021)

Both Eu?* and Eu*" components are clearly observed in our
spectrum, reflecting the intermediate-valence character of the
Eu ions. The vertical bars represent the results of atomic
calculation of the 4% and 47 final state multiplets [15,29];
the observed Eu?* and Eu** components are well reproduced
by this calculation.

Next, we argue the position of the Eu>" peak. The Eu*"
components are considered to move toward Ey by approach-
ing the trivalent state from the divalent state since the energy
difference between Eu’t and Eu’* states decreases during
this process. For this reason, the 4% multiplet component
with lowest binding energy for intermediate-valence com-
pounds is considered to be located at the immediate vicinity
of Eg. The position of the Eu®>" peak for hv = 500 eV in
Fig. 1(a) is 0.68 eV and very close to that of the nearly triva-
lent intermediate-valence compound EuCu,Si, (~0.65 eV)
[32], suggesting that the overall positions of 4f° multiplet
components are almost the same between these compounds.
Therefore, the 4 £¢ multiplet component with lowest binding
energy for EuNi,P, seems to be located in the immediate
vicinity of Ep, further supporting the intermediate-valence
character of the Eu ions of EuNi,P,.

As seen in Fig. 1(a), the intensity of the Eu** components
is much weaker than that of the Eu’* components. One may
consider that this result is not consistent with the Modssbauer
experiments, in which the Eu valence is estimated to be ~2.5
[17]. In fact, the intensity ratio between Eu>* and Eu** is
estimated to be 7:6 under the assumption that the intensi-
ties for Eu?* and Eu®* are simply proportional to the initial
4f electron numbers and the Eu valence is 2.5. Here, we
discuss the possible origins for the observed intensity ratio
between Eu’* and Eu®* components. It is known that the Eu
ions in the surface layer often have a divalent state [15,29],
and the intensity of Eu’t components could be enhanced
by the divalent Eu ions in the surface region. Moreover, re-
cent photoelectron diffraction experiments performed on the
intermediate-valence compound Eulr,Si,, which is isostruc-
tural with EuNi,P,, have revealed that there are two different
terminations for Eulr,Si,: Eu and Si terminated ones and that
for the Si-terminated surfaces, there exist substantial devia-
tions of the Eu valence values from the bulk value not only
in the first subsurface Eu layer (fourth atomic layer below
the surface) but also in the next deeper lying Eu layer (eighth
atomic layer below the surface) [33]. This study implies that
the valence values for Eu ions in the surface and subsurface
regions may deviate from that for the bulk region.

If there is a similar shift of the Eu valency in the subsurface
region for EuNi,P5, the intensity ratio between Eu>* and Eu**
components should depend on the incident photon energy
since the photoelectron mean free path A increases with pho-
ton energy. Here, we define the subsurface region as one unit
cell below the surface because all of the above Eu layers of
Eulr,Si,, whose valence value deviates from the bulk value,
are in this region. Therefore, the thickness of the subsurface
region (d) for EuNi,P, corresponds to the lattice constant for
the ¢ axis (~9.5 A [34]). We consider that the AIPES spectra
of EuNi,P, consist of both the contributions from Eu and P
terminated surfaces since the beam spot size of the present
study is relatively large (about 150 pm) and overall spectral
shapes do not depend on the beam position (not shown). It

should be noted that not all the divalent spectral weights of
the surface and subsurface Eu ions inevitably contribute to the
observed Eu’*" peak in Fig. 1(a) since the Eu’>* components
for the pure divalent Eu ions possibly appear in the higher
biding energy region and could be overlapped with the Ni 3d
derived peak. The bulk and subsurface spectral intensities are
given by exp(—d/A) and 1 — exp(—d/X1). We estimated the
A values to be 11 and 21 A for hv = 500 and 1200 eV using
semiempirical expressions given in Ref. [35]. According to
these formulas, the spectral intensity of the subsurface region
decreases from 58% to 36% between hv = 500 and 1200 eV.
Therefore, if there exists a shift of the Eu valence value in the
subsurface region, the intensity ratio between Eu** and Eu’**
should change dramatically as a function of photon energy.
Figure 1(b) shows the AIPES spectra measured with various
photon energies ranging from 500 to 1200 eV. These spectra
except for hv = 1200 eV are convoluted with a Gaussian
function to compensate the differences in the energy resolu-
tions and are normalized by the intensity of the Eu’>* peaks.
For a quantitative analysis, we have estimated the integrated
spectral weights (AB"" and AB*"") for the Eu?* (Eu®") peaks
in Fig. 1(b) by fitting them with multiple Gaussians (multiple
Gaussians with a linear background) as shown in Fig. 1(c).
The ratio of the spectral weights A" JAB" is displayed in
Fig. 1(d) and hardly depends on the photon energy within
experimental uncertainty in contrast to the above calculation.
Moreover, in order to reproduce the AB*"* JAE*"" value of 0.26
for 1200 eV, we have to assume the quite large d value of
about 16 A and that the Eu ions in the subsurface region are in
an almost divalent state. Here, the photoemission cross section
ratio between Eu®" and Eu®" and the bulk Eu valence value
are set to be 7:6 and 2.5. Under this assumption, however, the
ABY JABY value for 500 eV is estimated to be 0.11 and in-
consistent with the experimental value. From these results, we
consider that the observed intensity ratio between Eu>* and
Eu’* in Fig. 1(a) cannot simply be explained by the change of
the Eu valency in the subsurface region. We also found that the
intensity of Ni 3d derived peak varies nonmonotonically as a
function of photon energy, and this photon energy dependence
could be explained by the three-dimensional nature of the
Ni 3d bands and the presence of the surface derived Eu>*
components in the same energy range.

