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The solid solution 122 compounds, Eu(Co,_,Ni,),P,, show a valence transition between divalent state and
intermediate valence states at Eu, which is firmly correlated to multiple degrees of freedom in the solid such
as the isostructural transition between the collapsed tetragonal (cT) and uncollapsed tetragonal (ucT) structures,
3d magnetism, and the formation of P-P dimers. To gain insights into the correlated behavior, we investigate
the effect of high magnetic fields on the samples of x = 0.4 and 0.5 using magnetostriction and magnetization
measurements up to 60 T. The samples are in the Eu valence-fluctuating regime, where the possible structural
transition from cT to ucT may be induced by the Eu valence change under the magnetic fields. For both samples,
magnetostriction smoothly increases with increasing magnetic fields. The behavior is in good agreement with the
calculated results using the interconfigurational fluctuation (ICF) model that describes the Eu valence change.
This indicates that AL represents the change of the Eu valence state in these compounds. Magnetization curves
for both compounds show good agreement with the ICF model at high magnetic fields. In contrast, in the low-
magnetic-field region, magnetization curves do not agree with the ICF model. These results indicate that the Eu
valence changes manifest themselves in the magnetization curves at high magnetic fields and that the magnetism
of the 3d electrons manifests itself in the magnetization at low magnetic fields. Hence, we conclude that the
valence change occurs within the Eu valence fluctuation regime coupled with the cT structure. Thereby, we
believe that the transition to ucT structure, which is firmly coupled with the divalent Eu state, does not occur
within the magnetic field range of the present study. Even higher magnetic fields or pulsed magnetic fields with
slower pulse durations may induce such large state changes in the present material, which is triggered by the Eu

3

valence change under high magnetic fields.
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I. INTRODUCTION

The 122 compounds with the ThCr,Si,-type structure are
the fertile playground hosting a variety of physical phenom-
ena, ranging from the heavy fermion physics in 4f electron
systems, high-T;. superconductivity in Fe pnictides, and itin-
erant ferromagnets originating in 3d electrons of transition
metals. In systems of LnT m,P, (Ln: lanthanoids, Tm: transi-
tion metals), the characteristic isostructural transition occurs
between collapsed tetragonal (cT) and uncollapsed tetrago-
nal structure (ucT). The transition accompanies forming and
breaking of the molecular bond in P dimers. The P dimer
dissociates into 2P*~ by filling the antibonding orbital (o3 _p)
with electron doping in the ucT structure. The P dimer forms
as (P?7), when op_p becomes vacant in the cT structure.
The Fermi level of the system is controlled by the d electron
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number of Tm [1]. The isostructural in 122 compounds change
usually occurs as a continuous transition. It is a unique feature
of EuT m, P, systems that the isostructural transition occurs as
the first-order transition by external stimuli such as tempera-
ture [2], pressure [3], and also by doping Ni to the Co site [4].
This is presumably due to the additional Eu valence degree of
freedom in EuT'm,P, systems.

Recently, under ultrahigh magnetic fields, not only mag-
netic but also structural transitions are found in systems such
as VO, [5] and solid oxygen [6], where strong spin-lattice
couplings are in play. It is of great interest to investigate
high-magnetic-field effects on the correlated multiple degrees
of freedom in 122 compounds.

Nakamura et al. investigated the solid solution compounds,
Eu(Co;_,Ni,),P,, which show the discontinuous isostructural
transitions between cT and ucT structures at x = 0.25 ~ 0.35
and various magnetic transitions at low temperatures, summa-
rized in Fig. 1 [4,7]. EuCo,P, and EuNi,P, take ucT and cT
structures, respectively. The magnetic and electronic proper-
ties are quite distinct between these materials. In EuCo,P,, the
helical spin magnetism arises purely from Eu’*. In contrast, in
EuNi,P,, the itinerant electrons show heavy fermion behavior

©2023 American Physical Society
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FIG. 1. Phase diagram of Eu(Co;_,Ni,),P, as a function of x
based on Refs. [4,7]. Tc, T;, and Ty indicate the transition tem-
peratures for the itinerant ferromagnetic order, the reorientation of
spins to form the long-period antiferromagnetic order, and the Eu
helical magnetic order, respectively. Schematic energy diagrams for
EuCo,P, and EuNi,P, are shown at the bottom. The diagrams are
based on Ref. [8], which assumes the localized limit for 4f7 and o'*
for simplicity.

with the Kondo temperature of 80 K and a strong fluctuation
at Eu valence [9]. The Eu valence changes from Eu*?* to
Eu?7*, which is the intermediate states between the magnetic
Eu®* (417, 887,2) and nonmagnetic Eu®* (4£°, 7 F). Several
magnetic orders of 3d electrons occur in Eu(Co;_,Ni,),P, at
x = 0.4-0.8, as shown in Fig. 1. The electron transfer from
Eu(4f) to Tm(3d) states may give rise to the exotic magnetic
orderings [4]. Such emergence of magnetism due to the elec-
tron transfer from 4 f state to 3d electrons is also reported in
the filled-skutterudite compounds Yb,Fe4Sby, [10].

