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Magnetic phase diagram of Eu;_,Ca,Co,P, determined using
muon spin rotation and relaxation
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The present study investigated the magnetic nature of a solid solution system consisting of EuCo,P, and
CaCo,P, using a muon spin rotation and relaxation (u™SR) technique, which is sensitive to local magnetic
environments. The former compound EuCo,P; is known to enter an incommensurate helical antiferromagnetic
(AF) phase below 66 K with neutrons, which was confirmed by the present i+ SR. The magnitude of the ordered
Eu moments proposed with neutrons was found to be consistent with that estimated by " SR. Furthermore, the
latter lattice-collapsed tetragonal phase compound CaCo,P, is known to enter an A-type AF phase below 90 K,
and u*SR measurements on single crystals revealed the presence of a spin reorientation transition at around
40 K, below which the A-type AF order is likely to be completed. Although all Eu,_,Ca,Co,P, compounds were
found to enter a magnetic phase at low temperatures regardless of x, a static ordered state was formed only at
the vicinity of the two end compounds, i.e., 0 < x < 0.4 and 0.9 < x < 1. Instead, a disordered state, i.e., a
random spin-glass state, short-range ordered state, or highly fluctuating state was found in the x range between
0.4 and 0.9, even at the lowest measured temperature (2 K). Together with the magnetization data, our findings
clarified the magnetic phase diagram of Eu,_,Ca,Co,P,, where a ferromagnetic exchange interaction between
Co ions through the Eu?* ion competes with a direct AF interaction among the Co ions, particularly in the x

range between 0.57 and 0.9. This competition yielded multiple phases in Eu;_,Ca,Co,P,.

DOI: 10.1103/PhysRevB.109.144408

I. INTRODUCTION

A structural phase transition from an uncollapsed tetrag-
onal (ucT) phase to a collapsed tetragonal (c7) phase in
ThCr,Si-type (see Fig. 1) compounds is known to induce
a quantum-critical-point (QCP)-related unconventional phase
around the phase boundary between the ucT and cT phases
[1-5], such as a superconducting phase in CaFe,As, with
pressure [6] and a possible QCP phase and ferromagnetic
order in SrCo,(Ge;_,P,), with Ge doping [7]. Here, the ratio
of stacking to in-plane lattice parameters (c/a) in the col-
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lapsed phase is significantly smaller than that expected from
simple atomic-size considerations. Note that although both
SrCo, P, and SrCo,Ge, are paramagnetic metals, a ferromag-
netic phase appears in SrCo,(Ge;_,P,),.

This leads to a question regarding the magnetic nature of
the solid solution system between a paramagnetic ucT com-
pound, SrCo,P,, and an A-type antiferromagnetic (AF) cT
compound, CaCo,P,, with Ty = 90 K [8]. Here the formal
valence state of P in the ucT phase is —3, while that in the cT
phase is =2, i.e., [P—P]™* [9]. As a result, Co*tisina tetrag-
onal crystal field with § = 3/2 (e4t§ ) in SrCo,P,, whereas
Co'tiswith S = 1 (e4t22) in CaCo,P; [1,9-11]. However, due
to the itinerant nature of these two compounds, the effective
magnetic moment (iesr) of Co in a paramagnetic state has

©2024 American Physical Society
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FIG. 1. Crystal structures of EuCo,P, (left) and CaCo,P, (right) and the lattice collapse transition in Eu;_,Ca,Co,P;, i.e., the variation of
(a) the a-axis length and (b) c-axis length with the Ca content (x) [16]. In the crystal structures, two muon sites, namely, ©1 and ©2, which were
predicted for CaCo, P, and SrCo,P, using DFT calculations [15], are also shown at (0, 0, 0.1991) and (0.5099, 0.0253, 0.0717) for CaCo,P;,
and at (0, 0, 0.1954) and (0, 0, 1/2) for EuCo,P,. Note that the crystal structure and charge distribution in EuCo,P, are the same as those in

SrC02P2.