Another possible explanation for our AIPES results is the
presence of the effectively suppressed cross section for Eu**
components. Note that this interpretation is consistent with
our recent ARPES experiments for EuCu,Ge; and EuCu,Si,
[32], which have shown that the intensity for the Eu** compo-
nents for nearly trivalent EuCu,Si, is markedly weaker than
that for the Eu*t peak for nearly divalent EuCu,Ge, (see
Fig. 1 in Ref. [32]). In addition, the weakness of the cross sec-
tion for Eu®* has been pointed out by resonant photoemission
and x-ray absorption experiments on EuCu,Ge, [36]. Here,
we discuss the possible mechanism for the difference in the
cross sections between Eu?t and Eu®* components. It is well
known that the many-body x-ray-absorption cross section w
can be expressed by the following formula:

27 )
w oc —= | (W (N) Hi | Wi(N)) [8(Ef — Ei — hew), (1)
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FIG. 2. (a) ARPES spectra of EuNi,P, along the high-symmetry lines measured at hv = 580 eV. (b),(c) The corresponding calculated
band structures for SrNi, P, and YNi,P,. The color of each band represents the contribution of the Ni 3d states. (d) Brillouin zone of EuNi,P,,
which has a body-centered tetragonal crystal structure. (e),(f) Three-dimensional shapes of the calculated FSs of SrNi,P, and YNi,P,.

where |W;) and |W;) are the N electron ground and final
states [37]. Hjy is the interaction operator between electrons
and incident electromagnetic fields. E;, Ey, and /iw are the
energies of the initial state, final state, and incident photons.
First, we tentatively assume that the Eu 4f electrons are
almost localized and are in a pure divalent state or a pure
trivalent state, and the wave function for the 4 f electrons can
be well described by a single Slater determinant and that the
photoemission process hardly affects the wave function for the
remaining 4 f and other electrons. Under this assumption, the
above matrix element can be rewritten as

(W (N)|Hine | Wi (N))

= (Y Hind| i) (¥ (N — DIW;(N = 1)). @

The N electron matrix element is therefore factorized into
the product of two matrix elements. The one-electron matrix
element (y¢|Hiy|v;) represents the photoemission process
from the 4 f state to the wave function of the photoelectron
[ ), which can be well approximated by a plane wave state
in the soft x-ray range. The second matrix element denotes
the overlap integral for the remaining 4 f electrons and should
be close to unity under the above assumption. In this cir-
cumstance, the photoemission intensity is proportional to w
in Eq. (1), and intensities of the Eu>* and Eu®* components
would be nearly the same if the one-electron matrix elements
are similar in magnitude between these components. How-
ever, this assumption is clearly invalid for the Eu 4 f electrons
since the second matrix element cannot be assumed as unity
because of the strong onsite Coulomb interaction. In fact, the
previously proposed formula for photoemission intensities for
localized 4 f electrons, in which the 4 f electrons are described
in an intermediate scheme between the LS and j-j couplings,
has a much more complicated structure [38]. Moreover, the
electronic occupation of the Eu 5d orbital is considered to be

different between initial and final states because of the intra-
atomic Coulomb interaction, and this difference also affects
the photoemission cross sections. Therefore, the intensities
of Eu?* and Eu** components cannot be simply understood
by the above mentioned one-electron matrix element, and the
weak intensity of the Eu*" components in Fig. 1 could be
reproduced by a calculation beyond the one-electron approx-
imation. However, we are not going to further discuss this
issue since such a theoretical analysis is out of the scope of
the present study. Therefore, at present stage, it is difficult to
conclude that whether the observed intensity ratio between
Eu?* and Eu®* originates from the suppressed cross section
for Eu’*. This is also because this interpretation contradicts
with the majority of the previously performed photoemission
experiments on Eu-based compounds, in which the photoe-
mission cross sections for Eu?* and Eu** are usually assumed
to be the same. Because of this difficulty of estimating the
accurate photoemission cross sections for Eu4 f components,
we do not try to estimate the Eu valence of EuNi,P, from the
intensity ratio between the Eu?* and Eu** components.

