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Field-induced anomalous magnetic state beyond the magnetically ordered state in the slightly

distorted triangular S = % rare-earth antiferromagnet CeZn;P;
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Magnetic properties of CeZn;P3, which has been believed to have the same hexagonal ScAl;Cs-type crystal
structure as that of a spin dimer system of YbAI;C; at room temperature, have been investigated by magneti-
zation, magnetostriction, specific heat (C), and magnetocaloric effect measurements. In this research, we have
found that CeZn;P; certainly has a slightly deformed crystal structure from the hexagonal one even at room
temperature, which is in contrast to the structural phase transition of YbAl;C; occuring at around 80 K, although
the very slight deformation along the ¢ plane, i.e., slightly deformed triangular lattice, and the formation of the
multidomain structure are common to both compounds. CeZn3P; is thought to maintain its deformed structure
from a high-temperature region above room temperature to an extremely low-temperature region and shows a
magnetic order below 7y = 0.8 K. The analysis of the temperature dependence of the magnetic susceptibility
(x) and C has revealed that a Kramers doublet ground state with an easy-plane type anisotropy on the ¢ plane is
well isolated from the excited states by the crystal field splitting energy of more than 300 K. Above Ty, x makes
a broad peak at around 2 K, which certainly originates from the dimer formation due to the slight deformation of
the triangular lattice. On the other hand, below 7y, a magnetic phase diagram reminiscent of a magnetic flower
blooming on the ¢ plane was observed, which may have a close relation to a quantum effect of a quasi § =
% spin system and a contribution of the orbital component. With increasing magnetic field, we have found an
anomalous magnetic state beyond the usual magnetically ordered state, where C/T is anomalously enhanced.
This anomalous magnetic state is similar to that observed in YbAIl;C; induced by the field, although the magnetic
ground state in YbAI;C; is a nonmagnetic dimer state different from the normal magnetically ordered state in

CeZn3 P3 .

DOI: 10.1103/PhysRevB.104.144420

I. INTRODUCTION

In free rare-earth ions, the total angular momentum J,
which is a combination of the spin angular momentum S and
orbital angular momentum L coupled by the spin-orbit inter-
action, is a good quantum number representing a magnetic
state of 4f electrons. In real materials, a 2J4-1-fold degen-
erated state labeled by the total angular momentum J splits
up by the crystalline electric field (CEF), which is usually
weaker than the spin-orbit interaction for the rare-earth ions.
When the number of the 4 f electrons is odd, at least twofold
degeneracy ascribed to the time-reversal symmetry must re-
main even under extremely asymmetric CEF. The ground state
of this twofold degenerated state, i.e., Kramers doublet, is
comparable to an § = % spin state if the excited states are far
enough away from it. In fact, the Kramers doublet is described
as an effective spin § = % system which is chosen so the
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degeneracy is set equal to 25 + 1 = 2 although it includes not
only the spin but also the orbital contribution.

It is well-known that the quantum effect is expected to
be significant for lower spin states such as the S = % spin
system; however, the Kramers doublet in the 4 f-electron
system has not been almost minded as a quantum spin
system until recently, which is in marked contrast to the
well-investigated d-electron quantum spin system. Here, we
should note that the magnetic state of the Kramers doublet in
the 4 f-electron system is usually quite anisotropic, reflecting
the spin-orbit entanglement owing to the strong spin-orbit
interaction. Therefore, it has been believed that the exchange
interaction between the Kramers doublets is expected to be
quite anisotropic, reflecting the anisotropic magnetic state due
to the spin-orbit entanglement. This is because such a situation
can be considered as follows.

Under the strong spin-orbit interaction, as a good quan-
tum number for the 4f-electron system is not S but J, the
strength of the exchange interaction is represented by the
de Gennes factor (g; — D2 -J = (g7 — D2J(J + 1), using
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(g7 — 1)J for the conservative part of the spin S. This means
that the exchange interaction is proportional to square of the
magnetic moment, because the magnetic moment is propor-
tional to J (." u = gyupJ). Therefore, thinking naively, if the
magnetic moment is anisotropic, it seems good to think that
its anisotropy will be reflected in the exchange interaction.
That is, the anisotropy of the Kramers doublet will be reflected
in the exchange interaction. If higher-order interactions can
be ignored, the exchange interactions between the Kramers
doublets can be described by the following Hamiltonian using
the effective spin § = % and using the effective g factors of g,
&y, and g, of which magnitude reflects the anisotropy of the
magnetic moment:

H=) (dgsis;+d,gs)s; + J.805757). (1)
(i)

Therefore, even when the exchange coupling constant is
isotropic, i.e., Jy = J, = J;, the exchange interaction seems
to become anisotropic owing to the anisotropy of the Kramers
doublet, i.e., the local symmetry of the rare earth ion. This
situation is in contrast to the ideal S = 1/2 spin state and also
to the d-electron quantum spin system formed by the almost
pure spin state.

Anisotropic exchange interaction, which may reflect the
strong coupling between the spin and orbital moments, is
reported in YbMgGaO, [1,2], which is believed to show the
spin liquid behavior at low temperatures. This compound has a
trigonal crystal structure (space group Rm), where Yb** ions
form a triangular lattice. The eightfold degenerated J = 7/2
state of the Yb>* ion is split into four Kramers doublets by
CEF with D3, local symmetry of the Yb** site. Considering
the global symmetry around the z axis only, the magnetic
properties of this compound are thought to be mainly dom-
inated by the following XXZ model Hamiltonian for the
Kramers doublet ground state as an effective spin § = %
system:

H=J) (sis+s]s;+ Asis5). ()
(ij)

In this compound, the effective g factors parallel and perpen-
dicular to the z axis are estimated as gy = 3.06 and g, = 3.72
from the saturated magnetic moments, respectively, and these
results lead to anisotropic ratio of (g/g.)* = 0.68, which is
much larger than the ratio of the exchange coupling constant
A =J,/J; = 0.54 determined from the paramagnetic Curie
temperature. This means the exchange anisotropy is larger
than the anisotropy of the magnetic moment. In any case,
the exchange interaction Hamiltonian is presumed to be quite
anisotropic. Recently, another anisotropic 4 f-electron quan-
tum spin system candidate of NaYbS, has also been found
[3].

Despite the above considerations and actual examples,
several 4f-electron quantum spin systems with isotropic
exchange interactions are actually reported although their
magnetic moments are quite anisotropic. One such example
is YbsAs3, which is known as a rare one-dimensional 4f-
electron Heisenberg antiferromagnet reported around the end
of the former century [4]. It forms a magnetic Yb** chain
under the charge-ordered state below room temperature be-

cause the chains are well magnetically isolated from each
other by nonmagnetic Yb** ions [5]. The J = 7/2 multiplet
of the Yb** ion is split into four Kramers doublets by CEF
with C3 local symmetry, of which the threefold axis is parallel
to the chain direction. As the first excited doublet lies about
140 K above the ground state, magnetic properties of the Yb>*+
ion are dominated by the ground-state Kramers doublet at
low temperatures. Considering the threefold symmetry around
the chain direction, the spin-1/2 XXZ-type Hamiltonian is
expected. In fact, from the neutron-scattering experiment, ef-
fective g factors parallel and perpendicular to the chain are
estimated to be gy = 2.9 and g, = 1.3, respectively [6]. Nev-
ertheless, actually observed spin dispersion spectra in YbsAss
obeys that of the S = % one-dimensional Heisenberg antifer-
romagnet [4,7,8]. The anisotropy of the Kramers doublet may
be thought to appear only in the effective g factor when the
magnetic field is applied.

A further example of the § = % one-dimensional Heisen-
berg antiferromagnet is Yb,Pt,Pb, which shows the antifer-
romagnetic order around 2 K. The physical properties of
this compound suggest a strong Ising-type magnetic mo-
ment made mainly by |/, J;) =|7/2, £7/2); however, the
anisotropy of the exchange interaction is thought to be much
smaller than that expected from the magnetic field response
[9,10]. Actually, A of Eq. (2) estimated from the neutron
experiment is about 3; however, (g)/g.)* is estimated to
be about 100 from the effective g factor (gy =7.9 and
g1 = 0.6 ~ 0.8) determined from the CEF calculation for the
Kramers doublet ground state. Here, g and g, are effective g
factors parallel and perpendicular to the Ising axis of each site.
Furthermore, the characteristic spin dispersion similar to that
of Yb4As; has been observed by the elastic neutron scattering.

Another example with isotropic exchange interaction may
be YbAI;Cs, which also joins a family of the quantum spin
systems in the 4f-electron compounds; however, it is in
a rather complicated situation and takes on a different as-
pect. YbAI;C; has a hexagonal ScAl;Cs-type structure (space
group P63/mmc) shown in Fig. 1(a) at room temperature,
where Yb>* ions form a triangular lattice. The local symmetry
of the Yb*™ site is Dsy. The effective g factors are estimated
to be gy = 2.26 and g, = 2.86, which indicate an anisotropic
ratio of (g)/g.)* = 0.62. This compound shows a quite slight
crystal deformation from a hexagonal to orthorhombic one by
small displacement of the constituent atoms at about 80 K
[9,11]. In the low-temperature orthorhombic phase, physical
properties such as specific heat (C) and magnetization (M) of
YbAI;C;3 indicate no long-range magnetic order and are well
explained by a magnetic energy gap of 15 K. It means that the
anisotropic Kramers doublets of YbAI;C; form a magnetic
dimer ground state similar to those observed in the d-electron
dimer system, which causes a singlet-triplet splitting possibly
reflecting isotropic exchange interaction [12,13].