been reported to be 1.72 ug for SrCo,P, [12] and 1.1 ug
for CaCo,P; [13]. The previous work on CaCo,P; [9] in the
AF phase at 2 K using neutrons showed that the propagation
vector k = (0, 0, 1), namely, the Co moments ordered ferro-
magnetically in the ab plane and antiferromagnetically along
the ¢ axis, i.e., A-type AF. The ordered Co moment (/,L%rg
was estimated to be 0.32 ug at 2 K. Such a small value is
consistent with the metallic nature of CaCo,P,. Based on the
previous nuclear magnetic resonance (NMR) [14] and muon
spin rotation and relaxation (u*SR) [15] study, which is very
sensitive to local magnetic environments, the magnetic phase
diagram of Sr;_,Ca,Co, P, exhibited the following trend: as x
increases from 0, a Pauli-paramagnetic phase became stable
even at 1.8 K for 0 < x < 0.45, a short-range AF ordered
phase appeared at 0.48 < x < 0.75 with increasing Ty up
to 120 K at x = 0.75, and, finally, a long-range AF ordered
phase was formed at x < 0.75 with decreasing Ty down to
85 K at x = 1. Thus, the highest Ty was not observed for
the pure compound with x = 1, i.e., CaCo,P,, but was in-
stead observed for the x = 0.75 compound, around which
the lattice collapse transition occurred. This clearly suggests
the interrelationship among the Co-Co distance along the ¢
axis, the AF interaction, and the increase in the magnetic
Co'* caused by the substitution of Sr by Ca. In order to fur-
ther understand this interrelationship, we attempted to expand
the u*SR study to a solid solution system between two AF
materials, namely, an AF-ucT compound, EuCo,P, [17-21],
and an AF-cT compound, CaCo,P, (see Fig. 1) [16]. The
previous neutron work revealed that EuCo,P, enters an in-
commensurate helical AF phase below Ty = 66.5(2) K [17].
Only the Eu’* moments order with the propagation vector
k = (0, 0, 0.85) and the ordered magnetic moment (MOET) of
6.9(1) up at 15 K. Consequently, each Eu moment aligns in
the ab plane ferromagnetically, while the Eu moments order
along the ¢ axis to form an incommensurate AF spiral struc-
ture with a modulation period of ~¢/0.85 = ~1.18c.

Hence, besides the transition from a uc7 phase to a cT
phase, the magnetic nature in Eu;_,Ca,Co,P; is strongly af-
fected by the interactions among the Eu moments in the low-x
region, which is in turn governed by the interactions among
the Co moments in the high-x region. In addition, the interac-
tion between Eu moments and Co moments plays a significant
role in the total magnetic nature. In fact, magnetization mea-
surements showed a complex magnetic phase diagram for
Eu,;_,Ca,Co, P, [16]. More specifically, as x increased from 0,
Tn decreased with x from 66.5 K atx = 0 to 44 K at x = 0.45,
and a ferromagnetic phase appeared below 212 K (= T¢) at
x = 0.52, Tc decreased with x down to 126 K at x = 0.85, and
then another AF phase appeared below 7y = 108 K at x = 1.
In the region with x > 0.5, a second magnetic transition was
detected at 71 K for the x = 0.52 sample, and the transition
temperature decreased with x, reaching a minimum value of
around 17 K for the x = 0.85 sample. However, the detailed
nature of the second transition and the phases appearing in the
phase diagram are still not clearly understood. Therefore, we
have used SR to further understand the magnetic phases in
Eu;_,Ca,Co,P>.

II. EXPERIMENTAL SETUP

Polycrystalline samples of Eu;_,Ca,Co,P, with x = 0—1
were prepared from P, Eu, Ca, and Co using a two-step reac-
tion. For the first step, EuP, CaP, and Co,P were synthesized
through a solid-state reaction between Eu (Ca, Co) and P in
an evacuated quartz tube at 800°C (700 °C for Co,P). In
the second step, Eu;_,Ca,Co,P, were synthesized through
a solid-state reaction among EuP, CaP and Co,P at 1000 °C
for 20 h in an Ar atmosphere. After grinding, the obtained
powder was annealed two times at 1000 °C for 40 hours in an
Ar atmosphere [16].

Single-crystal platelet samples were prepared by a Sn-flux
method [21,22]. A mixture of Eu, Ca, Co, P, and Sn with a
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molar ratio of 1.5(1 —x) : 1.5x : 2 : 2 : 40 was sealed into a
quartz tube in an Ar atmosphere at 0.33 atm. The quartz tube
was heated to 1150 °C, kept for 40 h, and cooled down to
600 °C with a cooling rate of 3°/h, and then further cooled
down to room temperature within 6 h. The Sn flux was
removed by rinsing with acid after a centrifuge. The typical di-
mension of a single-crystal platelet was approximately 0.5 x
0.5 x 0.1 mm?. The basal plane was assigned as a c plane.

According to powder x-ray diffraction (XRD) analyses, all
samples were almost a single phase of tetragonal symmetry
with a space group of I4/mmm, as explained in Sec. III.
Also, as x increased from 0, the c-axis length monotoni-
cally decreased with x until ~0.5. Consequently, it rapidly
decreased down to 0.9 and, finally, reached a constant value
above x = 0.9. It should be mentioned that this behavior is
consistent with the one described in the literature. Magneti-
zation measurements suggested the presence of a magnetic
transition above 7 ~ 60 K for samples with x > 0.5.

The TSR spectra were measured at surface muon beam
lines using the LAMPF spectrometer on the M20 beam line
of TRIUMF in Canada. Approximately 200 mg of powder
sample was placed in an envelope with an area of 1 x 1 cm?,
made of 0.05-mm-thick Al-coated Mylar tape to minimize
the background signal from the envelope. Pertaining to the
single-crystal platelets, about 50 platelets were aligned on a
Ag plate with an area of 1 x 1 cm? by an Apiezon wax so as to
form a mosaic ¢ plane. Then, the envelope or the Ag plate was
attached to a low-background sample holder in a liquid-He
flow-type cryostat for measurements in the 7 range between
1.8 and 150 K. The experimental techniques are described in
more detail elsewhere [23-25]. The recorded ut SR spectrum
was analyzed with MUSRFIT [26].