To further investigate the intermediate-valence state of
EuNi,P,, we performed ARPES experiments. Figure 2(a)
shows the intensity plot of the ARPES spectra measured at
hv = 580 eV along the high-symmetry lines in the Brillouin
zone [Fig. 2(d)]. This photon energy corresponds to the k,
value of ~19 (in units of 27 /¢), and momentum scans in the
ky-k, plane were conducted by changing the emission angles
of photoelectrons. The spectra are normalized by the area
of each energy distribution curve. The dispersive bands with
strong intensities seen at around 1.8 eV are Ni 3d derived
bands. The flat spectral feature at around 0.6 eV is due to
the Eu?t components, which seem to coexist with several
dispersive bands.

For comparison, we carried out band structure calculations
based on a full potential version of a Dirac-type linearized
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augmented plane wave method within a local density approx-
imation (LDA) [39]. It has been confirmed by ARPES and
dHvA experiments that the band structure and Fermi surfaces
(FSs) of nearly divalent and trivalent Eu-based compounds are
well reproduced by the band structure calculations for corre-
sponding Sr- and Y-based compounds, respectively [32,40].
Meanwhile, the choice of a suitable non-4f reference system
for EuNi, P, is not trivial because of its intermediate-valence
character. Therefore, we compare our ARPES results with
both calculations for SrNi,P, and YNi,P,. In these calcu-
lations, the experimental lattice constants for EuNi,P, were
used [34]. Figures 2(b) and 2(c) show the calculated band
structures for SrNi,P, and YNi,P,, and the contribution of
Ni 3d states is represented by color scale. Both calculations
predict the presence of several bands with a dominant Ni 3d
character at around 2 eV, which seem to agree well with the
ARPES results. On the other hand, calculated band structures
near the Er region markedly differ between them. This differ-
ence is ascribed to an additional valence electron in YNi,P,
compared to SrNi,P,. Our calculations show that the valence
bands of YNi,P;, have enhanced Y 4d weight compared to the
Sr 4d weight for the valence bands of SrNi,P; (not shown).
This is because Y 4d state of YNi,P; is selectively shifted
toward the higher-binding-energy side by the increased charge
of the core of the Y atoms. Here, note that the difference in
the band structures between SrNi,P, and YNi,P, cannot be
understood by a simple rigid band model since the shapes of
calculated bands 18 and 19 at around the I" point are markedly
different between these compounds. As shown in Figs. 2(e)
and 2(f), their FSs are therefore different from each other;
SrNi,P, is a compensated metal with an equal volume of
electron and hole FSs, while YNi,P, is an uncompensated
metal, and its electron FS becomes larger than the hole FS.

In the following, we compare the ARPES spectra with
the band structure calculations near the Ex region where the
calculations for SrNi,P, and YNi,P, predict different band
structures. Figure 3(a) shows the ARPES spectra along the
X-I'-X line measured at around hv = 650 eV. We normal-
ize these spectra by the area of each momentum distribution
curve (MDC). This normalization allows us to investigate the
structure of dispersive bands, because the weakly dispersive
Eu?* components are suppressed. The Fermi-edge-cutoff ef-
fect is also removed under this normalization. Several highly
dispersive bands can be seen in the ARPES spectra. Note
that these dispersive bands are considered to be hybridized
with Eu?>* components, as observed in the previous high-
energy-resolution ARPES study [23], but the valence-band
splitting due to the hybridization is not resolved by the en-
ergy resolution of the present study. As shown in Fig. 3(a),
there exists a parabolic spectral feature at the X point, which
exhibits a minimum at around 0.6 eV. We found that this
spectral feature consists of two different bands, as indicated
by the red dashed lines on the left-hand side of this fig-
ure. The MDC spectrum obtained by integrating the ARPES
data within 0.2 eV to Ep is shown in the upper panel of
Fig. 3(a), and the presence of two distinct peaks confirms the
existence of the two different bands (indicated by arrows).
These two bands are not clearly resolved in the right-hand
side of Fig. 3(a). However, the parabolic spectral feature in
the right-hand side broadens along the momentum direction

