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Observation of two charge ordering transitions in the valence-fluctuating EuPtP by resonant
x-ray diffraction
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Two first-order phase transitions of the valence-fluctuating compound EuPtP at 7,=246 K and T,
=200 K were examined by means of resonant x-ray diffraction at the Eu L5 absorption edge. Although
previous Mossbauer spectroscopy and preliminary x-ray diffraction experiments have suggested charge-
ordered states, characteristic energy spectra of the 111 and 11_% reflections observed in the present experiment
unambiguously indicated that twofold and threefold superstructures of Eu valence exist below 7, and between
T, and T, respectively. We also propose a mechanism to explain the charge ordering in EuPtP based on a

charge-lattice coupling that alters a Coulomb repulsion.
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I. INTRODUCTION

Charge ordering is a common phenomenon in condensed-
matter physics. Transitions to the charge-ordered state from a
uniform intermediate-valence state are observed in a wide
range of materials, such as molecular conductors of frac-
tional filling!:> and mixed-valence transition-metal oxides,>*
as well as valence-fluctuating rare-earth compounds.>® The
underlying scenario in these transitions is the competition
between the kinetic energy and the intersite Coulomb inter-
actions. For instance, in the magnetite Fe;O,, the formal va-
lence of the octahedral site is 2.5+, and hopping of the 3d
electrons between the Fe>* and Fe®* ions at high tempera-
tures makes these ions crystallographically equivalent. Be-
cause of the relatively narrow bandwidth, the intersite Cou-
lomb repulsion overcomes the kinetic energy of the hopping
electrons and the charge-disorder entropy at low tempera-
tures, and eventually a static, inhomogeneous valence state is
realized below the Verwey transition temperature 123 K.

A charge-ordered ground state is also proposed in the ter-
nary rare-earth compound EuPtP.” The above-mentioned,
well-established, and very simplified standard model, how-
ever, appears to be irrelevant to the charge ordering in EuPtP.
The electrical resistivity of EuPtP is metallic,®® and it is
considered that the kinetic energy always exceeds the Cou-
lomb repulsion. In fact, EuPtP is categorized in another
group of valence-fluctuating materials. In these materials,
such as YbInCu, and EuPd,Si,, valence transitions (or va-
lence changes) are observed.!®!" The basic process is ther-
mal activation to other electron configurations from the
ground-state configuration in a single rare-earth ion. A typi-
cal example is found in the valence change in EuNi,P,,
where the valence of the Eu ions increases from 2.25 (at 300
K) to 2.50 (at 1.4 K) with decreasing temperature.'?> The
temperature dependence of the Eu valence 0(7) is well de-
scribed by the interconfigurational excitation model, in
which the probabilities of the Eu?* and Eu** configurations
P, and P;, respectively, are given by
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and 0(7) is obtained from 0(T)=2P,+3P5. E,,. is the exci-
tation gap between the Eu®* and Eu’* configurations. In
short, the ground state and the first excited state are Eu?*
with total angular moment J=0 and Eu?* with J=7/2, re-
spectively, and the Eu valency decreases with increasing
temperature, owing to the mixing of thermally excited diva-
lent states. The lattice temperature 7 is often replaced by an
effective temperature 7*=(T2+ Tf)”z, where T; is the so-
called valence-fluctuation temperature, which is the measure
of hybridization energy of the 4f states with conduction-band
electrons. There are no hopping 4f electrons between Eu**
and Eu** sites. Excess (or deficient) electrons are freely re-
stored to (or supplied from) the conduction band. This model
also reproduces the steep valence change in EuPd,Si, very
well by incorporating cooperative processes.!!' It also should
be noted that the intermediate valence state is not a space
average of well-separated divalent and trivalent states but a
quantum-mechanical mixture of the 4f7(Eu’**) and 4/%5d
(Eu*) configurations. The Mossbauer spectra of EuNi,P, in-
dicate single absorption lines, that appear between the diva-
lent and trivalent Eu positions, at all temperatures.12 Hence, a
primary question is whether a charge order is truly realized
in a system that has no hopping 4f electrons. Another ques-
tion is what a proper mechanism is for stabilizing a charge-
ordered state in a system where the total number of f elec-
trons is variable.