III. RESULTS

Initially, the w™SR measurement in a weak transverse
field (wTF) determined the presence of a magnetic transition
temperature of each compound with x = 0—1. Here, “weak”
indicates that the applied magnetic field is very small com-
pared with the internal magnetic field, and “transverse” refers
to a field that is perpendicular to the initial muon spin polar-
ization. The muon spin precesses with wTF in a paramagnetic
state, while such a wTF precession signal is suppressed in
a magnetic state due to a large internal magnetic field, as
shown in Fig. 2. The wTF-u "SR spectrum was fitted using
a combination of an exponentially relaxing cosine oscillation
and an exponentially relaxing nonoscillatory signal caused by
the formation of a magnetic ordered phase, as follows:

AoPre(t) = Atr cos(2m frrt + ¢rF) eXp(—ATEL)
+Am exp(—Amt), (D

where A denotes the initial asymmetry at t = 0, Prp(?) de-
notes the muon spin depolarization function in the TF, Atp
and Ay denote the asymmetries of the two signals, frg and
¢1r denote the muon spin precession frequency and the initial
phase of the precession due to TF, respectively, and Atg and
Am denote the exponential relaxation rates for the two signals.
Figure 3 demonstrates the temperature dependence of Aty for
each sample. Since Aty is roughly proportional to the volume

T T T - 120K
0.2 - 90K
2 & - 70K

IWTF-H+SRI i
0 2 4 6 8 10
TIME (us)

FIG. 2. The temperature variation of the wTF-u*SR spectrum
for Eug 05Cag 95C0,P,. The magnitude of the TF was 30 Oe.

fraction of paramagnetic phases in a sample, a steplike change
in each Atp(T) curve indicates that each sample enters a mag-
netic phase at low temperatures. The transition temperature
was estimated by fitting the Atp(7) curve with a Sigmoid
function. As x increases, the transition temperature decreases
from 67.9 to 48.9 K, then leaps up to 214 K at x = 0.6, and
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| B X201 Ty=65.4(1.5) K
03¢ o Tk
o xX=0. = . .
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0
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FIG. 3. The temperature dependence of the wTF asymmetry
(Atp) for the 11 Eu;_,Ca,Co,P, samples. The data were obtained
by fitting the wTF-u SR spectrum with Eq. (1).
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FIG. 4. The variation of the ZF-u*SR spectrum for
Eu,_,Ca,Co,P, with the Ca content (x) recorded at 2 K using
a powder sample. For clarity of display, each spectrum is shifted
upward by 0.08. Only the spectra for the x = 0.1 and 0 compounds
are shifted upward by 0.16.

then rapidly decreases with further increasing x (see, also
Fig. 14).

It should be noted that Atp of each sample is nonzero, even
below 7Tn. More correctly, Arr well below Ty ranges between
around 0.02 to 0.03, indicating the presence of nonmagnetic
impurity phases in the sample. Since the maximum Arg is
about 0.24, the volume fraction of such nonmagnetic impurity
phases is estimated as 8—13%. In other words, about 90% of
each sample is found to be a single phase of Eu;_,Ca,Co,P;.
Next, to understand the nature of the low-temperature mag-
netic phase of each Eu;_,Ca,Co,P, sample, Fig. 4 shows the
zero-field (ZF) u*SR spectra for each sample recorded at
the lowest temperature reached with the present setup, i.e.,
2 K, which is well below the magnetic transition temperature
detected by wTF-u*SR (see Fig. 3). Although the ZF spec-
trum for the x = 0 sample, i.e., EuCo,P,, exhibited a clear
oscillatory signal at 2 K, such signal is suppressed with x and
disappears at x > 0.4. For the sample with x = 0.45—0.8, the
ZF spectrum lacks an oscillatory signal but exhibits a fast re-
laxing behavior, indicating the presence of a large fluctuating
internal magnetic field or a large random internal magnetic
field. At present, since it is difficult to distinguish the former
from the latter, we will call such phase a disordered (DO)

o

50 100 150 200
FREQUENCY (MHz)

FIG. 5. (a) The ZF-u*SR time spectrum for EuCo,P, recorded
at 2 K and (b) the Fourier transform frequency spectrum of (a). The
spectrum in (a) is the same as the top spectrum shown in Fig. 4.

phase, which includes a random spin-glass phase, short-range
ordered phase, and highly fluctuating phase, with respect to
the u*SR time window and spatial resolution.

As x increases further than x = 0.8, a damped oscillation
is observed in the ZF spectrum for the x = 0.9 sample, which
is enhanced with x, while a clear oscillation is observed in the
ZF spectrum for the sample with x > 0.9.