Therefore, in these compounds, it seems that the interac-
tion between the Kramers doublets may be generally isotropic,
i.e., a Heisenberg-type exchange interaction. However, the
application of magnetic fields can change this situation be-
cause it generally breaks the rotational symmetry and changes
the wave function of the Kramers doublets. Thus, field-
induced states appear to be quite different from those expected
from the Heisenberg Hamiltonian. In fact, the anisotropic
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a-axis

FIG. 1. (a) ScAl;Cstype structure. (b) Photograph of CeZn;P;
crystal obtained by the flux method. The length of the top solid
line corresponds to 0.5 millimeters. Axes representation in the pho-
tograph is assigned for the bottom crystal in the ScAl;C;-type
structure.

magnetic field-induced gap is observed in YbsAs; because
of no inversion symmetry on the line connecting the Yb**
ions [14]. Phenomena that are decisively different from those
of the d-electron system have been found in YbAI;C3 under
the magnetic field. Although magnetic dimers are formed
in YbAI;C;3, its field-induced magnetic state is intrinsically
different from the field-induced ordered phase (FIOP) of the
d-electron dimer system in many respects [15]. For instance,
a highly disordered state, where C obeys —7 InT behavior
similar to that of non-Fermi liquid observed in strongly cor-
related f-electron systems, is induced by the magnetic field.
Therefore, C/T appears to be enhanced in such a region.
Furthermore, such an anomalous region of YbAI;C; is not
closed on the magnetic field-temperature (H-7) phase dia-
gram in contrast to the closed FIOP of the d-electron dimer
system [16—18]. Such differences may probably be ascribed
to the orbital component of the Kramers doublet because it
is a characteristic of the twofold degenerated state of the
f-electron system in contrast to the d-electron system, but its
detail is still an open question [15].

Therefore, to explore a quantum spin system in rare-earth
compounds, it is important to examine the anisotropy of the
magnetic moment, i.e., the contribution of the orbital moment
and how it affects magnetism. Furthermore, it may be also
important to examine what the role of the orbital components
in the magnetic interaction between the Kramers doublets
is. Such orbital components may experimentally realize a
quantum state different from those observed in the d-electron
system.

RZns;P3; (R =Y, La-Nd, Sm, Gd-Er) have been reported
to have the same hexagonal ScAl;Cs-type crystal structure
(space group P63/mmc) as that of YbAI;Cs, in which the
R ions form triangular sublattices on the z =0 and z = 1/2
layers as shown in Fig. 1(a) [19]. The local symmetry of the
rare-earth ion site is D3;. In the case of CeZn;P;3, as the Ce
ions layer is isolated by the layer composed of Zn and P ions
from the next Ce ions layer by a distance of about 10 A,

which is much larger than the length of the triangular side
of about 4 A, the Ce ions layer is expected to be close to
an ideal two-dimensional triangular magnet. Although most
of the physical properties had not been reported, recently, a
preliminary report on RZn3P3 was made by our group [20].

In this paper, basic physical properties of CeZn3;P3 under
zero or weak magnetic fields will first be introduced. We
present magnetic properties of CeZn3zP3; which can be well
explained by the doublet ground state with an easy-plane-type
magnetic anisotropy. Then we will report sample-dependent
specific heat under magnetic fields possibly ascribed to the
very slight crystal deformation, which was found in the pro-
cess of exploring new quantum phases in CeZn3;P3. Finally,
we will present a field-induced anomalous magnetic state
which locates beyond the magnetically ordered state and dis-
cuss the magnetic order of CeZn3P3 in comparison with the
nonmagnetic dimer state in YbAI;Cs.

II. CRYSTAL GROWTH AND EXPERIMENTS

Single crystals of CeZn3;P3 were grown by the flux method
using a salt flux (NaCl/KCl=1:1) as described in Ref. [20].
We also prepared LaZn;P3, the nonmagnetic reference ma-
terial of CeZn3P3, by the same method. Single crystals of
CeZn3P; and LaZn;P; obtained take the form of a hexagonal
plate reflecting its hexagonal crystal structure with diameters
up to several millimeters and a thickness of dozens of mi-
crometers as shown in Fig. 1(b). As the typical weight of the
obtained single crystal was less than 1 mg, samples of several
pieces together with a total weight of several mg was used in
some measurements. Confirmation of the crystal structure of
the hexagonal ScAl;C;-type structure and the lattice constant
are as described in Ref. [20], which are in good agreement
with values reported previously [19].

Experiments were conducted as follows. The measurement
of M in the range of T ~ 1.8 K to room temperature was
carried out using a superconducting quantum interference
device magnetometer. M at low temperatures down to 7 =
0.5 K was measured up to noH = 8 T by the Faraday balance
technique using a superconducting magnet with field gradi-
ent. For the specific-heat measurement under the magnetic
field, the relaxation method and the quasiadiabatic method
were used in the “*He cryostat down to 7 &~ 1.9 K and the
3He cryostat down to 7 ~ 0.5 K. On the other hand, for
the extremely low-temperature measurement of specific heat,
magnetocaloric effect (MCE) and magnetostriction using a
strain gauge, a dilution refrigerator was used.

III. RESULT AND DISCUSSION
A. Basic properties of CeZn;P;

In this subsection, we will introduce basic physical prop-
erties of CeZn3P;3 and its reference compound LaZn3;P3 under
zero or weak magnetic fields.

The electrical resistivity of LaZn3;P; and CeZn;P; in-
dicates the semiconductive character as reported in our
previous report [20], which suggests that in this compound
the Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange in-
teraction mediated by the conduction electrons is expected
to be absent, but the superexchange interaction reflecting the
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FIG. 2. Temperature dependencies of the magnetic susceptibili-
ties (xjq+ and x.) of CeZn3Ps and their inverses (1/ = and 1/ xc).
Solid curves are the results of fitting using the CEF model.

geometrical arrangement certainly plays a much more im-
portant role than YbAI;C3; where a small amount of charge
carriers are observed [12]. On the other hand, it may be
crucially important in another sense that any sign of a phase
transition is not detected down to 100 K in the temperature
dependence of the resistivity in both LaZn3;P3; and CeZn;P;5.

Figure 2 shows the temperature dependence of the mag-
netic susceptibilities x4+ and x|, of CeZn3P3 down to 1.8 K
measured in a magnetic field 1 T along the a*axis and the
¢ axis, respectively. x), measured in a magnetic field along
the a axis is almost the same as x|+ and their difference is
within the error bar. Their inverses (1/xj.+ and 1/y.) are
also shown. One order of magnitude larger values of .=
than those of x. at low temperatures indicate an easy plane
type anisotropy, which is probably ascribed to the CEF effect.
Any sign of a phase transition could not be detected in the
temperature range from 1.8 K to 300 K.

Figure 3(a) shows the temperature dependence of the spe-
cific heat of CeZn3P5 (red closed circles) and that of LaZn;P3
(black open circles) under zero magnetic field down to T =~
0.4 K. A sharp peak of C of CeZn3;P; observed at Ty =
0.8 K certainly corresponds to a long-range antiferromagnetic
order, as suggested by the kink of M,+/H in the magneti-
zation measurement described later. Except at Ty = 0.8 K
of CeZn3Ps, any sign of a phase transition was not detected
up to T ~ 250 K in the specific-heat measurement for both
samples under zero magnetic field. Figure 3(b) shows the
temperature dependence of the magnetic part of the specific
heat of CeZn3P; (Cp). Red closed circles in this figure are
obtained by subtracting the specific heat of LaZn3;P; from
that of CeZn;Ps, ie., C, = CCeZn3P3 — CLaZn3P3~ Above Ty =
0.8 K, the magnetic part of the specific heat shows a shoulder
structure around 7 ~ 3 K and a long tail up to 7 ~ 20 K
where the associated magnetic entropy S, which is estimated

160

120

C (J/mol K)
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FIG. 3. (a) Specific heat (C) of CeZn;P; (red closed circles)
and that of LaZn;P; (black open circles) in zero magnetic field.
(b) Magnetic part of the specific heat of CeZn3P; (Cy,) in uoH =0T
as a function of the temperature. Red closed circles show C,, =
Cceznyp; — CLaznsp,- The black solid curve is a result of the specific
heat calculation using the CEF model, in which the same parameters
as those used in the fitting for the magnetic susceptibilities are used.
The dashed green curve below 7' = 20 K is a result of the specific-
heat calculation using an isolated dimer model with the singlet-triplet
splitting of A = 3.4 K. (c) The associated magnetic entropy Sy, esti-
mated from C,,. The solid line is the entropy calculated by the CEF
model plus R In 2 attributed to the ground-state Kramers doublet. The
vertical bar in each panel represents the measurement error mainly
due to a small amount of the samples.

by integrating Cy, /T, is close to R1In 2 as shown in Fig. 3(c),
although the entropy released up to Ty is only 30% of R1n 2.
These results imply that the magnetic ground state of CeZn3;P3
is a Kramers doublet and or some sort of short-range order
such as those originating from the geometrical frustration of
the triangular lattice may effectively work. On the other hand,
the broad peak structure around 7 =~ 150 K seen in Cy, is
considered to be attributed to the thermal excitation from the
ground state to the CEF excited states, which may be several
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hundred kelvins above the ground state. The entropy Sy, above
150 K exceeds R1In6, which is magnetic entropy expected
from 2J+1-fold degeneracy of the total angular momentum
J=15/2 of Ce*t ion. However, it should be noted that the
absolute values of the specific heat may have an error of a
few percent for each sample since the weight of the sample
used is at most a few mg. Therefore, this behavior is probably
attributed to the measurement error because the value R1n 6
remains in the error bar.

Next, to examine the magnetic state of CeZn3P; using
these experimental results, the CEF effect is analyzed. Here,
we assume the ¢ axis as a quantized z axis. Under the assump-
tion that the local symmetry of Ce-ion site in CeZn3P3 is D3 4,
the CEF Hamiltonian (Hég,) is given as follows:

HY\ = B)O) + B{OS + B;0;. 3)
where Bj" represent CEF parameters and O} are Stevens
operators [21,22]. Hcmry lifts sixfold degeneracy of J = 5/2
multiplet, creating three Kramers doublets, of which the wave
functions have the following forms,

5 1 5 5
+ =al—-,+-= 1 —a?|=, F= 4
|£m) =a > 2> a 2,3F2>, )
5 1 5 5
|:|:m2> =+ 1 - a2 57 :|:§> +a’57 :F§>1 (5)
5 3
|[£ms) = ’z,i§> (6)

The CEF susceptibility (xcry) is calculated using the above
wave functions and Hgi/, including parameters a, Bg, BQ, and
BZ. For fitting of the actual magnetic susceptibility, the molec-
ular field contribution (1) and the diamagnetic susceptibility
of the ion core (o) are introduced as additional parameters,

and the following expression is used:

ch
== ) 7
X l_kxcrerxO @)

Here, it should be noted that |4m3) cannot become a CEF
ground state because the uniaxial anisotropy of |§, :i:%) is
not appropriate for the actual magnetic susceptibility, i.e., the
easy-plane type anisotropy. Fitting results are shown by solid
lines in Fig. 2. Calculated susceptibilities well reproduce the
experimental results above T ~ 5 K, and obtained parameters
are summarized in Table I.