EuPtP crystallizes into a hexagonal structure (space group
P65/mmc) and consists of an alternating stack of the Eu and
PtP layers along the ¢ axis. The Eu atoms occupy the 2a sites
[(0,0,0) and (0,0,1/2)] while the atomic positions of the Pt
atoms and the P atoms are the 2c¢ sites [(1/3,2/3,1/4) and
(2/3,1/3,3/4)] and 2d sites [(1/3,2/3,3/4) and (2/3,1/3,1/4)],
respectively. The unit cell includes two Eu layers and two
PtP layers because the platinum position in a PtP layer is
substituted by a phosphorus atom in the adjacent PtP layer
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and vice versa. The lattice-constant ¢ shrinks a great deal as
lowering temperature, particularly at the first-order transi-
tions located at 7,=235 K and 7,=190 K, while the lattice
constant a increases slightly with decreasing temperature.'?
We refer to the phase above T, the phase between T, and 75,
and the phase below T, as the « phase, the 8 phase, and the
v phase, respectively. A preliminary x-ray diffraction experi-
ment suggests staggered displacement of the PtP layers (and
inequivalent Eu environments) along the ¢ axis at low
temperatures. '3

The temperature dependence of the europium valence has
already been reported using Mdssbauer spectroscopy (MS)
and x-ray absorption spectroscopy (XAS).!3 The average va-
lence extracted from XAS measurements increases from 2.16
at 295 K to 2.40 at 4 K while the Mossbauer spectrum di-
rectly indicates the inhomogeneous valence state of the Eu
ions. At room temperature (« phase), main absorption lines
are concentrated at the divalent position. Below T, (83 phase),
the main lines split into large and small absorptions; the
larger one is located at the divalent position, whereas the
smaller one appears near the trivalent position. Well below
T, (y phase), the spectrum consists of two major lines of
nearly equal intensities centered at the divalent and trivalent
positions. However, the spatial distribution of the two Eu
valences is not obtained from MS.

In this study, we carried out resonant x-ray diffraction
(RXD) experiments of EuPtP at the Eu L; absorption edge.
We directly observed spatially ordered valences through the
energy spectra of forbidden and superlattice reflections. The
outline of this paper is as follows: in the next section, after a
general description of RXD is given, details of the experi-
ments are presented. Section III is devoted to showing ex-
perimental results and their analysis. A theoretical model is
presented in Sec. IV and we discuss a charge-lattice coupling
as a possible origin of the charge ordering in metallic EuPtP.
A short conclusion is given in Sec. V.

II. EXPERIMENTAL

RXD is a suitable technique for examining a regular array
of different electronic states.” Near an absorption edge, the
atomic scattering factor f(E) is expressed in the form

JE) = fo+f'(E) +if"(E), (2)

where E is the x-ray energy, f is the normal coherent scat-
tering factor, and f’ and f” are the real and imaginary parts of
the dispersion correction. Since the absorption energies are
slightly different between the divalent and trivalent states,
the dispersion correction of the divalent state (f3, and f3,)
makes a considerable contrast with that of the trivalent state
(f, and f3,) near the absorption edge. Accordingly, if Eu®*
and Eu’* layers are stacked in turn along the ¢ axis in EuPtP,
for example, the structure factor of the hhl reflection (I
=o0dd integer), which corresponds to the period of this charge
ordering, is given by

F(hhl)=(fé+_f;+)+i(fg+_fg+)+FO’ (3)

where F, is the normal structure factor that comes from the
deviation of the atomic positions of the Pt and P atoms from
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the high-symmetry P6;/mmc structure. Hence, a character-
istic energy dependence is observed in diffraction intensity at
“charge-order reflections.” Here we assumed that the dis-
placement of the Eu ions is negligible. The validity of this
assumption is checked later.

Single crystals of EuPtP were grown from a Pb flux. Pow-
der x-ray diffraction patterns were indexed with a hexagonal
structure of a=4.085 A and ¢=8.623 A. No noticeable ex-
tra peak was observed. Magnetic susceptibility was measured
with a superconducting quantum interference device magne-
tometer at a field of 1 T, exhibiting two sharp first-order
phase transitions at 7;=246 K and 7,=200 K in a warming
run.’

The RXD experiments were performed at BL22XU in
SPring-8. X-rays were monochromatized using a Si(111)
double-crystal monochromator and the energy width was
about 1 eV at 7 keV. A pair of bent and cylindrical mirrors
were inserted in order to focus x-rays and reduce higher har-
monics. The photon energy was tuned near the L; edge of Eu
(6.982 keV). The calibration of the photon energy was per-
formed using the K absorption edge of Fe foil. A single-
crystalline sample was attached to the cold head of a closed-
cycle refrigerator, which was mounted on a four-circle
diffractometer with a horizontal scattering plane. The sample
was a rectangular parallelepiped of 0.5 0.3X0.3 mm?® and
the largest plane was a (100) plane. We mainly explored the
HHL 7one. The orientation of the sample was determined
using the (100), (110), and (112) reflections. The mosaic
width of the (100) reflection of the sample was about 0.01°
full width at half maximum at room temperature, indicating
the high quality of the crystal.