These features clearly suggest that a static magnetic or-
der is formed only at the x region close to x =0 and
x=1,1e,0<x<045and 0.8 <x <1, even at 2 K. In
the intermediate-x region with 0.45 < x < 0.8, the ground
state is magnetic but not static ordered, i.e., DO. The next
section presents the results from each examined sample.

A. EUC02P2

The previous powder neutron diffraction experiments have
described the magnetic ground state of one of the two end
members, EuCo,P,, as an incommensurate helical AF ordered
state [17]. Thus, the ZF-u+SR spectrum is naively expected
to exhibit a damped oscillation with a wide field distribution
and large initial phase delay, represented by the zeroth-order
Bessel function of the first kind [23,27,28]. Nevertheless, the
ZF-ut SR spectrum exhibited a clear oscillation with a sharp
distribution (see Fig. 5) and it can thus be well fitted with a
combination of an exponentially relaxing cosine oscillation
without a large phase delay and an exponentially relaxing
nonoscillatory signal, as follows:

AoPzr(t) = AAr cOS(27 fart + PAF) eXp(—AAFT)
+Atit eXp(—Ail?), ()

where Pzr(t) denotes the muon spin depolarization function in
ZF, Aar and Ay denote the asymmetries of the two signals,
far and ¢ap denote the muon spin precession frequency and
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FIG. 6. (a) The temperature dependencies of the TF- and
ZF-; "SR parameters for EuCo,P,: (a) asymmetries (4;), (b) relax-
ation rates (A;), (c) initial phase of the precession signal (¢ar), and
(d) muon spin precession frequency and its relaxation rate (far and
Aar)- The data were obtained by fitting the TF-+SR spectrum with
Eq. (1) and the ZF-u* SR spectrum with Eq. (2).

the initial phase of the precession due to the internal magnetic
field, respectively, and Aap and Ay; denote the exponential
relaxation rates for the two signals. Since A,y ~ %A ar at2 K,
the Ay,; signal is assigned as a powder “1/3 tail” signal caused
by u*, for which the initial muon spin (S,) is parallel to the
internal magnetic field. Figure 6 shows the temperature depen-
dencies of the wTF and ZF-tSR parameters for EuCo,P,.
The relaxation rate of the Ay signal (Ay;) decreases with
decreasing temperature, approaching a zero value at 0 K, as
expected for the tail signal [Fig. 6(b)]. The initial phase of
the oscillatory signal (¢ar) ranges between 0 and —30° below
Tn and ¢ar = —18.9(1.6) deg at 2 K [Fig. 6(c)]. Considering
that far ~ 120 MHz at 2 K [see Fig. 5(b)], the phase de-
lay of 18.9 deg corresponds to 0.438 ns = 1/(120 x 10%) x
18.9/360 sec, which is comparable to the bin size of the time
digital converter (TDC), i.e., 0.390 ns in the present setup.

(arb. units)
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FIG. 7. The Fourier transform frequency spectrum of the
ZF-; "SR time spectrum recorded at 2 K using (a) backward and
forward counters with a non-spin-rotating (NSR) mode where S, || ¢
and (b) up and down counters with a spin-rotating (SR) mode where
S, L ¢ for EuCo,P, single-crystal platelets aligned on an Ag plate.
That is, the crystals were aligned so that the ¢ axis is perpendicular
to the Ag plate, i.e., a mosaic ¢ plane was formed. (c) The field
distribution at the two muon sites, namely, 1 (0,0,0.1954) and p2
(0,0,1/2), that were predicted with dipole field calculations using
MUESR [29].

This in turn means that it is difficult to determine the phase
delay correctly. The far(T) curve exhibits an order parame-
terlike temperature dependence. Aar shows a critical behavior
below the vicinity of Ty, while Aar becomes very small and
almost temperature independent below 60 K. Overall, the in-
ternal magnetic field (H ) detected with e+ SR is unlikely to
confirm the formation of an incommensurate magnetic order.
To further understand Hye, Fig. 7 demonstrates the Fourier
transform frequency spectrum of the ZF-; ™SR time spectrum
for the EuCo,P; single crystals, which were aligned on an Ag
plate so that the ¢ axis is perpendicular to the Ag plate. Using a
non-spin-rotating (NSR) mode with S, || ¢, a clear oscillation
was observed at approximately 120 MHz. In contrast, such
an oscillation was not observed using a spin-rotating (SR)
mode with S, L ¢. The muon spin naturally starts to precess
when the internal magnetic field (H ) is perpendicular to S,
(Hin¢ L ¢),leading to Hipe L S, In such case, the distribution
at the muon site cannot be explained by a Bessel function, but
instead by a cosine function, depending on the muon site [24].
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FIG. 8. The Fourier transform frequency spectrum of the
ZF-1 "SR time spectrum for CaCo,P; single-crystal platelets aligned
on an Ag plate to form a mosaic ¢ plane. The ZF-u+ SR spectrum was
recorded at (a) 2 K, (b) 40 K, and (c) 70 K.