To check the validity of the parameters obtained, the spe-
cific heat ascribed to the thermal excitation from the ground
state to the CEF excited states is calculated using the CEF
energy levels obtained by the fitting. The calculated specific
heat and entropy are shown in Figs. 3(b) and 3(c) by solid
curves. The peak temperature of Cy, is well reproduced by
the calculation whereas the absolute values are different. We
stress that both curves remain in the experimental uncertainty.
As the exited CEF levels locate more than 300 K higher
than that of the ground state as understood from Table I,
a well-isolated ground state is realized. Therefore, physi-
cal properties at low temperatures are mostly governed by
the Kramers doublet ground state. Using the wave functions

TABLE I. Parameters used for the fitting of x of CeZn;P; mea-
sured in woH = 1 T in Figs. 2, 4(a), and 4(b).

CEF parameters
BY(K) B{(K) By(K)
7.78 —0.784 16.5

Energy levels and wave functions

E(K) Wave functions
|£my) 0 0.87 |3, £1) £0.493|3, F3)
|£m) 365 F0.493 |3, £3) +0.87 13, F3)
|£m3) 370 13, £3)
Molecular field and diamagnetism
Ag+(mol/emu) A .(mol/emu) Xo(emu/mol)
—14.24 —22.39 —0.00024

obtained, the magnetic anisotropy of the ground-state dou-
blet is estimated as g;(J,)up = £0.196up and g;(J;)up =
+0.977up. A five times larger value of g;(J,)up than that of
gs(J;)up indicates the easy-plane type magnetic anisotropy of
CeZn;3P;. If we assume an effective spin § = % corresponding
to the Kramers doublet ground state, anisotropic g factors are
defined as g = 0.393 and g, = 1.95.

To investigate the magnetic ground state and the interac-
tion between them further, low-temperature parts of magnetic
susceptibilities are examined. As stated before, it seems that
the exchange interaction between the Kramers doublets may
be generally isotropic, i.e., Heisenberg-type exchange inter-
actions. In the case of CeZn3P3, the dominant interaction is
considered to be that in the Ce ion layer on the ¢ plane,
because the Ce ion layer is isolated by the layer composed
of Zn and P ions from the next Ce ions layer by a distance of
about 10 A. Furthermore, there is no conduction electron that
mediates the RKKY interaction. In the Appendix, according
to Ref. [7] we introduce the exchange interaction between the
first-nearest Ce ions on the ¢ plane, where only the ground-
state Kramers doublets are taken into account and the slight
deformation of the crystal structure, which will be described
later, is ignored. Under the above assumptions, the obtained
result indicates that the exchange interaction is isotropic.

In Figs. 4(a) and 4(b), magnetic susceptibilities and their
inverses below 7' = 10 K of CeZn3P; are shown. Although
no sign of the magnetic order is visible down to 1.8 K,
Xjo+ in Fig. 4(a) is remarkably suppressed below T ~ 5 K,
suggesting a short-range antiferromagnetic correlation arising
from the geometrical frustration of the triangular lattice or
some cause. To estimate the paramagnetic Curie temperature
(®,), which is considered to be comparable to the strength
of the exchange interaction, we notice the low-temperature
part of the inverse susceptibilities. Here, we would like to
point out that the estimation of ®, from 1/x above several
ten kelvins often leads to incorrect results in 4 f-electron
magnets, because yx in such a temperature region is usually
strongly affected by the CEF splitting. A broad peak of 1/ x of
CeZn3P; around T & 50 K is certainly ascribed to the thermal
excitation from the CEF ground state to the CEF excited states
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FIG. 4. Low-temperature part of (a) .+ and x;. and (b) their
inverses of CeZn3;P; measured in the field uoH = 1 T. Dotted curves
are results of fitting using the CEF model. Dotted lines in the negative
temperature region are their extrapolations, which cross the horizon-
tal axis at about —5 K and —0.3 K. Solid curves are results of fitting
using the interacting dimer model described later.

as reproduced by the CEF model. Therefore, ©, of the ground
state should be estimated from a low-temperature part of 1/
obeying the Curie-Weiss law. On the other hand, we should
also notice that 1/, below T ~ 5 K is strongly affected by
the short-range antiferromagnetic correlation. Considering the
above-mentioned aspects, ©,, along the a* axis is estimated
to be —6 ~ —7 K from the extrapolation of 1/, in the
temperature range of 5 K < T < 10 K. In contrast to 1/ x4+,
1/xc has no definite region where 1/ is proportional to
the temperature, so a similar procedure as that for 1/, is
inadequate to estimate ®, along the ¢ axis.

To overcome this problem, the result of the susceptibility
fitting using the CEF model is useful because it well repro-
duces the magnetic susceptibility in the temperature range
above 10 K where the short-range antiferromagnetic corre-
lation can be ignored. By extrapolating the fitting curves
to negative temperature range as shown by dotted lines in
Fig. 4(b), ®,, are estimated to be about —5 K along the a*
axis, which is almost comparable to that estimated above, and
about —0.3 K along the ¢ axis.

In the flame of the mean-field approximation, ®, cor-
responds to the strength of the exchange interaction along
each direction. Therefore, when the Hamiltonian of Eq. (1)

10 T T T T T T T T
(a) Sample A 0= 0=0° | (b) Sample A 0 =30°
8t Hia eyt HIa* . 000
< 6 ~o- 6=1507
3
£
S 4
Q
2
0 | : ' : | | ' ;
(¢) Sample B o= 0=0" | (d) Sample B 0 9=30°
8r H/la —e— 0=60° H/l a* _e— 0=90°

C (J/K mol)

0 1 1 L 1 1 1 L 1
05 06 07 08 09 05 06 07 08 09 1.0
T (K) T (K)

FIG. 5. Temperature dependence of specific heat (C) of CeZn;P;
single crystal under the magnetic field uoH = 1 T for two different
single crystals A and B at zero-magnetic field. Square gray marker
shows zero-field C of single crystals used in Fig. 3. The magnetic
field is applied along three directions of the a axis (6 = 0°) and
its equivalent directions of 6 = 60° and 120° in (a) sample A and
(c) sample B, and along three directions of the a* axis (6 = 90°)
and its equivalent directions of 6 = 30° and 150° in (b) sample A
and (d) sample B, where 6 is the angle between the a axis and the
magnetic field.

is adequate for CeZn3Ps3, (g./g.)* is expected to be 0.06,
which is close to (g)/gja+)* = 0.038 obtained from the CEF
analysis. Therefore, if the estimation of ®, is correct, this
result suggests that the exchange interaction in CeZn3P; is
anisotropic, probably reflecting anisotropic wave function,
although it contradicts the results in the Appendix. We will
discuss this problem again later.

B. Sample-dependent specific heat of CeZn;P;
under magnetic field

As said in the previous subsection, the magnetic phase
transition of CeZnsP5 at Ty = 0.8 K is observed as a single
sharp peak of C. By applying a magnetic field, this sharp peak
of C splits as shown in Figs. 5(a)-5(d), where the temperature
dependencies of C of a CeZn3P; single crystal under the
magnetic field uoH = 1 T are shown for different samples
A and B. We also plot C in Fig. 3 to compare with that
under the field. Note that the zero-field specific heat is sample
independent. The magnetic field is applied along the a axis
(60 = 0°) and its equivalent directions of & = 60° and 120° in
Figs. 5(a) and 5(c), and the a* axis (0 = 90°) and its equiv-
alent directions of & = 30° and 150° in Figs. 5(b) and 5(d),
where 6 is the angle between a certain a axis and the magnetic
field in the ¢ plane. Common to these figures, two peaks
of C are always observed at almost the same temperatures
of T ~0.69 Kand T =~ 0.8 K for H || a axis in Figs. 5(a)
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FIG. 6. Magnetic field angle (9) dependence of transition tem-
perature (7y) of CeZn;P; under the magnetic field uoH = 1 T for
two different single crystals A (black open circle) and B (yellow
closed circle), where 6 is the angle between the a axis and the mag-
netic field in the ¢ plane. All points are roughly reproduced by three
curves with phases shifted by 60° (solid, dotted, and broken curves)
represented by Ty = 0.069 cos(260) 4+ 0.72 K, Ty = 0.069 cos(26 +
60°) +0.72 K and Ty = 0.069cos(260 + 120°) + 0.72 K. Here,
rather than specific functional form, it is important that three func-
tions with the same symmetry coexist. Three kinds of structural
domains are also shown.

and 5(c) and T ~ 0.65 K and T ~ 0.75 K for H | a* axis
in Figs. 5(b) and 6(d), although their peak heights distinctly
change, depending on the sample. Furthermore, their peak
heights depend on the field direction even though they are in
the equivalent direction. In addition, the following facts are
confirmed concerning C:

(1) There is no difference between results measured after
zero-field cooling and field cooling.

(2) The specific heat shows good reproducibility even once
after having heated the sample to room temperature.

(3) The peak never splits by the application of the magnetic
field along the c axisup to uoH = 15 T.

First, we can point out a symmetry breaking for the ¢
plane. In addition to this, the above issues (1) and (2) indicate
this symmetry breaking is not accompanied by the magnetic
transition but possibly the structural transition. Therefore, one
may think that these peaks may be attributed to the mag-
netic transitions but its basement is in the symmetry breaking
for the hexagonal crystal structure, i.e., a structural phase
transition. Furthermore, we could not detect any anomaly sug-
gesting the structural phase transition up to room temperature
by the electrical resistivity [20], the magnetic susceptibility,
and the specific-heat measurement. Therefore, it may be either
that the structural phase transition occurs at a higher tempera-
ture than room temperature or that the crystal structure is not
hexagonal in the first place. Here, we should note again that
these behaviors are sample dependent. This means that the
resultant structure of the structural transition is not uniform
but possibly consists of multiple domains.

These results mentioned so far remind us of YbAI;C;
with the same ScAl;C; structure. YbAI;C; shows the struc-
tural phase transition from the hexagonal structure to the
orthorhombic one at T ~ 80 K [11,12], which is caused by

very slight displacement of constituent elements and cannot
be detected by the neutron powder diffraction measurement,
similar to the result of the present x-ray powder diffraction
[23]. Here it is noted that the orthorhombic deformation
occurs along three equivalent a-axis directions, then the mul-
tidomain structure consisting of three kinds of orthorhombic
domains appears in YbAI;C; [24]. If similar deformation
emerges in CeZn;P3, two peaks of C are interpreted as the
magnetic transitions of each domain group because magnetic
responses of three kinds of domains in both field directions
along a and a* axes are classified to two groups regarding the
angle between the field direction and the principal axis. Here,
we would like to point out that a similar crystal deformation
was recently found in CeCd;P; and CeCd;As; of CeZn;P3
analog, although its details are still open question [25,26].