In these compounds various binary competitions are in
play, such as the cT-ucT structural instability, the formation
and breaking of P dimers, Fermi-level tuning through chang-
ing the 3d electron numbers with Ni/Co ratio, and the discrete
Eu valence and Eu valence fluctuation states. These factors are
strongly coupled with each other. Specifically, the samples of
x = 0.4 and 0.5 are typical cases where the magnetism of the
3d electrons and Eu valence are coupled [4].

In the present study, we control the valence state of Eu
using pulsed high magnetic fields up to 60 T. Magnetic fields
stabilize the Eu®* state over the ground-state Eu’* in the
samples of Eu(Co;_,Ni,),P, with x = 0.4 and 0.5. We aim
to monitor the valence change by means of magnetostriction
measurements under magnetic fields, which is an approach
analogues to Ref. [9], where the correspondence between
the valence change and volume expansion is observed in
EuNi,P,. The ultimate motivation is to induce the structural

transition using high magnetic fields from cT to ucT, which
is correlated to the Eu valence. We compare the results of
magnetostriction and magnetization to the results of the calcu-
lation using the interconfigurational fluctuation (ICF) model.

II. METHODS

We generate pulsed magnetic fields up to 60 T using pulse
magnets at the MegaGauss Laboratory of the Institute for
Solid State Physics, the University of Tokyo, Japan. We carry
out high-resolution magnetostriction measurements using the
fiber Bragg grating (FBG) and optical filter method [11] and
magnetization measurements using the induction method. In
magnetostriction measurements, we use powdered samples.
The powdered samples are solidified using a small amount of
epoxy glue, which is then glued to the optical fiber with FBG.
With the two-channel system of our FBG magnetostriction
monitor, we can measure the magnetostriction of the two sam-
ples of x = 0.4 and 0.5 simultaneously in a single pulse. We
measure only the longitudinal magnetostriction. The present
samples are expected to show no magnetic anisotropy, judging
from the fact that the magnetic moment of Eu’>" arises purely
from electron spins, 85, /2 (i.., no orbital angular momentum),
and that Eu*" has no magnetic moment, "Fy. Note that there
is a discrepancy between the measured results AL/Lyeasured
and the intrinsic strain of the sample AL/Lgample, With
the relation of AL/Lyeasured = AL/Lgample X p1 X p2, where
0 < p1, p2 < 1. p; originates in the path of strain from the
sample via glue to the FBG. p, originates in that the powder
sample is solidified using glue.

To consider the valence change of Eu as a function of
magnetic fields, we analyze the ICF model [12] and compare
it to the experimental results. In the ICF model the va-
lence fluctuation is effectively taken into account using 7* as
T* = v/T? 4+ T?, with T; representing the strength of valence
fluctuation. We define 8 = (kgT*)~!, with kg being the Boltz-
mann factor. The ground state is Eu’t (J = 0). The excited
state is Eu’t (J = 7/2) with the energy gap E.., which are
expressed as

E;=0 and E; = gjup/.B+ E, (D

where g;, g, and B are the g factor (g; = 2), Bohr magneton,
and magnetic fields, respectively. The partition function is
expressed as

7/2

Z=exp(—BE)+ ) exp(—BEy). )

J.==1/2

The occupation of Eu?", free energy, and magnetization are
deduced as

Y, exp(—BEx)

) ~ , 3)
F=—-p"'Inz “4)
M= ar 5
=5 (3)

The valence of Eu is calculated as vg, = 3 — P>.

235110-2



MAGNETIC-FIELD-INDUCED VALENCE CHANGE IN ...

PHYSICAL REVIEW B 107, 235110 (2023)

(a) . : : : :
60

t (ms)

FIG. 2. (a) Pulsed magnetic field and (b) magnetostriction as a
function of time for the polycrystalline samples of Eu(Co;_,Ni,),P,
with x = 0.4 and 0.5 at a temperature of 4.2 K. Two magnetostric-
tion curves are measured simultaneously in a single magnetic field
pulse utilizing the two-channel FBG magnetostriction measurement
system.