In fact, Fig. 7(c) shows the field distributions at the two pre-
dicted muon sites in the incommensurate helical AF ordered
state with k = (0, 0, 0.85) obtained by dipole field calcula-
tions using MUESR [29]. A comparison between Fig. 7(c) and
Figs. 5(b) and 7(a) enables the estimation of the ordered Eu
moment (u"Eﬁi) at2 K as 17.53 up, when the implanted muons
sit at the w1 site. On the contrary, ,uOErud = 6.24 ug, when the
implanted muons sit at the u2 site. Since the former value
is too large for Eu, the implanted muons are found to sit
at the w2 site. In fact, the density functional theory (DFT)
calculations predicted that the 2 site is slightly more stable
than the u1 site. The u+SR-estimated M‘éﬁ’ is consistent with
the previously reported value by neutron (u‘éﬁl =6.9(1) up at
15 K [17]).

B. CaC02P2

The magnetic anisotropy in the ordered state of the other
end member compound CaCo,P, was also studied with
ZF- TSR using single-crystal platelets, while the detailed
1SR result on a powder sample has already been reported
in our previous work [15,30]. Figure 8 shows the Fourier
transform frequency spectrum of the ZF-ut SR time spectrum
for aligned CaCo,P; single-crystal platelets recorded at 2, 40,
and 70 K. At 2 K, Hjy is found to have both components
in the ab plane and along the ¢ axis. In fact, fitting of the
two ZF- TSR time spectra, i.e., the spectra recorded at 2 K

with NSR and SR modes, with Eq. (2) revealed that the angle
of Hiy from the ab plane is approximately 45 deg. On the
contrary, there is mainly one component in the ab plane at
40 K and along the ¢ axis at 70 K, indicating that the direction
of H;y: changes with temperature below Ty. Such change was
also observed at approximately 40 K by NMR [31].

Furthermore, dipole field calculations on CaCo,P, re-
vealed that H ¢ at the u2 site (0,0,0.1991) lies in the ab plane
for the proposed A-type AF structure, while H ¢ at the w1 site
(0.5099,0.0253,0.0717) is canted along the ¢ axis by about
10 deg. It is difficult to explain the magnitude of Hy using
the ordered Co moment determined by neutron (0.32 up).
More specifically, the simple dipole field calculations for the
A-type AF ordered state provided that fap = 13 MHz for the
w1 site and 4 MHz for the u?2 site [15], suggesting that it is
necessary to consider a hyperfine coupling field caused by
the local spin density at the muon site [24,32,33], even for
the A-type AF case [34], because Co'* ions in each layer
align ferromagnetically. In the previous neutron work [9],
the neutron diffraction pattern was measured only at three
distinct temperatures, i.e., 420, 270, and 2 K, and only one
magnetic diffraction peak, assigned as (001), was observed
at 2 K. Considering the change in the direction of Hy, with
temperature below Ty, it is highly preferable to measure the
temperature dependence of the neutron diffraction pattern for
CaCo, P, below Ty.

C. Eu;_,Ca,Co,P; with 0 < x < 0.45

In this x range, a clear oscillation can be observed for
the compounds with x < 0.4. This is an oscillation which,
however, disappears, giving rise to a relaxation signal instead
for the compound with 0.4 < x = 0.45 (Fig. 4). The ZF spec-
trum was thus fitted by Eq. (2) together with an exponentially
relaxation signal,

AoPzp(t) = AAp COS(2T faRt + @aF) EXP(—AaFT)
+Apil eXp(—Awit) +Apexp(—Apt), (3)

where Ar and Ar denote the asymmetry and relaxation rate,
respectively, of the additional exponential relaxation signal.
Note that A = 0 for the x = 0.1 compound.

Figure 9 shows the temperature dependencies of the oscil-
lation frequency (far) and its relaxation rate (Aap) for the x =
0—0.4 compounds. Both far(T) and Aar(T) curves for the
x = 0.1 compound are almost identical to those for the x = 0
compound, i.e., EuCo,P,. However, as x increases further than
0.1, the magnitude of far at 2 K begins to decrease slightly,
while Aap increases drastically. As a result, the oscillatory
signal disappears for the x = 0.3 (0.4) compound at around
60 K (30 K), where Aar > fag. Note that the wTF-u*SR
measurements revealed that Ty = 47.9(1.1) K forthe x = 0.4
compound, indicating the presence of a disordered phase at
temperatures between Ty and 30 K. In contrast, the ZF spec-
trum for the 0.4 < x compounds lacks a clear oscillation,
indicating the absence of a static magnetic order. The ZF
spectrum was fitted with a combination of two exponentially
relaxation functions, i.e., fast and slowly relaxing signals, as
follows:

AoPzr(1) = Ap exp(—Agt) + As exp(—Ast), 4
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FIG. 9. The temperature dependencies of (a) the muon spin
precession frequency (far) and (b) the relaxation rate (Aar) for
Eu,_,Ca,Co,P, with x = 0—0.4. The data were obtained by fitting
the ZF-ut SR spectra with Eq. (3).