If our conjecture is correct, the following two matters
should be satisfied. One is twofold rotational symmetry
around the ¢ axis reflecting orthogonal symmetry, and the
other is that three kinds of the twofold rotational symmetry co-
exist, reflecting the three kinds of structural domains. In fact,
these are confirmed in Fig. 6, where the magnetic transition
temperatures (7y1) of the C peaks are plotted as a function of
the angle (6) between a certain a axis and the field direction.
Observed Ty are roughly reproduced by three trigonometric
functions, which are functional forms for convenience and in
reality seem to be a bit more complicated, with a period of
angle 180° and with the phase angle shifted by 60°. These
angles are equivalent to twofold rotational symmetry around
the ¢ axis and three kinds of twofold rotational symmetry,
respectively. Three types of domains are also symbolically
represented in Fig. 6.

At the present stage, we can conclude that the crystal
structure of CeZn3P;3 is possibly orthorhombic and not the
hexagonal ScAl;Cs type definitely, and that a multidomain
structure composed of three types of domains is formed. But
as said before, since it is rather difficult to detect its defor-
mation by ordinary x-ray powder diffraction, the deformation
may be extremely small. So, its crystal structure could be
treated as an almost hexagonal one at the zeroth approxima-
tion.

C. Thermal properties of CeZn;P; under magnetic field
at low temperatures

1. Field dependence of magnetocaloric effect of CeZn3P; on the ¢
plane at low temperatures

Just as the transition temperature in the magnetic field is
different for each structural domain, the transition field is
also expected to be different for each structural domain. To
separate the transition magnetic field of each domain, it is
sufficient to examine the magnetic field angle dependence as
in the previous section. For this purpose, the measurement of
the MCE was performed at low temperatures for the H || ¢
plane, sweeping the magnetic field up and down at a con-
stant speed. In this MCE measurement, only one sample that
looks like a single crystal as shown in Fig. 1(b) is used. The
quasiadiabatic condition of the MCE measurement requires a
sharp change in the sample temperature when crossing a phase
transition or crossover point to ensure entropy conservation.
The typical experimental result of the MCE measurement is
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FIG. 7. The magnetic field dependence of the sample temper-
ature obtained by the MCE measurement. The magnetic field is
applied to the ¢ plane and its angle with the a axis (8) is 129°. Vertical
arrows may indicate a phase transition or crossover point.

shown in Fig. 7, where the horizontal axis is the magnetic field
and the vertical axis is the sample temperature. Therefore, the
position of the top of the peak or the bottom of the valley
may correspond to the point of the phase transition or the
like, as shown by arrows. Here, the two peaks in the low field
region of uoH ~ 1 T only slightly change in position when
the magnetic field is raised or lowered; however, the peaks
and valleys in the high field region of uoH =~ 8 T are reversed
by raising and lowering the magnetic field.

First, to pick up the signal from each domain, the field
dependencies up to 3 T of the sample temperature are shown
in Fig. 8(a) for various angles (6) between a certain a axis
and the magnetic field direction on the ¢ plane. All data points
in Fig. 8(a) were obtained when raising the magnetic field.
Reverse triangle marks indicate the peak position, and their
size the peak height. It is evident that different height peaks
are present, suggesting different signals from the majority
domain and the minority domain. Peak positions in Fig. 8(a)
are converted to the phase boundary in magnetic field strength
(moH) versus magnetic field direction (0) phase diagram of
Fig. 8(b), where higher peaks are represented by larger black
circles. As shown in Fig. 8(b), by connecting the larger black
circles, a phase of the majority domain extending from about
30° to about 150° could be determined. A black solid curve
presents a phase boundary. By similar procedure, another two
phases, of which boundaries are shown by the blue dashed
curve and the green dotted curve, are identified. These phases
are well understood, assuming three structural domains as
suggested by the specific-heat measurement under the mag-
netic field because there are three kinds of twofold rotational
symmetry. The fact that the two boundaries do not affect each
other when they intersect also suggests that the boundaries
are independent of each other, i.e., independent of different
domains. From this phase diagram, it is also understood that
two peaks near 1 T in Fig. 7 originate from the same phase
boundary in different domains. On the other hand, the reason
why the two peaks near 1 T change their positions slightly
by raising or lowering the magnetic field is that this is a
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FIG. 8. (a) The magnetic field dependencies of the sample tem-
perature for various angles (0) between certain @ axis and the
magnetic field direction on the ¢ plane obtained by the MCE mea-
surement. Reverse triangle marks indicate the peak position, and their
size the peak height. The origin of the vertical axis for each curve is
shifted by 0.02 K sequentially from the curve of 1°. (b) Magnetic
field versus 6 phase diagram at 7 ~ 0.25 K created based on the
result of (a). There are three kinds of phases due to different domains,
one of which extends from about 30° to about 150° as shown by the
black solid curve.

first-order phase transition as understood by the magnetization
measurement described later.

In contrast to the low field phase boundaries, the high field
phase boundaries appear to reflect hexagonal symmetry rather
than twofold symmetry. Figure 9(a) shows the magnetic field
dependence of the sample temperature in the field between

180
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FIG. 9. (a) The field dependencies of the sample temperature for
various angles (6) between certain a axis and the magnetic field
direction on the ¢ plane. Reverse and normal triangle marks indicate
the top of the peak and the bottom of the valley. The origin of the
vertical axis for each curve is shifted by 0.03 K sequentially from
the curve of 1°. (b) Magnetic field versus 6 phase diagram at 7 =~
0.25 K obtained from MCE measurement.
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300

FIG. 10. H-6 phase diagram of the majority domain of CeZn;P;
at T ~ (0.25 K. Here 6 = 0° corresponds to the a axis of the or-
thorhombic structure of the majority domain. & = 90° corresponds to
the b axis of the majority domain in the orthorhombic structure and
a*axis in the hexagonal structure. There are three magnetic phases of
I-III plus para (induced-ferro) magnetic phase. In the actual sample,
this phase diagram overlaps with that shifted by 60° and that shifted
by 120°.

5 T and 10 T for various angles () between a certain a axis
and the magnetic field direction on the ¢ plane. All data points
in Fig. 9(a) were obtained when raising the magnetic field.
Reverse and normal triangle marks indicate the top of the peak
and the bottom of the valley, respectively. It is evident that
the heights of the peaks are almost the same as well as the
depths of the valleys in contrast to those of the low field phase
boundaries, except for the 8 = 91° curve where an additional
small valley is observed at around 5.4 T. The peak and valley
positions in Fig. 9(a) are converted to phase boundaries in
oH vs 6 phase diagram of Fig. 9(b). From this figure, it is
clear that (1) There are two types of phase boundaries corre-
sponding to the peak or valley of the MCE curve when raising
the magnetic field and (2) both phase boundaries have sixfold
symmetry. These results suggest that a magnetic field with
sufficient strength overcomes the effect of the slight structural
deformation, resulting in the emergence of the almost sixfold
rotational symmetry. It becomes clearer when making a phase
diagram as a function of the field direction and strength.
Figure 10 shows a magnetic phase diagram of the majority
domain of CeZn3P; at T & (.25 K related to the dependence
of magnetic field strength and direction on the ¢ plane. To
draw this phase diagram, we used the solid line of 6 = 30° to
150° in Fig. 8(b), i.e., the boundary of the majority domain,
and all the boundary lines in Fig. 9(b), and then applied the
twofold symmetry to them. By combining this phase diagram
and three kinds of structural domains that differ from each
other by 60° or 120°, the results in Figs. 8 and 9 can be
consistently explained. As understood from Fig. 10, three
magnetic phases of [-III plus para (induced-ferro) magnetic
phases appear. As said before, phase boundaries at the high
magnetic field region reflect the original symmetry of sixfold
symmetry. The relation of the magnetic field strength and
direction on the boundary between phase III and the para

phase is well expressed by the following equation assuming
a simple form:

noH = 0.37cos(60) +8.2 T. ®)

Red solid curves in Figs. 9(b) and 10 are drawn by this
equation with sixfold symmetry. On the other hand, assuming
a simple form, the boundary between phase III and phase I
or II is represented by the following equation with sixfold
symmetry:

woH = 3.664/|cos(30)| +4.54 T. ©)]

This equation also well reproduces the boundary as shown
by green solid curves in Figs. 9(b) and 10. In contrast to
these boundaries, the boundaries between phase I and phase
II reflect a twofold symmetry. The solid black line extending
from 6 = 30° to 150° in Fig. 8(b) is created by connecting the
following two curves at 0 = 90°:

0.87

. 0.87 T (11
Mol = s@@ = 105)
At the present stage, it is not clear why boundaries are rep-
resented by such a simple functional form, but its symmetry
will be discussed later.

2. Temperature dependence of specific heat and magnetocaloric
effect of CeZn;P; at low temperatures

Phase boundary that depends on the direction of the mag-
netic field will also depend on the temperature. In addition to
the MCE measurement at various temperatures, we measured
the temperature dependence of C under the magnetic field of
various strengths and directions using the same sample used
in the MCE measurement. Figures 11(a) and 11(b) show tem-
perature dependencies of C under several selected magnetic
fields with field angles 6 = 57° and 180° on the ¢ plane,
respectively. Here, the field angle 6 is the same as that of the
phase diagram in Fig. 10, but only that of the majority domain
is drawn in Fig. 10.

Therefore, to ensure an accurate interpretation of the spe-
cific heat, we reconfirm the complicated situation due to the
domain structure of CeZn;P3. Since CeZn3P; is composed
of three structural domains whose angles are different from
each other by 60°, the experimental result of C of 8 = 57° in
Fig. 11(a) also includes contributions of C from the minority
domains which correspond to & = 117° and 6 = 177°. Here,
we should note that the contribution from C of 6 = 117° is
thought to overlap almost completely with that of 6 = 57°
as deduced from Fig. 10. So, it is thought that only the
peak of 8 = 177° is observed independently, which probably
corresponds to the minor peak in uoH =1 T observed at
a higher temperature side than that of the major peak in
Fig. 11(a).