III. RESULTS

Representative data of the pulsed magnetic field and mea-
sured magnetostriction (AL) is shown in Fig. 2. AL curves
for the samples of Eu(Co;_,Ni, ),P, withx = 0.4 andx = 0.5
are measured at the temperature of 4.2 K. Two kinds of
samples are measured simultaneously by making use of the
two-channel FBG magnetostriction monitor, which is a minor
updated system from Ref. [11].

AL and the derivative of magnetostriction & [= d(A
L/L)/dB] of the samples of x = 0.4 and 0.5 as a function of
magnetic fields are shown in Figs. 3(a)-3(d) with the scales on
the left axes. As one sees in Figs. 3(a) and 3(c), magnetostric-
tion curves continuously increase with increasing magnetic
fields. Figures 3(b) and 3(d) show that ¢ has a maximum at
39 and 33 T for x = 0.4 and 0.5, respectively.

The calculated results of the valence change Awvg, =
Vgu(B) — vgu(B = 0 T) and its derivative dvg, /dB are plotted
in the same figures with the scales on the right axes. The
insets in Figs. 3(a) and 3(c) show the absolute value of the Eu
valence vg, as a function of B. The parameters of the ICF
model for x =0.4 and 0.5 are (Ex = 190K, T; = 50K),
and (E = 160K, T; = 60K), respectively. The calculated
valence changes are fitted to the experimental result of AL/L
by using the shape of the curves.

As shown in Figs. 3(a)-3(d), one notices that the calculated
results using the ICF model are in good agreement with the
experimental results. This indicates that the change of AL
with increasing magnetic fields well represents the change of
Eu valence, considering the fact that the ICF model represents
the Eu valence change.

To verify the obtained parameters in the calculations, we
compare the valence change as a function of temperatures in
the ICF model with the reported isomer shift of the '*'Eu
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FIG. 3. Magnetostriction (AL) and the derivative of magne-
tostriction ¢ (= d(AL/L)/dB) of Eu(Co;_Ni,),P, (x =0.4 and
0.5). (a) AL of x =04, (b) e of x =04, (¢c) AL of x =0.5, and
(d) & of x =0.5. Calculated results of Eu valence change Awvg,
and its absolute value vg, are shown in each figure with scales on
each right axis, using the ICF model with parameters of (E =
190K, T; = 50K) and (Ex = 160K, T; = 60K) forx = 0.4 and 0.5,
respectively.

Mossbauer spectra, as shown in Figs. 4(a) and 4(b). With the
parameter sets for x = 0.4 and 0.5, we calculate the tempera-
ture dependence of the Eu valence state using the ICF model.
The experimental results of the isomer shift of the "'Eu
Mossbauer spectroscopy represent the microscopic change of
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FIG. 4. The solid lines indicate the calculated results of Eu va-
lence vg, using the ICF model with parameters of (Ex = 190K,
T; = 50K) and (Ex = 160K, Tt = 60K) for (a) x = 0.4 and (b)
x = 0.5, respectively. The cross symbols indicate the experimental
values of the isomer shift determined using the '>'Eu Mossbauer
spectroscopy [7].

Eu valence in the solids. For both samples of x = 0.4 and
0.5, they qualitatively agree with the experimental results. The
agreement of the ICF model to the isomer shift of the °'Eu
Mossbauer spectra supports our notion that AL well repre-
sents well the Eu valence state under high magnetic fields.
Figures 5(a)-5(d) show magnetization and dM/dB as a
function of magnetic field for the samples of x = 0.4 and 0.5
with the scales on the left axes. In the figures, the calculated
results of M using the ICF model with the same parameter sets
introduced earlier are shown with the scales on the right axes.
In the data with the sample of x = 0.4, one can notice
multiple peaks in the dM/dB data which are indicated by the
arrows in Figs. 5(a) and 5(b). The peak structures in dM/dB at
35 and 39 T show qualitative agreement with the peak struc-
ture in the calculated dM/dB, indicating the peak structure
originates from the change of Eu valence. By contrast, the
peak structure in dM/dB at 11 and 15 T are not present in
the calculated dM/dB. This indicates that the peak structures
indM/dB at 11 and 15 T are assumed to arise from another
origin. Nakamura et al. reported this feature arises from the
spin-flip transitions in 3d electrons from the Co/Ni site [4].
The overall features are similar in x = 0.5 data to those in
x = 0.4 data as shown in Figs. 5(c) and 5(d). The experimental
curves of M and dM/dB agree well with the calculated results
using the ICF model at high magnetic fields. By contrast, they
do not fit well in the low-magnetic-field region. This indicates
the magnetism of 3d electrons of transition metals is in play
at the low-magnetic-field region. The emergence of a pecu-
liar transition from a ferromagnetic to an antiferromagnetic
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FIG.5. (a) Magnetization (M) and (b) dM/dB of