where Ap and Ag denote the asymmetries of the two signals,
and A and Ag denote their exponential relaxation rates.
Figure 10 shows the temperature dependencies of the wTF-
and ZF- TSR parameters for the x = 0.45 compound. The
Ay signal in the TF spectrum is found to correspond to the
Asg signal, which is also assumed to be the longitudinal com-
ponent of the fluctuating Hiy¢ due to the fact that As < A and
As approaches zero with T — 0, i.e., the 1/3 tail signal shown
in Fig. 6. On the contrary, the Ar signal should correspond to
the transverse component of the fluctuating Hiy¢, while Ap is
smaller than the expected value (2Ag), as seen in Fig. 10(a).
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FIG. 10. The temperature dependencies of the TF- and ZF-u ™SR
parameters for EugssCag45Co,P,. The data were obtained by fitting
the TF- and ZF-u* SR spectra with Egs. (1) and (4).
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FIG. 11. The temperature dependencies of the TF- and ZF-u ™SR
parameters for Eug 4Cag ¢Co,P,. The data were obtained by fitting the
TF- and ZF-u "SR spectra with Egs. (1) and (4).

This would suggest the presence of a very rapidly relaxing
signal in an early time domain below 0.02 us (see Fig. 4),
which is not visible in the present u"SR setup. Note that
a muonium (ute™) state, for which the gyromagnetic ratio
is 100 times larger than that of u™, is highly unlikely to
be present in the compound due to the metallic nature of
this system. To further investigate the magnetic ground state
of this compound, neutron scattering experiments are highly
preferable due to the faster time window of neutrons than
muons. Besides that, both Ag(T) and Ag(T) curves exhibit a
monotonic change with temperature, indicating the absence of
a second magnetic transition below 7.

Overall, the compounds with 0.4 < x were found to enter a
magnetic phase without a static magnetic order; however, the
nature of this phase is still not clearly understood owing to
the limited time window of u*SR, i.e., lack of information in
the time domain ¢ < 0.02 us.

D. Elll_xcaxCOZPz with 0.57 <x < 0.8

Although the ZF-u*tSR spectrum for the compounds in
this x range lacks an oscillation, it exhibits a distinct relaxation
behavior even at 2 K, similar to the x = 0.45 compound. This
spectrum was also fitted with Eq. (4). Figure 11 shows the
temperature dependencies of the TF- and ZF-u TSR param-
eters for Eug4Cag¢Co,P;. Despite the fact that the overall
behavior of each parameter is similar to that for the 0.4 < x <
0.45 compounds, the Ap(T) curve exhibits a broad maximum
at around 50 K [Fig. 11(b)]. Generally, A;’s in a magnetic
phase are expected to decrease with decreasing temperature
(see Fig. 6) due to the suppression of thermal magnetic fluc-
tuations, except below the vicinity of the magnetic transition
temperature. Therefore, the increase in Ag with decreasing
temperature noted between 120 and 50 K most likely indicates
a critical behavior of the fluctuation that is associated with a
second magnetic transition below Ty = 214(3) K. Moreover,
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FIG. 12. The temperature dependencies of the TF- and ZF-u*SR
parameters for Eug 3Cag;Co,P,. The data were obtained by fitting the
TF- and ZF-1. "SR spectra with Egs. (1) and (4).

since no anomaly is observed in the Ag(T) curve at around
50 K, the second magnetic transition is unlikely to drastically
alter the local magnetic environments. A similar behavior
was also observed in the Ag(T") curve for Euy3Cag7Co,P, at
around 50 K [Fig. 12(b)]. Consequently, even for compounds
without a clear precession signal in the ZF-;+ ™SR spectrum, a
second magnetic transition temperature could be determined
from the temperature dependence of the relaxation rate to-
gether with the magnetization measurements. However, the
absence of a precession signal indicates the presence of a DO
phase even at 2 K for compounds in this x range as well.

E. Eu;_,Ca,Co,P, with0.8 <x <1

Although the end compound, CaCo,P,, exhibits a clear
oscillation consisting of two different frequency components
[15], only one oscillatory component was observed in the
x 2 0.95 compound due to the inhomogeneous local magnetic
environments caused by the Ca substitution for Eu. Figure 13
shows the temperature dependencies of the oscillatory fre-
quency (fap) and its relaxation rate (Aap) for the x = 0.95
and 0.9 compounds together with the results obtained for the
x = 1 compound [15]. Since the direction of H ¢ in CaCo, P,
changes at approximately 40 K (Fig. 8), the predominant
signal will also change accordingly from a low-temperature
35 MHz component (far;) to a high-temperature 10 MHz
component (farz). This also results in the increase in Aap
above 50 K.