III. RESULTS AND DISCUSSION

In order to check the consistency between our experiment
and previous measurements, we first observed the tempera-
ture dependence of the x-ray absorption spectrum between
150 and 275 K with increasing temperature by measuring the
fluorescence rate as a function of incident x-ray energy. A
scintillation detector was set at the scattering angle (26) 90°
to reduce background. The self-absorption effect was cor-
rected using a standard method'* so as to obtain a value of
the edge jump consistent with the calculated value.'> The
observed fluorescence intensity was thus converted to the
absorption coefficient w. Three spectra measured at represen-
tative temperatures are shown in Fig. 1(a). Two peaks that
correspond to divalent and trivalent states are observed in all
spectra. At the Eu Ly edge, x-rays promote a 2p electron to
an empty 5d level, leaving a core hole in the 2p orbital.
Because of the strong Coulomb interaction between the 4f
electrons and the core hole, the absorption energy of the
divalent state is about 7 eV lower than that of the trivalent
state. Owing to the large energy difference between the di-
valent and trivalent states at the final states, a mixed-valence
state in the ground state is completely separated into two
eigenstates. Therefore, irrespective of the degree of valence
fluctuation, two peaks that correspond to divalent and triva-
lent states are always observed in x-ray absorption spectra.
Hence, if all Eu ions in the sample are equivalent, the va-
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lency of the Eu ions is obtained from the intensity ratio of
the two peaks. In contrast, if there are more than two species
of the Eu ions, only the average valence is obtained from
XAS.

The corrected absorption spectra (or u) were fitted with a
hyperbolic tangent and two Lorentzians (a white line and a
small structure at the high-energy side) for each valence
state. We first estimated the line shape of the Eu?* absorption
spectrum by fitting data measured in the « phase. Using this
function, we then fitted all spectra as the sum of the func-
tions. The relative intensity and the resonance energies of the
two peaks were evaluated as fitting parameters. The tempera-
ture dependence of the average valence deduced from the
relative intensity is shown in Fig. 1(b), as well as the reso-
nance energies of divalent and trivalent states. The average
valence exhibits very sharp jumps at 7,=201 K and T}
=247 K, indicating that remarkable changes in the valence
state accompany the first-order transitions. The obtained re-
sult substantially agrees with previous XAS measurements,'3
although the transitions are much sharper in our measure-
ment than the reported data. Surprisingly, the resonance en-
ergy of the Eu** also shows clear discontinuity at T,
whereas no detectable change is observed in the resonance
energy of the Eu®* at T,. This is ascribed to a difference in
crystallographic environment around the Eu ions between the
uniform valence state (« phase) and the ordered valence state
(8 and 7y phases). The Eu** final state in the a phase is
placed in a nearly divalent circumstance.

RXD measurements were started from a survey on high-
symmetry lines (11L, HH1, and 1KO0) in order to search for
superstructures at 152, 224, and 275 K, and the (11%) and
(11%) reflections were found at 224 K (B phase). We then
measured the peak intensity of the superlattice reflections
(113), (113), (113), and (113), as well as the forbidden re-
flection (111), as a function of photon energy at 152, 224,
and 275 K. As mentioned in Sec. I, the (111) reflection re-
flects twofold charge order.

At 152 K (y phase), the (111) reflection exhibits a char-
acteristic energy dependence, as shown in Fig. 2(b). The
(I11) reflection is a forbidden reflection under the high-
temperature symmetry P6s;/mmc (a phase). Therefore, the
substantial intensity observed far from the resonant energy
indicates the symmetry breaking of the Ilattice below
P65/ mmc and agrees with the previous x-ray data.'