(a) EuNi2P2

=
2
>
on
5
a
84
on
£
el
£
m
(b)
=
C)
>
on
5
a
[8a)
en
£
k= Z
m 8}
U
(© YNi,P,
0
S 05k ﬁ/ \ -
e T S — . 19 —
2 1o0F .
.%n 1.5F =
e}
2 4 Y Z
£ 20F =
25 =
T X r X

FIG. 3. (a) ARPES spectra of EuNi, P, measured at around hv =
650 eV along the X-I"-X line. The red dashed lines are guides to eyes.
The upper panel shows the MDC spectrum obtained by integrating
the ARPES data within 0.2 eV to Eg. (b),(c) The corresponding
calculated band structures of SrNi,P, and YNi,P,. The color scale
shows the contribution of Ni 3d states.

and exhibits a broad peak in the MDC spectrum shown in
the upper panel. These observations are consistent with the
existence of the two distinct bands. Figures 3(b) and 3(c) show
the calculated band structures for SrNi,P, and YNi,P, along
the same symmetry line, respectively. The two Ep crossing
bands mentioned above agree well with calculated bands 19
and 20 for SrNi,P,, while the calculation for YNi, P, predicts
only one Ef crossing band and, therefore, is inconsistent with
the experimental band structure. Moreover, the calculation for
SrNi, P, seems to provide a better explanation for the exper-
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(b),(c) The corresponding calculated band structures of SrNi,P, and
YNi,P,. The contribution of Ni 3d states is represented by the color
scale.

imental band structure below 0.6 eV than the calculation for
YNi,P,; all the experimental spectral features below 0.6 eV
have a correspondence with the calculated bands of SrNi,P,,
although the bandwidth of calculated band 18 appears to be
narrower in the ARPES spectra.

To further investigate the correspondence between the
ARPES spectra and the calculations, we compare experimen-
tal and theoretical band structures along another symmetry
line. Figure 4(a) shows the ARPES spectra of EuNi, P, along
the X-Z-X line measured at hv = 580 eV. The method for
normalization of the ARPES spectra is the same as that in
Fig. 3(a). The corresponding calculated band structures are
displayed in Figs. 4(b) and 4(c). In the ARPES spectra, a
parabolic spectral feature, whose bottom is located at around
0.5 eV, is observed at the X point. Calculated bands 19 and 20
for SrNi, P, seem to give a better agreement with this spectral

these planes.

feature than bands 19 and 20 for YNi,P, since the bottom
positions of the calculated bands for YNi,P, are deeper than
the experimental one. In addition, there are other dispersive
experimental bands near the Eg region, as indicated by the
red dashed lines in Fig. 4(a). These bands seem to correspond
to calculated band 18 for SrNi,P,, but calculated band 18 for
YNi,P; is located at much deeper binding energies. Moreover,
as illustrated in the following paragraph, we also found that
the photoemission intensity at Er can well be explained by
the calculated FSs for SrNi,P,. Based on these results, we
conclude that the calculation for SrNi,P, provides a better
description for the experimental band structure of EuNi,P;.
Figure 5(a) shows the photoemission intensity integrated
over Egp £ 50 meV in the k,-k, plane, obtained by ARPES
measurements at hv = 580 eV. We observed a characteristic
intensity pattern extending parallel to the k,, direction as
marked by the red dashed line. Figure 5(c) displays the same
intensity map in the k. -k, plane obtained by hv-dependent
ARPES measurements. As indicated by the red dashed line
in Fig. 5(c), a corrugated spectral intensity extends along the
k, direction. These intensity maps show the cross sections of
the FSs if the energy resolution is high enough to resolve
the shapes of individual Ef crossing bands. By considering
the heavy-fermion nature of EuNi,P5, it is not trivial whether
these intensity maps properly reflect its FS structure. There-
fore, we will discuss this point later in this paper. We found
that the above mentioned spectral intensity maps can well
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be explained by the calculated FSs for SrNi,P,, which are
shown in Figs. 5(b) and 5(d). The calculated FSs of band 20 in
Fig. 5(b) seem to correspond to the spectral intensity marked
by the red dashed line in Fig. 5(a). The FSs of band 19 are
not clearly seen in Fig. 5(a), and the absence of these FSs
is most likely due to the weakness of the corresponding Ep
crossing bands. The corrugated intensity extending along the
k, direction in Fig. 5(c) can be explained by the FSs of bands
19 and/or 20. Although we could not resolve two individual
FSs in Fig. 5(c), we have observed two Ep crossing bands
around the I' point, as seen in Fig. 3(a), implying that this
observed corrugated intensity is ascribed not to a single FS
but to both FSs of bands 19 and 20. Hence, the photoemission
intensity in the vicinity of Er can also be well explained by
the calculation for SrNi,P,.

