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Three-dimensional critical behavior and anisotropic magnetic entropy
change in the axion insulator candidate EuSn,P,
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The magnetic properties of the axion insulator candidate EuSn,P, are comprehensively investigated. Un-
der an applied external field, the antiferromagnetic phase below 30 K is driven to a forced ferromagnetic
state. The yielded Rhodes-Wolfarth ratio (RWR) is equal to 1.13 (1.12) with H//ab (H//c), indicating
the forced ferromagnetism in EuSn,P, is weak itinerant. A large magnetocrystalline anisotropy with K, =
521 kJ/m? at 2 K is evaluated. Analysis on the critical behavior generates a set of critical exponents 8 =
0.281(2) with Tc = 30.2(1) K, y = 0.77(3) with Tc = 30.1(1) K, and § = 3.76(4) at T = 30 K, exhibiting
a three-dimensional critical behavior. A phase diagram of H versus 7T is established, where a tricritical point
at temperature and field of (30 K, 16.7 kOe) is determined on the boundaries of the paramagnetic, antifer-
romagnetic, and forced ferromagnetic states. In addition, the magnetic entropy change exhibits anisotropic
behavior. The maximal value of the magnetic entropy —ASy* reaches 7.36 (6.41) J kg~! K~ with a magnetic
field change of 50 kOe in H//ab (H//c), which is comparable with that of well-known materials suitable for
magnetic refrigeration with second-order ferromagnetic transitions. The plots of —ASy, (T, H) of high field can
be rescaled into a universal curve, verifying the high-field paramagnetic to forced ferromagnetic transition is
of a second order. The well-established scaling behavior of the magnetization and the magnetic entropy change

further supports EuSn,P, as an axion insulator.

DOI: 10.1103/PhysRevB.107.054440

I. INTRODUCTION

Emerged as a frontier of condensed matter physics and ma-
terial science, topological materials have drawn researchers’
attention due to the rich quantum phases and possible appli-
cations in future quantum computations and dissipationless
topological electronics [1-3]. Among them, intrinsic magnetic
topological materials are of essential interest owing to the
prospective applications in spintronic devices. Compared to
dilute magnetic topological insulators [4], intrinsic magnetic
materials are stoichiometric magnetic compounds, offering
a tunable, easily synthesized, and clean platform to investi-
gate magnetic topological materials with marvellous quantum
states [5—-7], such as axion electrodynamics [5,8—10], the
quantum Hall effect [4,11,12], and Majorana states [13]. Due
to the limited available candidate materials, investigations
on emergent phenomena in intrinsic magnetic topological
materials are mostly focused on MnBi,Tes [5,10,12,14,15].
Very recently, the Eu-based magnetic materials, including
Euln,As,, EuSn;As;, and EuSn,P,, have been demonstrated
experimentally or proposed theoretically to be one family of
the intrinsic magnetic topological materials [6,16—18].

EuSn,P; crystallizes in a rhombohedral structure with the
space group of R3m (No. 166) [Figs. 1(a) and 1(b)] [18],
in analogy to the well-known topological insulator Bi,Tes.
EuSn;P, posses a two-dimensional (2D) crystal structure, in
which each layer of trigonal Eu is sandwiched by two buckled
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layers of honeycomb SnP [18]. Two adjacent layers of SnP
are coupled by the van der Waals force. This kind of coupling
makes EuSn,P, being readily exfoliated to few-layer sheets
for further detailed researches [6,7]. A previous investiga-
tion revealed that EuSn,P, undergoes a paramagnetic (PM)
phase to an A-type antiferromagnetic (AFM) phase transition
around 30 K [18]. In the AFM state, magnetic moments
of Eu>™ compose an A-type structure, i.e., ferromagnetic
(FM) coupling in ab plane and antiferromagnetically coupled
along the ¢ axis. Furthermore, the recent investigations have
revealed the appearance of long-range in-plane FM order
triggering topological invariants and leading to the protection
of Dirac states, as well as spin-momentum locking coexists
with FM coupling in this material, promoting EuSn,P, as
an essential candidate axion insulator for topological anti-
ferromagnetic spintronics applications [19]. Theorists have
shown that if a material qualifies for an axion insulator, then
critical behavior and a universal scaling can be established,
which remains to be verified experimentally [20]. To acquire
the modulation of the topological behaviors by magnetism,
clarifying the magnetic interactions of EuSn,P, is of prime
importance. Particularly, the critical behavior of EuSn,P,,
which could clear the nature of magnetic interactions, the
spatial decay of correlation function, correlation length, and
spin dimensionality at criticality [21-24], is still laking and
deserves systematic investigations.