Similarly, C of & = 180° in Fig. 11(b) also includes contri-
butions of C of 6 = 120° and 60° from the minority domain,
which are thought to overlap and appear to be observed
independently of the major peak, and probably correspond
to minor peaks on the lower temperature side observed in
uoH =1 T and 2 T. Here, we recall that 6§ = 57° is very
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FIG. 11. Temperature dependence of C of CeZn;P; in several selected magnetic fields along the ¢ plane with (a) § = 57° and (b) 6 = 180°
with regard to the majority domain. Reverse triangle marks indicate the peak positions. (c) H-T phase diagram of CeZn;P; drawn by collecting
the peak positions of C and MCE measurement. Large red open triangles are major peaks of C with 8 = 57°(~60°) and small one are minor
peaks. Large blue closed triangles are major peaks of C with & = 180° and small one are minor peaks. Results of MCE measurements at several
selected temperatures are also shown. Solid curves are measured in the magnetic field with & = 57°(~60°) and dotted curves are measured in
those with & = 180°. The direction of the arrow corresponds to the increase or decrease of the magnetic field.

close to 60°. In fact, as shown in Fig. 10, it seems that there is
almost no difference between these two, and it becomes clear
in Fig. 11(c).

By summarizing the peak positions of C, which are spec-
ified by the inverted triangles, under the magnetic fields in
Figs. 11(a) and 11(b), the H — T phase diagram of Fig. 11(c)
is obtained. Red open and blue closed triangles represent
peaks of C with 6 = 57° and 180°, respectively. Whether the
size of the triangle is large or small corresponds to the major
peak or the minor peak. The major peak of 8 = 57° overlaps
with the minor peak of 180° and vice versa. This means that
the red thick solid curve determined from the large red open
and small blue closed triangles in Fig. 11(c) indicate the phase
boundary along H parallel to 6 ~ 60° or 6 ~ 120°. Similarly,
the blue thin solid curve determined from the large blue closed
and the small red open triangles indicates the phase boundary
along H parallel to 6 ~ 0° or § =~ 180°. That is, the phase
diagram of Fig. 11(c) is a superposition of two phase diagrams
in the & = 0° direction and the # = 60° direction.

In contrast to the smooth curvature of the blue thin bound-
ary, the red thick boundary is sharply bent at approximately
1 T. It probably indicates the boundary between phase I and
II in Fig. 10 starting from this bending point. In fact, peaks
or valleys observed around 1 T in the MCE measurement at
various temperatures indicate the boundary between phase I
and phase II in Fig. 11(c), where solid curves are measured
in the magnetic field with 6 = 57°(~60°) and dotted curves
are measured in those with 6 = 180°(= 0°). The direction
of the arrow corresponds to the increase or decrease of the
magnetic field. Here, we should also note that the peaks or
valleys of MCE curves correspond to the boundary drawn by
collecting the peak of C. Therefore, the solid curve around
8 T corresponds to the boundary between phases II and III.

On the other hand, the peaks and valleys in the range between
8 T and 9 T in the MCE curves are considered to correspond
to a boundary between phase III and the para phase (induced
ferromagnetic phase), as can be seen from Fig. 10. These
peaks and valleys become wider and obscure with increasing
temperature. We could not find a clear anomaly in the specific
heat for this boundary. This is probably because the boundary
line is close to parallel to the horizontal axis (temperature
axis) or because it is a crossover rather than a phase transition.
Since this boundary seems to slowly fade away with temper-
ature, judging from the MCE curves, it is considered to be a
crossover at least on the high-temperature side. Therefore, the
higher temperature side of phase III is not closed. Here we
should note that phase III at absolute zero is almost absent on
the 8 = 0°, 60°, and 120° lines as predicted from Fig. 10.
The procedure described above applies to the results un-
der magnetic fields with different directions. Figure 12(a)
shows temperature dependencies of C under several selected
magnetic fields with a field angle 6 = 86° on the ¢ plane,
where peaks corresponding to the phase transition are clearly
observed. As well as the case of 8 = 57° and 6 = 180° in
Figs. 11(a) and 11(b), the experimental result of C of 6 = 86°
in Fig. 12(a) includes contributions of C from the minority
domains, which corresponds to 8 = 86° & 60°, i.e., 26° and
146°. The point to note here is that & = 86° is close to 90°,
but not exactly the same as 90°. As deduced from Fig. 10,
the phase transition between phase I and phase II occurs at
approximately 1 T for both 6 = 86° and 146°. Therefore,
the C peaks of 6§ = 146° are thought to overlap with those
of & = 86° and they will be observed as one peak. On the
other hand, phase II does not appear in the case of 6§ = 26°.
Therefore, the peak of 6 = 26° may be observed indepen-
dently, which probably corresponds to the minor peak in 1 T
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FIG. 12. (a) Temperature dependence of C of CeZn;P; in several selected magnetic fields along the ¢ plane with & = 86° with regarding
the majority domain. Reverse red open triangle marks indicate the peak positions of C and green open marks indicate the bending positions of
C. (b) H-T phase diagram of CeZn3;P; drawn by collecting the peak positions of C and MCE measurement. Large red open triangles are major
peaks of C with & = 86° and small ones are minor peaks which are possibly due to those of & = 26°. Results of MCE measurements at several
selected temperatures are also shown. The direction of the arrow corresponds to the increase or decrease of the magnetic field.

observed at a higher temperature side than that of the major
peak. It should also be noted that bends of C specified by the
green closed inverted triangles were observed in the range 6 T
< pnoH < 8 T in addition to the C peaks specified by red open
triangles observed below 5 T. These are not considered to be
normal phase transitions, but some changes in circumstances
such as crossover are expected.

By summarizing the peak and bend positions of C under
the magnetic fields in Fig. 12(a), the H — T phase diagram
of Fig. 12(b) is obtained. Red large open and small closed
triangles correspond to the major and minor peaks of C,
respectively. The results of the MCE measurement are also
shown here. A thick phase boundary determined from the
large red open triangles is sharply bent at approximately 1 T,
probably indicating the boundary from phase I to II in Fig. 10
as well as Fig. 11(c). In fact, peaks or valleys observed around
1 T in the MCE measurement at various temperatures indicate
the boundary between phase I and phase II in Fig. 12(b) while
the boundary represented by the thin solid curve is obtained by
collecting red open triangles, which corresponds to the minor
peaks of C in Fig. 12(a). This is the contribution from minority
domains of 6 = 26°, where the boundary between I and 1II is
absent. Here, we should also note that the peaks or valleys of
MCE curves other than near 1 T coincide with the boundary
drawn by the red large open triangles collecting the major
peak of C. Therefore, the red solid thick curve below about
6 T corresponds to the boundary between phases II and I11.

On the other hand, the peaks and valleys around 8 T in
the MCE curves are considered to correspond to a boundary
between phase III and the para phase (induced ferromagnetic
phase), as can be seen from Fig. 10. Unlike the case of the
magnetic field along & = 57° or 180°, as seen in Fig. 11(c),
phase III occupies a finite magnetic field region even at ab-
solute zero temperature in Fig. 12(b). In addition, phase III

below 0.2 ~ 0.3 K and that above it seem to be separated by
the bending of the specific heat, as indicated by green closed
triangles. However, at the present stage, no clear difference
has been observed in the physical properties of these two
regions, so the low-temperature phase is referred to as phase
I for convenience, corresponding to the high-temperature
phase being referred to as phase III.

By the C and MCE measurements under magnetic fields in
various directions, many phase diagrams similar to the phase
diagram of Fig. 10 in various temperatures were obtained.
Similarly, many H — T phase diagrams such as Figs. 11(c)
and 12(b) can be drawn for many field directions by the C and
MCE measurements. Summarizing this information, we can
obtain the three-dimensional phase diagram shown in Fig. 13,
which includes the strength and direction of the magnetic field
and the temperature. The magnetically ordered state, which
is divided into two regions, has an uneven dome shape and
is surrounded by an unclear state, of which character will be
discussed later.

D. Magnetic properties of CeZn;P; at low temperatures
1. Magnetization of CeZn;P; at low temperatures

To directly examine the magnetic state, the magnetization
measurement below 1.8 K was performed by the Faraday
balance method using a superconducting magnet. In this
experiment, multiple CeZnsP3 crystals aligned and stacked
together were used to improve the accuracy of magnetization.

Figure 14(a) displays the temperature dependence of the
magnetization along the a* axis divided by the magnetic
fields along the a* axis (M,+/H) for several magnetic fields.
In low magnetic fields up to 4 T, the M,«/H curves form
broad peaks and then show kinks with decreasing temperature.
These broad peaks of M,+/H seem to link to the suppression
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FIG. 13. Three-dimensional magnetic field-temperature phase
diagram that incorporates the magnetic field orientation.

of x4+ in Fig. 4(a) and suggest the short-range antiferromag-
netic correlation ascribed to the geometrical frustration of the
triangular lattice, or otherwise the formation of dimers as seen
in YbAI3C;3 [9,11]. On the other hand, the kinks of M,«/H
possibly indicate the long-range antiferromagnetic order, i.e.,
Tn. Here, it is necessary to pay attention to the direction of
the magnetic field. As mentioned above, the sample used is
a stack of multiple aligned crystals. In addition, each crystal
is composed of three structural domains. Therefore, the a*
direction means that the three directions (6 = 30°, 90°, and
150°) in Fig. 10 are included. In the case of H = 0.75 T,
when the temperature is reduced from the paramagnetic phase,
all regions of & = 30°, 90°, and 150° fall into phase I as
expected from Fig. 10, although the transition temperatures
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FIG. 14. (a) The temperature dependence of the magnetization of
CeZn;P; divided by the magnetic fields along the a* axis (M «/H).
Vertical arrows indicate a long range antiferromagnetic order. (b) The
temperature dependence of the magnetization divided by the mag-
netic fields along c axis (M./H).

of each region are slightly different from each other. On the
other hand, in the case of uoH = 2.5 T and 4 T, when the
temperature is lowered, some regions change to phase I and
others change to phase II. The actual experimental results
are a superposition of these two cases. In any case, in the
magnetic field region of this degree, CeZn;P3; undergoes a
phase transition to a long-range magnetically ordered state
with decreasing temperature, and the approximate transition
temperature is indicated by arrows in Fig. 4(a). When the
magnetic field is raised to 6 T, it seems that the transition to
the ordered state no longer occurs down to 7 = 0.5 K. This
is probably because this magnetic-field region corresponds to
phase III, which is an unclosed region. Here, it is also noted
that M,«/H in the paramagnetic region totally increases with
increasing field. This trend suggests that M versus H curve
has an upward curvature, as discussed later.