Such behavior is also observed in the fap(T) and Aag(T)
curves for the x = 0.95 compound, while there is only one
oscillatory component. For the x = 0.9 compound, the os-
cillatory signal disappears over 40 K because tar is larger
than fap, particularly above that temperature. Overall, the
direction of Hjy, is found to change at approximately 40 K
in the compound with 0.8 < x < 1, and based on the local
maximum shown in the Azr(T") curve [Aap;(T) curve for the
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FIG. 13. The temperature dependencies of (a) the muon spin
precession frequency (far) and (b) the relaxation rate (Asp) for
Eu,_,Ca,Co,P, withx = 0.9, 0.95, and 1. The data were obtained by
fitting the ZF-u ™SR spectra with Eq. (2), while the data for the x = 1
sample, CaCo,P,, were obtained by fitting the ZF-u.* SR spectra with
Eq. (2) and one more oscillatory signal [15]. The data for the x = 1
sample are the same as in Ref. [15].

x = 1 compound] below 50 K, such direction change occurs at
Tpoe = 30 K for CaCo,P;, 20 K for the x = 0.95 compound,
and perhaps 15 K for the x = 0.9 compound.

IV. DISCUSSION
A. Magnetic phase diagram

Although 1SR can detect a magnetic transition tempera-
ture and distribution of internal magnetic field in a sample, it
is difficult to determine whether the magnetic order is ferro-
magnetic or antiferromagnetic. Therefore, the magnetic phase
diagram of Eu;_,Ca,Co,P, is drawn using the present ™SR
result, but also the previous magnetization measurements [16]
(Fig. 14). It should be emphasized again that the “DO phase”
refers to the phase in which a clear muon spin precession
signal could not be observed down to 2 K, while a large
internal magnetic field exists. The DO phase thus includes a
static spin-glass phase, a dynamic spin-glass phase, a static
short-range ordered phase, or a dynamic short-range ordered
phase. As x increases from 0, an incommensurate AF (IC-AF)
phase exists until x = 0.4, then an DO-AF phase appears up
to x = 0.9, and then an A-type AF phase is formed at x > 0.9.
The transition temperature for these three AF phases (7y)
decreases gradually down to 15 K with increasing x until x =
0.9, and then increases up to approximately 40 K at x = 1.
In addition, as x increases from 0, a DO-ferromagnetic (FM)
phase suddenly appears at approximately x = 0.57 (T¢ ~
200 K), around which the lattice collapse transition occurs, T¢
reaches a maximum [214(3) K] at x = 0.6, and T decreases
with further increasing x. Finally, this DO-FM phase disap-
pears at x = 0.9, giving its place to an AF phase. Therefore,
for compounds with 0.9 < x, when the temperature decreases
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FIG. 14. (a) The change in the c-axis length with x and (b) mag-
netic phase diagram of Eu;_,Ca,Co,P, determined by u*SR and
magnetization measurements. In (b), AF, A-AF, DO-FM, DO-
AF, and IC-AF denote an AF ordered phase, A-type AF ordered
phase, disordered ferromagnetic phase, disordered AF phase, and
incommensurate AF ordered phase, respectively. (a) is the same as
Fig. 1(b) to emphasize the interrelationship between the structural
phase transition and magnetic phase diagram.

below 300 K, the compound enters the AF phase at approx-
imately 90 K, which is in turn completed below 15-40 K.
This indicates the presence of a spin reorientation transition
in this x range below 1540 K that is dependent on x. Con-
sequently, we definitely need a neutron diffraction experiment
on Eu;_,Ca,Co,P, with 0.9 < x to further understand a spin
reorientation behavior.

The discrepancy of Ty in CaCo,P, determined with mag-
netization (110 K) and ©*SR (85 K) measurements is most
likely caused by the effect of an applied external magnetic
field. Since the AF order in CaCo,P; is an A type [9], the
FM order of Co moments is formed in the ab plane. The
FM order formation is naturally enhanced with an external
magnetic field, which magnetization measurements require.
On the contrary, SR provides the information on an internal
magnetic field even in ZF. Therefore, the observed Ty for the
A-type order with ;TSR is lower than that with magnetization
measurements.

B. Which moment is responsible?

For x below 0.5, the Eu moments should be responsible
for the IC-AF order because Ty decreases monotonically with

x and the internal AF field at the lowest temperature, i.e.,
2 K, also decreases with x [see Fig. 9(a)]. This implies the
dilution effect caused by the Ca substitution for Eu. Since the
Eu moment is well localized at the atomic position, such a
decrease in Ty in addition to the change from the IC-AF phase
to the DO-AF phase could be explained by the percolation
theory [35,36]. In fact, the percolation threshold of the mag-
netic order in the two-dimensional square lattice is predicted
as p. = 0.593, which in this case corresponds to x = 0.407.
Below the percolation limit of Eut, ie., at 0.407 < x, the Co
moments are naturally responsible for the manifestation of the
DO-AF phase. This also suggests the absence of any (or neg-
ligibly small) interactions between the Eu and Co moments
until approximately x = 0.5.