In this work, we performed a detailed investigation on the
critical behavior as well as the anisotropic magnetic entropy
change of the axion insulator candidate EuSn,P, single crys-
tals. The AFM ground state at Ty = 30 K is driven to a forced
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FIG. 1. (a), (b) The crystal structure of EuSn,P,. (c) XRD pat-
terns of EuSn,P, single crystals. Inset: an optical photograph of
EuSn, P, single crystals.

ferromagnetic (FFM) state with an applied external magnetic
field. The yielded Rhodes-Wolfarth ratio (RWR) is 1.13 (1.12)
with H//ab (H//c), confirming the FFM state in EuSn,P;
is weak itinerant. A large magnetocrystalline anisotropy con-
stant K, = 521 kJ /m3 at 2 K is deduced. Furthermore, a set
of self-consistent critical exponents is acquired, indicating a
three-dimensional (3D) PM-FFM transitionat 30 K.AH — T
phase diagram is constructed by a scaling analysis, where a
field-induced tricritical point are determined. The values of
—AS™¥ reaches 7.36 (6.41) T kg~! K~! with a field change of
50 kOe for H//ab (H//c) near the PM-FFM phase transition,
demonstrating that EuSn,P, could be a candidate material
for cryomagnetic refrigeration. The comprehensive study on
the magnetic anisotropy, critical behaviors, and the magnetic
interaction of the axion insulator candidate EuSn,P, would
prompt us in further comprehension of the unveiled nontrivial
topological properties.

II. EXPERIMENTAL DETAILS

EuSn,P, single crystals were fabricated by a Sn-flux
method. The high-purity Eu ingots (99.97%), Sn shots
(99.99%), and P powders (99.95%), all from Alfa Aesar, were
mixed thoroughly, put into a crucible of corundum, and sealed
into an evacuated quartz tube with the ratio of Eu : Sn :
P = 1.1 : 20 : 2. The evacuated tube was heated to 1323 K
at a rate of about 0.5 K/min, held for 10 h, and then cooled to
873 K at arate of about 3 K/h. Then, the excess Sn is removed
by centrifugation, and shiny hexagonal single crystals with
typical sizes of 1 x 1 x 0.1 mm? are harvested. Single-crystal
x-ray diffraction (XRD) patterns, using a PANalytical x-ray
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FIG. 2. Left axis: Temperature-dependent zero-field-cooling
(ZFC) magnetization at H = 1 kOe applied along H//ab and H//c.
Right axis: 1/(x — x.) vs T at H = 1 kOe applied along two crystal
orientations with linear fits by the Curie-Weiss law. Inset: Field-
dependent magnetization M (H ) curves along two crystal orientations
atT =2K.

diffractometer (Model EMPYREAN) with a monochromatic
CuK,; radiation, were performed on the as grown sample,
demonstrating the surface of the crystal is the (0 0 /) plane,
as shown in Fig. 1(c). The interplane spacing is determined
to be ¢ = 26.16 A, agreeing well with the previous reported
value [18]. An optical photograph of EuSn,P; single crystals
with identified crystallographic axes are presented in inset of
Fig. 1(c). Energy-dispersive x-ray (EDX) spectroscopy was
collected by an Octane Plus Detector (AMETEX EDAX).
The chemical composition determined by EDX is Eu:Sn:P =
1 :2.03 : 1.96, with an error of about {A5% depending on
the elements measured, which is consistent with the nominal
composition with a nearly stoichiometric ratio. The magnetic
properties were measured with a Quantum Design Evercool
Magnetic Property Measurement System (MPMS XL-7).

II1I. RESULTS AND DISCUSSION
A. Magnetic properties

The temperature-dependent magnetization M (T') at an ap-
plied field of 1 kOe from 2 to 300 K for H//ab and H//c
is displayed in the left axis of Fig. 2, in which a transition
to an AFM state is observed at around 30 K. Obviously,
the magnetization at low temperature exhibits an anisotropic
behavior, which is consistent with the 2D crystal structure in
EuSn,P,. The magnetization at H//ab is larger than H//c,
indicating that the FM order is preferred within the ab plane
rather than along the ¢ axis [18]. The M (T') curve exhibits an
upturn below 8 K under H//ab, which is common behavior
expected for an A-type antiferromagnet and the origin is still
controversy [6,7,17,25]. The M (T') curves of high temperature
can be well characterized by the Curie-Weiss law [the right
axis of Fig. 2], which gives the effective magnetic moment
(tetr) of 7.74(1)/7.81(1) up/f.u and the Weiss temperature
of 27.3(1)/22.6(1) K for the in-plane (H//ab)/out-of-plane
(H//c) field. The effective magnetic moments are compara-
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FIG. 3. Magnetization vs temperature curves under various fields
along (a) H//ab, (b) H//c.