When the magnetic field is applied along the ¢ axis, the
magnetization divided by the magnetic field (M./H) shows
the kink corresponding to the antiferromagnetic order, i.e., Ty,
as shown in Fig. 14(b), but the broad peak is almost invisible
under low magnetic fields around woH = 1 T in contrast to the
case of the field being parallel to the a* axis. Also, in contrast
to the case of the field being parallel to the a* axis, Ty does not
saturate at the strength of the applied magnetic field, which is
also supported by the specific-heat measurement although it is
not shown. A further contrast to the case of the magnetic field
applied along the a* axis is that the magnitude of M/H in the
paramagnetic region decreases with increasing magnetic field.

Figure 15(a) shows magnetization isotherms at several
temperatures below 1.8 K in magnetic fields along the a*
axis. Although the magnetization curves appear to increase
monotonically with increasing magnetic field at first glance,
those seem to have fine structures when examining those
in detail. As shown by vertical arrows in Fig. 15(a), three
small steps, i.e., discontinuous changes, and one bend, i.e., a
continuous change, seem to exist. To clarify these structures,
we differentiated M,+ by H. Figure 15(b) shows the field
derivative of the magnetization of CeZn3;P3; measured in H ||a*
(dM,«/dH). Corresponding to the three steps of M+, three
peaks of dM,«/dH can be recognized, suggesting first-order
phase transitions. Actually, the first magnetization step around
oH = 0.9 T shows a hysteretic behavior as shown in the
inset of Fig. 15(a). It is noted that these peak positions are
nearly unchanged whatever temperature is changed. On the
other hand, the bend in M+ is confirmed to be a discontinuous
change of dM,:/dH, although it is dull. Its position shifts
to the lower field side with increasing temperature and then
vanishes. Here, first, we will examine the cause of the mag-
netization step using Fig. 10. Considering the three structural
domains, the fact that the magnetic field is applied along the
a* axis is equivalent to the fact that it is applied in each of
the 30°, 90°, and 150° directions in Fig. 10 as said before. At
90°, it can be easily imagined from Figs. 10 and 8(a) that the
phase transition occurs in a magnetic field of about 0.9 ~ 1 T,
and it can be concluded that the magnetization step at about
0.9 T is the first-order phase transition from phase I to phase
II. On the other hand, the situation is a little complicated for
30° and 150°. If the direction of the magnetic field is deviated
by a slight positive angle A6 from a* axis, the phase transition
does not occur in the domain corresponding to 150° + A6.
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FIG. 15. (a) The magnetization isotherms of CeZn;P; at several
temperatures below 1.8 K in magnetic fields along the a* axis.
Each magnetization curve is shifted along the vertical axis by mul-
tiplicative factors of 0.1 yug. Arrows below and above puoH =4 T
indicate the position of steps and kinks of the magnetization curve,
respectively. Inset displays magnified magnetization isotherm around
moH = 0.9 T which distinctly shows the hysteresis suggesting the
first-order phase transition. (b) Field derivative of the magnetization
of CeZn3P; (dM/dH). Peaks of dM /dH shown by arrows below 4 T
correspond to the magnetization step in the upper panel, while the
steps of dM/dH shown by arrows above 4 T suggest the second-
order phase transition, although they are rather gradual.

However, in the domain corresponding to 30° 4+ A6, it is
expected that the phase transition will occur in a magnetic
field much larger than 0.9 T as expected from Fig. 10. There-
fore, these additional steps in Fig. 15(a) and additional peaks
in Fig. 15(b) around 2.1 T and 3 T are considered to be
caused by this angular deviation. In other words, it might
be because multiple crystals are used together. On the other
hand, the bending of the magnetization is considered to be a
phase transition from phase II to phase III, judging from the
magnitude of the magnetic field. This phase transition is char-
acterized by a larger magnetization slope in phase III. Further
application of the magnetic field should cause a transition to
the paramagnetic phase, but unfortunately, the performance
of the superconducting magnet used did not allow sufficient
application of the magnetic field in the experiment. Anyway,

0.12 : . .
@) T=0.46 K
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M (np/Ce)
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dM/dH (arb. unit)

#oH (T)

FIG. 16. (a) The magnetization isotherms of CeZn;P; at sev-
eral temperatures below 1.8 K in magnetic fields along the ¢ axis.
Each magnetization curve is shifted along the vertical axis by
multiplicative factors of 0.02 pup. Arrows indicate a kink of the
magnetization curve. (b) Field derivative of the magnetization of
CeZnsP; (dM/dH). Peaks of dM/dH shown by arrows correspond
to the kink of the magnetization curve in the upper panel.

these results mentioned so far remind us of YbAI;C5; with
the same ScAl;C; structure again. Assuming that the dimer
phase of YbAI;C; corresponds to the antiferromagnetic phase
of CeZn3P3 (phase I and 1), phase IIT and/or IIT' is considered
to correspond to the field-induced disordered phase (FIDP)
of YbAI;C3, and then both compounds undergo the transi-
tion to the field-induced ferromagnetic phase with increasing
magnetic field. Here, we should note that the increase of the
magnetization in phase III and/or III' is more pronounced
than those in the other phases, suggesting that ferromagnetic
components are mixed in this phase, which is also similar to
YbAI;Cs. In the case of magnetic field along the a axis, which
is not shown, only one step was observed as expected from
Fig. 10.

In contrast to M,«, the magnetization measured in mag-
netic fields along the ¢ axis (M.) is very small reflecting
the easy-plane-type magnetic anisotropy of this compound
as shown in Fig. 16(a). M, seems to increase monotonically
with increasing magnetic field. Checking it in detail, a tiny
change of M, seems to be recognized as shown by arrows.
Figure 16(b) shows the field derivative of the magnetization of
CeZn3P; measured in H|c (dM./dH). Corresponding to the
tiny change of M., a peak of dM, /dH seems to be recognized.
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FIG. 17. Field dependence of Al/l along the a-axis direction
under H || a and a*-axis direction under H || a* at T ~ 0.4 K. The
gray shaded area indicates low accuracy region due to the influence
of the large magnetic resistance of the strain gauge.

However, considering the magnitude of M., which is one order
of magnitude smaller than M+, the change may be within the
error range, so we will give no further consideration at the
present stage.

2. Magnetostriction of CeZn;P; at low temperatures

The magnetostriction measurement was performed using
a strain gauge at low temperatures. Figure 17 shows the
magnetic-field dependence of the relative expansion (magne-
tostriction, Al/I) using one piece of crystal. The direction of
Al/I is the same with that of the applied field. Here, we note
that the crystal is formed from three domains. Therefore, it is
difficult to draw a completely assertive conclusion, but there
are some obvious things. In fact, when making the phase dia-
gram of this system, we learned that this material is strongly
influenced by the multiple domains reflecting the symmetry of
the orthorhombic structure in the low magnetic field region,
resulting in superposition of multiple phenomena in different
directions, however, in the high magnetic field region, it seems
that it reflects the symmetry of the original hexagonal crystal
and makes the influence of the multiple domains almost insen-
sitive. First, when examining the low magnetic field region,
a jump near discontinuity around woH ~ 1 T is observed in
the expansion coefficient in the a-axis direction. On the other
hand, almost no anomaly around poH ~ 1 T can be seen in
the expansion coefficient in the a*-axis direction. Considering
the experimental results so far, it seems that this discontinuous
jump in the expansion coefficient in the g-axis direction cor-
responds to the first-order phase transition from phase I to the
phase II. In the case of the a*-axis direction, if the boundary
between phase I and phase II is traced when the magnetic field
increases, no major anomaly may be visible. In any case, the
superposition of the three domains may obscure the anomaly.
On the other hand, the anomaly of the magnetostriction cor-
responding to the transition or crossover becomes clear in
the high magnetic field region. When the magnetic field is
applied along the a*-axis direction, clear bends are visible

in the magnetostriction as shown by the arrows in the figure,
corresponding to crossing the two boundaries of about 5 T and
about 8 T in Fig. 10. When the magnetic field is applied along
the a-axis direction, Al/l gradually rises and bends at about
8.5 T, which is a boundary with the paramagnetic region.

E. Ground state of CeZn;P; at low temperatures

From the experimental results so far, it is clear that the rota-
tional symmetry around the ¢ axis of CeZn3;P3; may drop from
sixfold symmetry (exactly saying threefold spiral symmetry)
to a twofold one. In addition, the activation-type electrical
resistivity means that the magnetic interaction between Ce
layers, of which interval is as much as 10 A, is very weak be-
cause relatively long-range RKKY interaction does not work
due to the lack of carriers. Therefore, to discuss the magnetic
properties of Ce ions, it would be better to treat them as
forming a slightly distorted two-dimensional triangular lat-
tice. So, the sides of the triangle, i.e., bonds between Ce ions
are no longer equivalent. As a result, the magnitude of the
magnetic interaction is also unequal, corresponding to the
three different bonds. If such a bond is not connected to a
bond of the same type, dimer formation may be possible, sim-
ilar to YbAI;C;3. In fact, considering several similarities with
YbAI;C; mentioned above, it seems meaningful to examine
the physical properties of CeZn;P; based on the magnetic
dimer state.

First, we show the result of the low-temperature specific
heat calculated by the isolated dimer model by the green solid
line in Fig. 3. Here, the splitting energy between the singlet
and triplet is set to 3.4 K, which is the same as the value using
in the magnetic susceptibility calculation described later. As
understood by the figure, since the experimental results are
more spread than the calculated results, assuming the dimer
formation, energy dispersion due to the interaction between
dimers is recalled. So, we will try to explain its magnetic
susceptibilities at low temperatures by an interacting dimer
model. The magnetic susceptibility of the isolated dimer
model can be written as follows:

My Nagup Y [stePA+ammsih)
H 2 H z

where N, is the Avogadro constant, g and up are g factor
and Bohr-magneton, respectively, and A is the intradimer

exchange coupling parameter, i.e., singlet-triplet splitting. The
partition function Z is written as

Xa ™~ . (12

1
Z=1+ Z e P(A+gusH) (13)

st=—1

For fitting of the actual magnetic susceptibility, the contribu-
tion from the interdimer interaction (), the van-Vleck-type
susceptibility (xo), and the magnetic impurities (C;/T) are
introduced as additional parameters, and the following expres-
sion is used:
Xd
=———+x+G/T. (14)
Il —yxa

Fitting results are shown by dotted lines in Fig. 4 and
fitting parameters are summarized in Table II. Calculated sus-
ceptibilities well reproduce the experimental results at low

X
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TABLE II. Parameters used for the fitting of M(7T)/H measured
in uoH =1 T in low temperatures assuming an interacting dimer
model composed of the § = % spin pair.