In contrast, at 224 K (B phase), the intensity of the (111)
reflection was very weak. Although contamination of mul-
tiple scattering prevents from reaching a firm conclusion, it
is likely that the (111) reflection disappears above T,. In-

stead, new peaks appeared at the (11%) and (11%) positions.
The energy dependence of these peaks is similar to that of
the (111) reflection at 152 K as shown in Fig. 2(c), whereas
the energy dependence measurements revealed that there are
no reflections at the (11%) and (11%) positions except mul-
tiple scattering. Systematic absence of the “odd integer” re-
flections (11%), where [=1,3,5,..., crystallographically in-
dicates existence of the ¢ glide plane (or a screw axis), and
straightforwardly points out that the period of the charge
order is 3¢/2 (or three Eu planes). At 275 K (a phase), no
superlattice reflections were observed. Again, existence of
the (111) reflection is not conclusive, owing to multiple scat-
tering.
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FIG. 2. (Color online) (a) Difference spectra of real part f3,
—f3, and imaginary part f5,—f5, of the dispersion correction. [(b)
and (c)] Energy dependence of the peak intensity; (b) the (111)
reflection at 152 K (7 phase) and (c) (11%) reflection at 224 K (B
phase). Effect of self-absorption is corrected. Solid lines are fitted
curves based on Eq. (3). Small peaklike structures are multiple scat-
tering. Statistical error is smaller than the dot size and the back-
ground level is negligible in this figure.
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The obtained energy spectra were fitted according to
a standard procedure. We assumed that charge-order
patterns are Eu’*Eu’*Eu’*Eu’* in the 7 phase and
Eu?*Eu**Eu’*Eu**Eu**Eu** in the B phase because (i) the
average valance is about 2.47 in the vy phase and 2.33 in the
B phase, (ii) the periodicity of the Eu layer is 2 in the y
phase and 3 in the B phase, and (iii) two valence states in the
B phase were reported in MS.'* For these structures, the
structure factors of the (111) and (11%) reflections are
equally given by Eq. (3). f” is obtained from the calculated
values and the experimentally observed x-ray absorption
constant u through the relation f” o« uE, where E is the x-ray
energy. f' is related to f” via a Kramers-Kronig transform.
We fitted tabulated values' of f” above and below the L,
edge using a Victoreen function and smoothly connected the
fitted curves with f” of Eu’* extracted from the absorption
spectra. We then numerically calculated f’' from the fitted
values of f”. The obtained f’ and f” were shifted by 7.5 eV
and the difference spectra f3,—f5, and f3,—f,, were ob-
tained as shown in Fig. 2(a). F, is a fitting parameter, which
was estimated so as to mainly reproduce the amplitude of the
oscillatory energy spectra. The results are shown in Figs.
2(b) and 2(c) as solid curves. The calculated curve is in
excellent agreement with the measured intensity at 152 K.
This is, hence, a direct evidence of the twofold charge order-
ing along the ¢ axis in EuPtP. In contrast, although agree-
ment between the calculated and measured intensities at 224
K is satisfactory to show the existence of the charge order, it
is not yet perfect, probably because of the breakdown of the
assumption that the displacement of the Eu ions is negligible
in this phase. Both real and imaginary parts of F| are re-
quired to get a better fit of the energy spectra, indicating the
loss of inversion symmetry.

IV. CHARGE-LATTICE COUPLING MODEL

As mentioned in Sec. I, the standard scenario of charge
ordering is inappropriate for metallic EuPtP. Hence a new
mechanism of charge ordering in EuPtP is required. An im-
portant clue is a lattice effect. EuNi,(Si,_,Ge,), crystallizes
in the tetragonal ThCr,Si, structure and is a typical valence-
fluctuating compound that exhibits valence transitions at
around 50-200 K.!® The Eu valence of the end members of
the compounds is, however, temperature-independent 3+ and
2+ for x=0 and x=1, respectively."” In the ThCr,Si, struc-
ture, the Th atom resides in a space surrounded by eight Si
atoms. Hence, a relatively large cage consisting of the Ge
atoms matches a large Eu®* ion in EuNi,Ge,, whereas in
EuNi,Si, small Eu** ions are preferable for the small Si
framework at all temperatures.

We think that an internal degree of freedom of the lattice
stabilizes the charge order in EuPtP. The model is shown in
Fig. 3(a), in which a Eu layer is connected to adjacent PtP
layers by the force-constant «. The lattice energy E, and the
interaction between charge and lattice E;,, are thus given by'®

K
Ey,= 2 5{(vla+a/2 = 1) + (1 = Vigean)’}
!
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FIG. 3. (Color online) (a) Schematic model of charge-lattice
coupling in EuPtP. A Eu layer is connected to adjacent PtP layers
through a force constant. (b) Mean-field phase diagram of the ex-
tended ANNNI model in external fields with a singlet ground state
(]) and octet excited states (T). “1/3” stands for the three-sublattice
171 structure while “1/2” corresponds to the two-sublattice T
structure.