Eu(Co;_,Ni,),P, at x=0.4, and at (c, d) x =0.5 are shown
with the calculated results of Eu valence change Avg, and M
calculated using the ICF model with parameters of (Ex = 190K,
T; =50K) and (E, = 160K, T; = 60K) for x =0.4 and 0.5,
respectively.

phase with decreasing temperatures is reported earlier [4],
which is due to the 3d electron states of the transition-metal
sites, which is a characteristic behavior in the cT structures
in this system. We also note that the magnetism of 3d elec-
trons shows little influence on magnetostriction, indicating
a small spin-lattice coupling of 3d electrons in the present
systems.

We observe the small hysteresis in the magnetization pro-
cess as shown in Figs. 5(a) and 5(b) with the peak in the up
sweep of the pulsed magnetic field at B =39 T and that in
the down sweep at B = 35T, which infers a weak first-order
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transition. On the other hand, we do not observe the corre-
sponding hysteresis in the magnetostriction data as shown in
Figs. 3(a) and 3(b). We speculate that this discrepancy is due
to the higher resolution of magnetization measurement than
magnetostriction measurement to such a subtle feature in the
present experimental condition.

IV. DISCUSSION

Here we discuss the valence change and its coupling to
the structural change. Avg, yields —0.75 at 60 T, as shown
in Figs. 3(a) and 3(c). The inset shows that this Avg, cor-
responds to the change from 2.85 to 2.10. This is a similar
amount of Eu valence change with the temperature depen-
dence of vg, as shown in Fig. 4(a). Also, M grows up to
6.6 ug/f.u. at 60 T, which is very close to the value of the
saturation magnetization of isolated Eu**, 7.0 ug /f.u. These
results indicate that the magnetic field of 60 T changes the
Eu valence very close to the 2.0+4. The data for x = 0.4 and
x = 0.5 are qualitatively similar. At 60 T, AL/L shows the
value of 1.2 x 1073 and 0.65 x 1073 forx = 0.4 and x = 0.5,
respectively. The absolute value of AL/L in the present study
may be smaller than the intrinsic AL/L of the sample, due to
the fact that we measured the powdered sample solidified with
epoxy glue. Thus we cannot directly compare the observed
amount of AL/L in the order of ~10~3 with the expected
value of ~6%), which is the reported change of lattice volume
[3.4,13].

Based on the agreement of the data to the ICF model,
we conclude that the presently observed lattice changes
originated in the valence change of Eu within the valence-
fluctuating regime whose lattice state is in the cT region.
Thereby no isostructural transition from cT to ucT is induced
by the magnetic fields in the present study. More likely, the
presently observed transition may have the same root as the
weak metamagnetic transition observed in EuNi, P, at around
30 T [9]. This is also supported by the absence of the change
of lattice in the strong first-order manner expected for the cT -
ucT transition. The first-order change of lattice in the c¢T - ucT
transition is reported in the solid solution study of the present
system [4] and the pressure-induced transition [3,13].

The absence of the structural transition from cT to ucT
contrasts the fact that the valence change yields very close
to 2.0 and that the Eu>" state is coupled to the ucT struc-
ture. Our speculation is that with even higher magnetic fields
that induce the complete Eu?t state, one should observe the
isostructural transition from cT to ucT by magnetic fields.
There are two possible origins of the required higher magnetic
fields. One is that the internal energy of the ucT phase is still
higher, so we need higher a magnetic field. In this case one
may need B >~ 450 T, estimated with the relation of Zeeman
energy and the internal energy difference, BAM > AE.r_yt-
We tentatively estimated AM ~ lug/f.u. and AEcr—yer >
300 K based on the facts that M is far from the saturation for
~1upg/f.u. and that the cT-ucT transition is not induced in
the temperature range up to 300 K. Another possibility is that
the isostructural transition involves a large magnetic field hys-
teresis region, which is indicated by the coexistence region of
x = 0.25-0.35 in Fig. 1. In the latter case, not only the higher
magnetic fields, but also the slower pulse sweep rate, higher

temperature, and the stimulation by laser pulse may induce
the first-order phase transition. A study at higher magnetic
fields is possible by means of a 1000-T environment generated
using an electromagnetic flux compression technique [14] and
a high-speed magnetostriction monitor [15-17]. Further, a
microscopic measurement on the lattice is also possible at
100-T range by using the portable destructive pulse magnet
and x-ray free-electron laser facilities [18]. Such studies are
underway.