A 14 Xo G
(K) gfactor (mol/emu) (emu/mol) (emu K/mol)
Xiax 34 1.9 —13 0.003 0.003
Xl 34 0.4 -210 0.002 0.003

temperatures. Here are some points to be noted about the
fitting parameters.

(1) The susceptibilities of both directions are well repro-
duced by using the same parameter A of the singlet-triplet
splitting. Anisotropic interactions such as Ising or XY types
interaction should cause different splitting from that of
Heisenberg type. Therefore, this result suggests the exchange
Hamiltonian is rather isotropic, i.e., Heisenberg-type ex-
change interaction.

(2) The g factor, which is also a fitting parameter, is ob-
tained with almost the same anisotropy as the g factor of the
ground-state doublet obtained by the crystal-field analysis,
8lle = 0.393 and g, . = 1.95, as described before.

(3) The molecular field constant y is not only propor-
tional to the exchange coupling constant but also includes
g2 [27,28]. Taking the contribution from the anisotropic g
factor into account, it can be seen that the exchange inter-
action expected from the obtained anisotropic y parameter
is almost isotropic. Since the exchange interaction that con-
tributes to y is that between dimers, this suggests that not
only the intradimer exchange interaction but also the in-
terdimer exchange interaction is Heisenberg type. Also, the
non-negligible interdimer exchange interaction may be the
cause of the appearance of the magnetic order in CeZn;3Ps,
unlike YbAI;Cs.

(4) The contribution from magnetic impurities (C;/T) plays
an important role. The estimated C; value is much smaller
than that in the case of YbAI3C;, and assuming isolated
Ce’* free ions as its origin, it is estimated that only about
0.4% of the Ce3* ion contributes. Nevertheless, it may have
a significant effect on the magnetic susceptibility along the ¢
axis (M./H) due to the small magnitude of M,/H. In the case
of M/H along the a* axis (M,+/H) in the low-temperature
paramagnetic region shown in Fig. 14(a), it can be seen
that the magnitude of M,+«/H increases with the magnetic
field. Assuming a dimer model, this can be understood as
the process in which the singlet ground state is destroyed by
applying magnetic field because intrinsic susceptibility may
be dominant along the a* axis due to the large g factor. In
contrast, the Curie-type susceptibility due to magnetic impu-
rities is dominant in the ¢ axis, and therefore M./H increases
with decreasing temperature. However, as the magnetic field
increases, the contribution from the magnetic impurities levels
off, so the magnetic susceptibility decreases. At this time,
since the g factor along the ¢ axis is small, its original dimer
energy scheme, i.e., the singlet-triplet splitting, remains up to
a high magnetic field. This is probably the reason why a broad
peak structure is observed even in a high magnetic field.

In YbAI;C3;, when the dimer state was broken by the
magnetic field, a strange phase, FIDP [15], which exhibits
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FIG. 18. Temperature dependence of C/T in several selected
magnetic fields along the ¢ plane with § = 86° with regarding to
the majority domain. The inset shows the magnetic field dependence
of C/T at 0.1 K in magnetic field angle of 6 = 34°, 86°, and 180°.
The areas displayed in the inset correspond to the phases when the
direction of the magnetic field is 86° or 34°; see Fig. 13 for those of
the 180° direction.

a similar physical property such as an anomalous increase,
proportional to —In T of C/T to those of the non-Fermi liquid
state of the heavy Fermion system appeared. Furthermore, its
strange phase is characterized by appearing in a wide mag-
netic field range rather than around the singularity point of
the magnetic field. Assuming that the dimer state of YbAl;Cs
corresponds to the magnetically ordered phase (phase I and II)
of CeZn3Ps, FIDP of YbAI;C3 seems to correspond to phase
IIT and/or IIT', as said before. Phase III and/or III" is similar
to FIDP of YbAI;C; in that it not only appears in a wide mag-
netic field range but is not closed in the H — T phase diagram.
Therefore, we reexamine the specific heat of CeZn;P; at low
temperatures. Figure 18 shows the temperature dependence of
the specific heat divided by the temperature (C/T) in several
selected magnetic fields with a field angle & = 86° on the ¢
plane. The magnetic field dependence of C/T at T = 0.1 K is
shown in the inset, accompanied with those with field angles
6 = 34° and 180°. In the magnetic field region corresponding
to phase L or I, C/T becomes almost zero at low temperatures
after forming a clear peak corresponding to the magnetic
phase transition. With increasing magnetic field and approach-
ing the boundary with the phase IIl', C/T at low temperatures
begins to increase, and in phase IIT', it becomes as large as
1~2Jmol'K=2 at T =0.1 K as shown in the inset. In
addition, upturns of C/T are observed at lower temperatures
in phase III'. When the magnetic field is further applied and
exceeds about 8 T, the paramagnetic phase appears where
the Schottky-type specific heat characterized by the Zeeman
splitting is observed and C/T becomes almost zero at low
temperatures similar to phase I or II. Usually, the upturn of
the specific heat at low temperatures is often regarded as a
contribution from the nuclear specific heat. However, since the
upturn tends to disappear in the paramagnetic region of higher
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magnetic fields, this seems to be a phenomenon peculiar to
this region of phase III' due to some disorder. Similar behavior
is also observed when the magnetic field is applied along the
angle of & = 34° on the ¢ plane. However, when the field is
applied along 6 = 180°, i.e., along the a axis, an abnormal
increase of C/T is hardly observed except several traces near
noH = 8.5 T. The abnormal increase of C/T with decreasing
temperature is also a common phenomenon with YbAI;Cs.

FIDP of YbAI;Cs has been interestingly pointed out by
neutron-scattering experimental studies [29]. The analysis of
the neutron diffraction pattern under magnetic field suggested
admixture of possible two magnetic configurations in FDIP,
which signifies the resurrection of their degeneracy. In other
words, it points to the fact that the geometrical frustration
is recovered by applying magnetic field. It’s unclear whether
a similar state is established in CeZn3P3, but an interesting
phenomenon related to this could be pointed out. It is the
restoration of symmetry before deformation by applying a
magnetic field. As shown in Fig. 10, phase III or IIT' is sur-
rounded by the borders represented by Egs. (8) and (9) with
sixfold symmetry. Therefore, phase III or III' has the same
geometric frustration due to sixfold symmetry as before the
deformation, so some degree of degeneracy may exist even at
low temperatures.

Finally, let us discuss the difference in magnetism between
the d-electron system and the f-electron system, which are
related to this study. As seen in the Appendix, considering the
Kramers doublet ground state of the one 4 f-electron system of
the Ce*" ion, when the Ce®* ions on both ends of the line seg-
ment and the interaction Hamiltonian between the Ce®" ions
have the same rotational symmetry around the segment, the
exchange interaction between the Ce®" ions is substantially
the same as that of the isotropic S = 1/2 spin system under
the assumption that the influence of the excited state can be
ignored and the inversion symmetry exists at the middle of
the segment. In fact, as shown in Table I, the first excited state
seems to be located more than 300 K far from the doublet
ground state, and there is an inversion center at themiddle
of the line segment under the hexagonal crystal symmetry.
Therefore, the only difference from the d-electron § = 1/2
spin system is the anisotropy of the g factor in Zeeman energy.
In the case of the objective compound this time, ignoring
small deformations, the g factor should be isotropic in the ¢
plane while the magnetic field is small. It means the appear-
ance of concentric phase boundaries. In reality, as shown in
Fig. 10 of the magnetic field strength-direction phase diagram,
the boundary between regions I and II is twofold symmetric
reflecting the deformation in the low magnetic field region, but
the boundaries on both sides of phase III recover the sixfold
symmetry. In any case, it is interpreted that the symmetry of
the system strongly appears in the symmetry of the boundary,
which means that the orbital wave function plays a major role
in the restoration of symmetry. In addition, it means that the
orbit is largely involved in the residual degeneracy.

IV. CONCLUSION

Magnetic properties of CeZn3P3 have been investigated by
magnetization (M), magnetostriction, specific heat (C), and
magnetocaloric effect measurements. In the process of this

investigation, we have found that CeZn;P3;, which has been
believed to have the same hexagonal ScAl;Cs-type crystal
structure as YbAI;C3, certainly has a slightly deformed crystal
structure, possibly orthorhombic one, even at room temper-
ature by the magnetic field direction dependence of the C.
This is in contrast to YbAI3C; and the isomorphic Ce com-
pounds of CeCd;P; and CeCd;Ass undergoing a structural
phase transition at 80 K and around 130 K, respectively. Fur-
thermore, we found that CeZn;P; forms a structural domain
similar to that of the low-temperature phase of YbAI;Cs. In
contrast to the nonmagnetic ground state of YbAI;Cs due
to the dimer formation, CeZn3;P; shows a magnetic order
below Ty = 0.8 K. The analysis of the temperature depen-
dence of the magnetic susceptibility (x) and C has revealed
that a Kramers doublet ground state with an easy-plane-type
magnetic anisotropy on the ¢ plane is well isolated from the
excited states by the crystal field splitting energy of more than
300 K. Above Ty = 0.8 K, .+ makes a broad peak at around
2 K, which is related to the shoulder structure of C at several
Kelvin and is certainly originated from the dimer formation
due to the slight deformation of the triangular lattice being
similar to YbAIl3C3. On the other hand, the reason why the
shoulder structure cannot be seen in . is considered to be
concealed by the magnetism of impurities, and it is presumed
that the Hamiltonian of this system is Heisenberg type de-
spite the anisotropic magnetic moment. Below Ty, a magnetic
phase diagram reminiscent of a magnetic flower blooming on
the ¢ plane was observed, which may have a close relation to a
quantum effect of a quasi S = % spin system and a contribution
of the orbital component. With increasing magnetic field, we
have found an anomalous magnetic state beyond the usual
magnetically ordered state, where anomalously enhanced C/T
is observed. This anomalous magnetic state is similar to FIDP
observed in YbAI;C; induced by magnetic field, although the
magnetic ground state in YbAI3C; is a nonmagnetic dimer
state different from the normal magnetically ordered state in
CCZH3P3.
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APPENDIX

We consider the exchange interaction in CeZnsP3;. The
following discussion is in accordance with Ref. [7]. Assuming
|n, £) as a ground-state Kramers doublet, where n indicates
the position of Ce3* ion, we derive an effective Hamiltonian
‘He.s to describe the exchange interactions between neighbor-
ing Ce>* ions at position 1 [Ce(1)] and position 2 [Ce(2)] on
the a axis using second-order perturbation. Here, we ignore
the slight deformation of the crystal structure and restrict the
energy region below CEF splitting.