Eiy = 2 11,8V 142 = Uia) + (Ui = V1gar) }»
!

where u,;, and v,,,,» are the displacement of the Eu layer at
la and that of the PtP layer at la+a/2, respectively, a is the
spacing of the Eu layers, and n,;, equals 1/2 and —1/2 for
divalent and trivalent layers, respectively. The lattice energy
E, describes Hooke’s law, and the interaction term Ej, rep-
resents that divalent and trivalent Eu layers are repulsive and
attractive to PtP layers, respectively, when g is negative. For
the sake of simplicity, we first enforce the condition u_,=0,
which corresponds to infinite stiffness between Eu planes.
The energy at the equilibrium condition is obtained through
NE,+E;)/ dv_,=0, where u_, and v_, are Fourier compo-
nents of u;, and vj,,,,. The total-energy E (=E,+E;,) is
represented as

By choosing the interacting part and adding the excitation
energy E,,. for the Eu’* layer, we finally obtain an effective
Hamiltonian

H=J2, NN (e1)a + Eeve ) Mg, 4)
/ /

where J=g?/k>0. This is equivalent to a nearest-neighbor
antiferromagnetic (AF) Ising model under magnetic field. It
is obvious that the Hamiltonian shows a second-order phase
transition to a 7] T| structure for small E,, , where T and |
denote divalent and trivalent layers.

It is, however, easily found that a next-nearest-neighbor
(NNN) AF interaction J' is necessary for stabilizing the 77 |
structure. By introducing finite stiffness between the Eu
planes and between the PtP planes «; and «,, respectively,
and by relaxing the condition u_,=0, the NNN AF interac-
tion J'n;,n42), is naturally derived. The total energy is now
given by
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2% S K+ k(1 = cos ga)

E=—- X n_n,.
§ . K+ 2KK) +2KKy + 2K k(1 —cos ga) 1

Because of the g-dependent term in the denominator, the
interaction becomes long range. If k<< «;=k,, the ratio J'/J
is less than about 0.14. We also phenomenologically incor-
porated —anlza in order to reproduce the experimentally ob-
served first-order nature of the transitions.!' The Hamiltonian
is thus equivalent to an extended axial-NNN Ising (ANNNI)
model in external fields.!” The calculations were carried out
up to 20 sublattice using a mean-field approximation in ac-
cordance with a standard procedure.'” Only the singlet
ground state and the eightfold first excited state were taken
into account. The obtained phase diagram for J=1, E,
=0.05, and a=2.5 is shown in Fig. 3(b). a was chosen so
that the valence in the uniform valence state becomes about
2.1 (close to the experimentally observed value). In contrast
to the original ANNNI model,?’ in which a nearly infinite
number of commensurate phases appear in the phase dia-
gram, only two ordered phases are found in the temperature
J'1J space that we surveyed. The two-sublattice “1/2” struc-
ture is the ground state and the three-sublattice “1/3” struc-
ture presents between the uniform valence state and the “1/2”
state at large J'/J. The calculations also show that the uni-
form valence splits into two valences at a certain temperature
when temperature is decreased. Therefore, this model first
sets in the three-sublattice 17| charge-ordered state that is
followed by the two-sublattice 1] 1] structure when J' is
large enough, in good agreement with the experiments.
Finally, in Sec. III, we assumed that the valences in the
charge-ordered states are integer (Eu** and Eu®*). Although
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Mossbauer spectra indicate that valences in the charge-
ordered states are very close to Eu?*t and Eu’*, there are
small deviations in the positions of the absorption lines be-
tween the 8 and y phases.'? It is considered that actual va-
lences are Eu?*? and Eu3~%. However, RXD is based on a
virtual x-ray absorption process and, hence, 6 and &' cannot
be estimated without knowing a precise value of F in Eq.
(3), which is determined in full structural analysis.

V. SUMMARY

We have conducted RXD experiments and confirmed that
the successive charge-order phase transitions from a uniform
valence state to the staggered two-sublattice Eu>*Eu’* struc-
ture with the intervening three-sublattice Eu?*Eu?*Eu’*
structure in EuPtP. In order to interpret the charge ordering in
metallic EuPtP, we proposed a charge-lattice coupling model
and deduced an effective antiferrocoupling between Eu va-
lency. We also found that the observed successive transitions
in EuPtP are reduced to a general ANNNI model.
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