The obtained value of E, = 160K for the sample of
x = 0.5 is smaller than the obtained value of E., = 190K for
the sample of x = 0.4. This is qualitatively in good agreement
with the fact that position of the peaks in ¢ and dM/dB for
the sample of x = 0.5 appear at a lower magnetic field than
that for the sample of x = 0.4, as shown in Figs. 3(b), 3(d),
5(b), and 5(d). This observation may indicate that the valence
and magnetization saturate at a lower magnetic field with
x = 0.5 than in the case of x = 0.4. In reality, the valence of
the sample with x = (.5 starts to saturate at lower magnetic
fields than the sample with x = 0.4, as shown by the AL
curves in Figs. 3(a) and 3(c). In contrast, M of the sample
with x = 0.5 is still far from the saturation value of 7 pg /f.u.
even at 60 T, while the M of the sample with x = 0.4 shows
saturation behavior already at 60 T, as shown in Figs. 5(a)
and 5(c). Such reduction of magnetization for the sample with
x = 0.5 at high magnetic fields may be a sign of the strong
Kondo coupling (¢ — f hybridization), which is significant at
x = 1.0 [9]. On the other hand, the sample with x = 0.4 shows
almost fully saturated magnetization. It infers that the Kondo
coupling is not significant at x = 0.4.

Under magnetic fields, the electron transfer to Eu occurs,
resulting in the valence change from the 34 side to the 24
side. We note that this electron transfer does not occur directly
among Eu and the P dimers. Both the Eu®" states and the
dissociated 2(P3~) states are coupled to the ucT structure,
both of which are electron-doped states. Thus these electrons
are presumably transferred from the transition-metal site. The
schematic drawings of energy levels in Fig. 1 clearly show
that the electron configuration is controlled by the Fermi level
determined by the 3d electron state.

We compare the present system with the valence-
fluctuating systems of EuNi;(Si;_,Ge,),, where Eu valence is
fluctuating at x = 0.75-0.82 [19]. The magnetic fields induce
valence change with first-order transition [20]. The valence
change is reproducible using the ICF model but with an
additional parameter such as Eex = Eo(1 — aP;), where Ej
and o are excited energy without the cooperative effect and
strength of the cooperative effect, respectively [19]. The in-
sertion of P, into E represents the cooperative effect [21]
between Eu?™ that transforms the crossover into the first-order
transition. Such cooperative effects are absent in the present
system, considering the fact that the field-induced change is a
gradual one.

In various systems of EuT'm,(Si;_,Ge, ), the valence tran-
sitions with variations of temperature and magnetic field are
reported [12,19]. The magnetic fields for the Eu valence tran-
sition show linear dependences on the distance between Eu
and Tm [12]. Similarly, in the systems of EuTm,As,, the
isomer shift of the ''Eu Mdssbauer spectroscopy shows a
linear dependence on the Eu-Tm distances [22], indicating
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that the Eu-Tm distances are an important determining factor
in these systems. The present study is the first case showing
the magnetic-field-induced valence transition in the Eu 122
compounds with phosphorus. We note that the Eu-7m length
is also an important parameter in the systems with phosphorus
or arsenic [7,23]. This point will become clear by the study of
magnetic-field-induced valence transitions in such systems as
Euha(PxAsl_x)z [24]

V. CONCLUSION

We report the magnetization and magnetostriction mea-
surements of Eu(Co;_,Ni,),P, with x = 0.4 and 0.5. We
compare the results with the calculated results of Eu valence
using the ICF model. The magnetostriction curves are in good
agreement with the valence change calculated using the ICF
model, indicating that magnetostriction originates in the Eu
valence change. In fact, the obtained parameters of E¢x and

T; and the ICF model also show good agreement with the
reported temperature dependence of the isomer shift of the
STEu Mossbauer spectroscopy. The present valence change
occurred within the Eu valence fluctuation region coupled
to the cT structure, not involving the field-induced cT - ucT
isostructural transition, which may require even higher mag-
netic fields.
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