In the following, we discuss the physical implications
of the agreement between the experimental band structure
of EuNi,P, and the calculated results for SrNi,P, revealed
by the present ARPES study. EuNi,P, is a heavy-fermion
system whose electronic specific heat coefficient is largely
enhanced (y ~ 100 mJ K2 mol ™), as stated in the Introduc-
tion [18,19]. In contrast, the theoretical y value for SrNi, P,
(LDA) is only 5.2 mJ K=2 mol~!. In fact, the effective masses
m* of calculated bands 19 and 20 in Figs. 3(b) and 4(b) are
very small and estimated to be 0.5 ~ 2 m*/my at Er, where
my is the free electron mass. Corresponding experimental Ep
crossing bands in Figs. 3(a) and 4(a) apparently have simi-
lar effective masses and can hardly explain the y value of
EuNi,P,. Therefore, it is considered that the observed Er
crossing bands are hybridized with the Eu>* components to
form heavy-fermion bands in the very vicinity of Ef, and the
FSs should be reconstructed. The actual FSs of EuNi,P, are
thus considered to be largely different from the experimental
intensity maps shown in Figs. 5(a) and 5(c) as well as the
calculated FSs for SrNi, P,. The absence of this FS reconstruc-
tion in our ARPES results is most likely due to the insufficient
energy resolution and the weak photoemission intensity of the
Eu?t components located in the very vicinity of Eg, which
would suppress the intensity of the heavy-fermion bands. On
the other hand, we can safely conclude from our ARPES
results that the band structure of EuNi,P, up to just below
Er is similar to that of SrNi,P,. This situation is reminiscent
of Ce-based heavy-fermion systems whose band structures are
often very similar to those of non-4f compounds, except for
the very vicinity of Eg [41,42].

We shall further discuss the FS reconstruction suggested
by the above argument from a different perspective. Elec-
trical resistivity and Mossbauer experiments under pressure
have revealed that the Eu valence of EuNi,P, continuously

evolves toward a nearly trivalent state by applying pressure
[34,43]. No phase transition is observed in this process, and
the Fermi-liquid character seen in low-temperature resistivity
data persists in a whole-pressure range. It has been shown
by de Haas-van Alphen and ARPES measurements that the
band structure and FSs of nearly trivalent Eu compounds are
approximately explained by the band structure calculations
for corresponding Y- or La-based compounds [32,40,44,45].
Therefore, the FSs of EuNi,P, in the high-pressure region
are considered to be similar not to the FSs of SrNi,P, but
to the FSs of YNi,P,. It is generally believed that the total
volume of FSs in paramagnetic states for Ce- and Yb-based
heavy-fermion compounds remains unaffected by pressure, as
long as the electronic state does not exhibit any transition.
This is because the invariance of the volume of FSs in a Fermi
liquid state is guaranteed by the Luttinger theorem [46]. If we
assume that the FS volume of EuNi,P; is also unaffected by
pressure as in Ce- and Yb-based compounds, the FS volume
of EuNi, P, at ambient pressure is the same as that of YNi,P,.
Thus, if this assumption is valid, the above mentioned FS
reconstruction in the very vicinity of Er should be present to
enlarge the FS volume of EuNi,P, up to the FS volume of
YNi, P,.

IV. CONCLUSION

We investigated the electronic structure of the
intermediate-valence compound EuNi,P, by soft x-ray
photoemission spectroscopy. Both the Eu?>* and Eu**
components coexist in the AIPES spectrum, which
confirms the intermediate-valence character of Eu ions.
The three-dimensional band structure of EuNi, P, was studied
by ARPES measurements, and the results were compared
with the band structure calculations for the non-4 f reference
compounds SrNi, P, and YNi,P,. It was found that the band
structure of EuNi,P, up to just below Ef is better explained
by the calculation for SrNi,P,. The heavy-fermion bands are
considered to be formed through the hybridization between
dispersive bands, which resemble those for SrNi,P;, and the
Eu?* components in the very vicinity of Er. We discuss that
if the Luttinger theorem is applicable for EuNi,P,, the total
FS volume of EuNi,P, should be enlarged by the formation
of heavy-fermion bands up to the FS volume of YNi,P,.
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