The appearance of the DO-FM phase at 0.57 < x < 0.9 in-
dicates that the Co!™ moments are responsible for the DO-FM
phase because the lattice-collapse transition occurs at around
x = 0.55, leading to the generation of Co'* ions. This also
suggests the presence of FM Co-Eu-Co interactions along
the ¢ axis that stabilize the DO-FM phase well above Ty.
Regardless of its sign, the Co-Eu-Co interaction becomes FM
because the spin arrangement of Co-Eu-Co is “-up-up-up-”
for the FM Co-Eu coupling, and “-up-down-up-" for the AF
Co-Eu coupling. Furthermore, the FM Co-Eu-Co interaction
along the c axis is most likely comparable to the AF Co-Co in-
teraction along the ¢ axis. The former interaction is superior at
high temperatures, while the latter one is superior at low tem-
peratures. Consequently, a high-temperature DO-FM phase
changes to a low-temperature DO-AF phase with decreasing
temperature. This situation is very different from that de-
scribed in the related compound, EuRbFe4As, [37], for which
the inelastic neutron scattering experiment revealed a very
weak coupling between the Eu moment and the Fe moment.

Therefore, the spin Hamiltonian for Eu;_,Ca,Co,P, with
0.57 < x in ZF could be roughly represented by a com-
bination of an intralayer and interlayer coupling between
Co moments with S =1, as in the case of other A-type
antiferromagnets [38],

H=Jw) SiSi+Jc) SiS, 5)

ab c

and

Jc:Jcl +JcZa (6)

where S denotes the spin operator of Co'™ ions with
S =1, Jq denotes the intralayer FM exchange, and J. de-
notes the interlayer exchange, which should also consist of
the following two components: J.1 and J.» (Fig. 15). Here,
J 1 denotes the interlayer AF direct exchange and J,, denotes
the interlayer FM indirect exchange through Eu’". Naturally,
when x = 1, J.1 # 0 but J.» = 0. Considering the distances
between the nearest-neighboring Co ions at the ab plane and
along the ¢ axis, Jg is most likely predominant in the en-
tire x range. Moreover, J., is comparable to J.; at around
x = 0.9. However, it is necessary to perform inelastic neu-
tron experiments on Eu;_,Ca,Co,P, with 0.57 < x < 0.9 and
CaCo,P; to determine each exchange parameter for further
discussion.

wtSR detected static AF order only at 0.9 < x < 1 and
0 < x < 0.4, implying that the Eu substitution for Caat 0.9 <
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FIG. 15. Possible magnetic interactions, Js, Jc1, and J.2, in
Eug;Cag7;Co,P,. Here, J,; denotes the intralayer FM exchange,
Jo1 denotes the interlayer AF direct exchange, and J,., denotes the
interlayer FM indirect exchange through Eu**, i.e., the Co-Eu-Co
exchange. Note that J., becomes FM regardless of the sign of the
Co-Eu exchange.

x < 1 induces not only a mere decrease in the number of
Ca ions, but also a local lattice elongation along the ¢ axis.
Consequently, the surrounding Co™! ions at the substituted
Eu are converted into Co*? ions. A narrow stable range of
the A-type AF ordered phase (0.9 < x < 1) suggests that the
one substituted Eu generates multiple Co>* ions.

Since the magnetic order strongly depends on x and the
c-axis length, it is highly necessary to investigate the pressure
dependence of the magnetic nature of Eu;_,Ca,Co,P, with
wTSR, similarly to the previous study on Sr;_,Ca,Co,P,
[30], particularly at the vicinity of the lattice-collapse transi-
tion. Because the maximum pressure for SR measurements
is found around 2.8 GPa [39], it would be difficult to in-
vestigate the magnetic nature of EuCo,P, under pressure to
identify whether the valence state of Eu changes at around

3.1 GPa, as detected with Mossbauer measurements [40] and
explained with DFT calculations [41,42].

V. SUMMARY

We studied the microscopic magnetic nature of a solid
solution system Eu;_,Ca,Co,P, with a muon spin rotation
and relaxation (u™SR) technique down to 2 K. Based on
weak transverse-field and zero-field © ™SR measurements, all
compounds were found to enter a magnetic phase at low
temperatures regardless of x. Particularly at x = 0.57, above
which the lattice-collapsed tetragonal phase is stabilized, a
disordered ferromagnetic (DO-FM) phase appeared at tem-
peratures below 200 K (= T¢), which subsequently changed
to a DO-AF phase below 60 K (= Ty). The magnitude of T¢
decreased rapidly with increasing x up to x = 0.9, while Ty
decreases slowly with x. The DO-FM phase disappeared at
0.9 < x, at which point the ordered AF phase appeared. These
features suggest the coexistence of two interlayer interactions,
namely, a FM Co'* — Eu>* — Co'* interaction through Eu
and an AF Co!* — Co'* direct interaction. The competition
between these two interactions is most likely to provide a rich
magnetic phase diagram on Eu;_,Ca,Co,P;.
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