Let H,,; be the hopping Hamiltonian between Ce(1) and
Ce(2). First, we define the creation and annihilation oper-
ator of an electron in + state of Ce(n) as f, and f,
respectively. The 4+ and — states correspond to the up state
and down state of the effective spin of the Kramers doublet
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introduced later. Considering all hopping processes, we obtain
an effective interaction Hamiltonian Heg ’Héff + ’Hgff +
H3,; as follows:

Hig = —(L +Ho1 12, )2+ Ho 1L ) f fos foy fie
— (2, HHaa L AL+ H2a 12, H) fr fia S fos
— (L, M2 12, )2, = [Haall, =) ff, s fo_fie
— (L = [H2112, =)(2, +[Hoa |l +) f_fo f1, fis
— (2, HHaa L AL = Han 2, =) f, fraffoe
— (2, = Haull, =)L Mo 120 i f v
— (L = [Ha12, =)(2, = [Haal L, =) o fy_fi-
— (2, = Ha I, =)L =M1 12, =)V i f o

(A1)

Hip = —(L +Ha1 12, )2+ Hoa 11, =) ff for o fie
— (2, +HHaa |l =)L Mo 120 5 i f s
— (1, = H2.112, =2, +HHaa |1 =) f_ o £ fi
— (2, +HHaull, =)L, —[Haa 12, =) o i ffoe
— (2 A Mo L AL = o2, H) f, fia £ fos
— (1L, —|Ha1 |2, H) 2. Mo 11 AV for fo fie
— (2, = Haa |l =)L = [Haa 2. 0V 5 fi L for
— (L, =M1 12, )2 = [Han L, =) fos fo_fio
— (1L, +Ha1 |2, H) 2. = [Haa 1 )V for fo_fie
— (2, = Haa L )L+ Mo 12,0 5 fis £l ot
— (L = [H2112, =) 2. = [Haa L, H) f o fi_fis
— (2, = Haa 1, )L, —[Ha1 12, =) fi_fiefi_fom
— (2, HHaa L AL+ Haa 12, =) f fia i e
— (1, +H2112, =) 2, HHaa 1 AV o fo fie
— (2, = [Haall, =)L, HHan 12, =) o fio f o
— (L +Ha1 12, =) (2, = [Haa |1 =) f] o fifie

(A2)

Hip = —(L —[Ha1 12, 1) 2, +HHon |l ) f_for fi, fim
— (1, + M2 12, )2, HHaal L, ) f o fr fim
— (2, [ Haa 1, =)L = [Haa 12, BV f fi-fi_for
— (2, —[Ha 1L )L, —[Ho 112, ) fr_fis fifor
— (L, + Mo 12, =) 2, —[Haa L D) ff o fifis
— (1, =[Ha1 12, )2, = Haa |1 ) for o fis
— (2, = Hoa L, +)(L, +|H2,112, —>f2T_f1+f1T+f2—

— (2, Mol =)L, HHon 12, =) f, i f e
(A3)

Here we replace the products of f,ji and f,+ with effective
spin s, as follows:

frj—fn‘i’ - sn_’
(A4)

fife > £+ 50 flfim = st

Then, we obtain the following representations for HLy, H2;.
and H2:

Hogr = 20102, +[Ha 1 11, 1) P + 12, =1 Haa |1, =) ) (s555—3)
+ARe((2, —[Ha 1|1, =) (1, +Ho,112, +))(5153+5)5)
+4m((2, —[Ha1 1, =)(1, +[H2112, +))(s1 X 82):,

(AS5)

where Re and Im are real and imaginary parts, respectively,
and the last term corresponds to the Dzyaloshinsky-Moriya
(DM) interaction with a characteristic D vector pointing in
the z direction:

Hey = —[2((L, —H2 12, —)* (2, —[Haa |1, +)*
— (1, 1 H2112, )2+ Haal1, —))sT 3
+2((1, —[Ha.112, =) (2, —[Haal1, +)
— (1, +Ha1 12, )" (2, +[Haa 1, =) )sy 55
+2((1, —[Ha,112, =) (2, +Haal1, —)
— (1, M2 12, )2, —[Haa |1, +))s3 s
+2((1, = [Ha.112, =)*(2, +|Haa ], —)*
— (L +Ha1 12, +)(2, = Ha1 |1, +))s; 51, (A6)
Hip = —1(2, +Haal 1, )P (3 + 255s3)
—2(1, +Ho1 12, =)(2, +|Ha 111, —)s]sT
— (2, = [Haa 1, +) (3 + 25i53)
=202, =M |1, +)(1, —|Ha12, +)s7 53 . (A7)

Then we consider a concrete exchange interaction along the a
axis in CeZn3P3. As the midpoint of the segment connecting
Ce(1) and Ce(2) ions along the a axis is an inversion center;
the Hamiltonian H;; should have the inversion symmetry.
Then, the following are obtained:
(2, £[Haall, &) = (1, £[H2112, %)
= Re((2, £[Ha, |1, ),

(2, £[Hoa |1, F) = (1, £H2112, F). (A8)

By using these, each effective Hamiltonian becomes the fol-
lowing:

Hegr = 202, +|Haal 1, 4)? + (2, —[Haa |1 =)D (5755 — 3)

42, ~[Han 11, =) (2, HHa |1 ) (5183 + 5]5)).
(A9)

144420-17



A. OCHIAI et al.

PHYSICAL REVIEW B 104, 144420 (2021)

So, the term of the DM interaction vanishes due to the emer-
gence of the inversion symmetry:

Hep = 2((2, +|Haa 1, 4) — (2, =[Haul1, —))
X [(2, +Haal1, =)sTs5 + (2, +[Haall, =) 5755
+ (2, HHa 1, st s + (2 +Haa 1, =) sy 55,
(A10)
Hip = =12, +Haa |1, —)P (1 + 45i53)
2(2, +[Haull, =)2stsy
—2(2, —|H2111, +)2s7 S5 - (A1)

To derive a more detailed form of the interaction Hamil-
tonian along the a axis, we examine the form of the wave
function. We assume the a axis as a quantized z axis. Then,
the local symmetry of Ce-ion site is regarded as an orthogonal
one, which has twofold rotational symmetry around the a axis

(z axis). The CEF Hamiltonian (Hg}") is given as follows:

HY™ = BY0) + B30; + B{O§ + B;0; + B10;,  (A12)
where B} represent CEF parameters and O} are Stevens op-
erators. Hé’rry‘h" splits sixfold degenerated J = 5/2 multiplet
to three Kramers doublets, of which forms are different from
those listed in Egs. (4)-(6) determined from Eq. (3), but the
energy splitting is the same. Considering the Ji +J? term in
H°™°_ the wave functions of the ground states can be assumed

cry
to be
+3) L £3)

In, £) =

5.F3) (A13)
J

Using the Clebsch-Gordan coefficients, the wave functions
|n, £) are represented with orbital angular components and
spin angular components as follows:

In, +) = —alln, 21) +a\/§|n, 34

—,3\/7|n 01+ |n1¢)
\/7 =21 ~|—y\/7|n ),
n, —) ——Ol\/7|n | -21)
—/3 +l3\/7|n 01)
f .
-y 5|n, Nty 5|n, R

where |n, mo) is a wave function of an electron on orbital
m and spin o at Ce(n). As the a axis has twofold rotational
symmetry in addition to the inversion center of its midpoint
as mentioned before, we require the same symmetry for the
hopping Hamiltonian #H, ;. Here we assume that H,; con-
serves spin. Then, the following hopping matrix elements are
obtained:

(A14)

(2, HHaa 1, +) = 2, HHaa |1, )" = (2, =[H21]1, =)
2
a” o1 6a (21) 3,3 (21) ,3 (21) (21) ZV (@D 015[ (2D @1
= 7’2,2 + 7 + = 7 To,0 - + 7 155+ — 7 5+ ( +1 )
,37/\’ (21) (21) 7/0“/— ;2D @ 20‘,3*/— (2D @D 2;3)/«/5 @, 2,1
———(tg 5 +150) + =5+ )+ ——— (5 15 ) + () +15))

2)"1\/—( @,1) @, 1))

LA S L W

where t}fll) is the hopping integral from orbital m’ of Ce(1) to
orbital m of Ce(2) as described below:

tr(nzni’) = / dre; (r — R)H, 190w (r — Ry).

(A16)
Here, R,, is the position of Ce(n) and ¢, is the wave functlon
of the 4f m orbit. To derive Eq. (A9) we use that t(2 D
nonzero under the condition of m = m’ (mod 2) con51der1ng
twofold rotational symmetry of H, ;. Further, using a relation
between spherical harmonics, Y} = (—1)"Y;_,,, we can get
the following relation:

BT = o A
Using this result, we can derive
(2, +IH2111, =) = (2, =|H21I1, +) = 0. (A18)

7

(A15)

[
This result means H, ; conserves the effective spin.

Using these results, the following expression is obtained
as the exchange interaction along the a axis. This is a
Heisenberg-type exchange interaction Hamiltonian:

Hetr o< 4(2, +[Ha 1|1, 4+)2(s]s5 + 5155 + 5555 — ).

(A19)

So, to summarize the above, when the hopping Hamiltonian
has the same rotational symmetry around the same axis as that
of the magnetic ions concerned and has inversion symmetry,
the exchange interaction between the Kramers doublet of the
magnetic ions is regarded as a Heisenberg type. Therefore,
to introduce asymmetric exchange interaction, higher order
interaction should be considered.
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