ble with the expected value of 7.94 up for the ion of Eu?*
within the experimental error. The positive values of the Weiss
temperature demonstrates that the FM interactions dominate
in the PM state in EuSn,P,. The isothermal field-dependent
magnetization M(H) at T = 2 K is displayed in the inset of
Fig. 2. At low fields, magnetization increases linearly with
fields exhibiting typical behavior of an antiferromagnet. Upon
increasing the field to H,;, = 28 kOe (H, = 41 kOe), M leaps
to plateaus, implying the presence of the forced ferromagnetic
(FFM) phase. At H = 70 kOe the saturated magnetization [,
reaches 6.01 and 6.16 wg/f.u. for H//ab and H//c, respec-
tively. The p, is smaller than the full 7.0 pp/f.u. expected for
a localized Eu?t, which could be due to the possible itiner-
ant characterization of FM state in EuSn,P, or our applied
field of 70 kOe is not high enough [7]. The origin deserves
further investigation. With the generated effective moments
and saturated moments, the Rhodes-Wohlfarth ratio (RWR)
can be evaluated. RWR is equal to P./P;, where P, equals the
saturated moment (u,) and P, is associated with the effective
moment (fefr), i.€., P-(P. +2) = pu2; [26,27]. RWR should
be equal to 1 for a localized FM material and becomes larger
than 1 in an itinerant system. In our EuSn, P, sample, RWR is
calculated to be 1.13 and 1.12 with H//ab and H//c, respec-
tively, demonstrating an weak itinerant characterization.

The temperature-dependent magnetization measured under
different fields is displayed in Figs. 3(a) and 3(b) for H//ab
and H//c, respectively. The behavior further indicates the

FIG. 4. The isothermal magnetization as a function of field
M (H) measured from 7 = 2 to 100 K under (a) H//ab, (b) H//c.

presence of the forced ferromagnetic (FFM) phase under high
fields and could be explained as an A-type AFM order driven
to FFM state by high magnetic fields [28]. Figures 4(a) and
4(b) display the magnetization as a function of field M(H)
from 2 to 100 K with fields up to 70 kOe applied along
H//ab and H//c, respectively. At high temperature, the plots
of M (H) exhibit a linear paramagnetic behavior. At low tem-
perature, the M(H) curves show linear increases under low
applied fields and the magnetization is driven to a FFM state
under high applied fields. Considering the following reasons,
we argue the high field polarized state to be a FM state.
First, previous investigations revealed the presence of long-
range ferromagnetic order triggering topological invariants
and clear evidence that layer-dependent spin-momentum lock-
ing coexists with ferromagnetism in EuSn,P, [19]. Second,
the following critical behavior and scaling analyses should be
applicable in a system with a second-order ferromagnetic tran-
sition. Third, the following estimated magnetic specific heat
change AC,(T, H) exhibits typical features of a ferromag-
net. Forth, as the universality principle for magnetic entropy
change (ASy (T, H)) is only applicable in FM state, the well
collapsed data of scaled ASy (T, H) in high field confirms the
presence of FFM state in high field region.

To learn more about the anisotropy in EuSn,P,, we eval-
vated the magnetocrystalline anisotropy constant K,,, which
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FIG. 5. Temperature-dependent (left axis) the anisotropy con-
stant K, and (right axis) the ratios of [M,/M,(2K)]""*+V/2 withn = 1,
2, and 4.

can be estimated by the formula, 2K,/M; = uoH,, where,
M, is the in-plane saturation magnetization, o denotes the
vacuum permeability, H; reprents the field at which saturation
magnetization occurs [29]. The calculated values of K|, ver-
sus temperature are depicted in the left axis of Fig. 5. The
derived K, gradually decreases with an increasing temper-
ature, which is commonly found in FM systems and could
arise from fluctuating of magnetic moments and be activated
by a nonzero thermal energy [30,31]. The derived K, = 521
kJ/m? at 2 K, which is relatively larger than that values of
other 2D magnetic systems such as CrBr; (~86 kJ/m? at
5 K) [32], Crl3 (2300 kJ/m? at 5 K) [32], Cr,Si,Tes (65
kJ/m?3 at 2 K) [33], and Cr,Ge,Teg (220 kJ/m?> at 2 K) [33],
suggesting the magnetocrystalline anisotropy in EuSn,P; is
strong and making it a promising material from the techno-
logical point of view. Based on a classical theory, (K")
M tD/2 " where M; represents the saturation magnetization
and (K") is the expectation value of anisotropy for the nth
power angular function, in the case of an uniaxial anisotropy
n = 2 and a cubic anisotropy n = 4, leading to exponents of
3 and 10, respectively [30,31]. In the right axis of Fig. 5,
temperature-dependent [M,/M,(2K)]""*V/2 with n =1, 2,
and 4 are presented, which indicates that the magnetocrys-
talline anisotropy in EuSn,;P, cannot be simply characterized
by an uniaxial anisotropy or a cubic anisotropy, exhibiting a
complicated magnetic structure.

B. Critical behavior

For a system with a second-order FM transition, the anal-
ysis on critical behavior could reveal the origin of the spatial
decay of the correlation function, the correlation length, the
magnetic interactions, and the spin dimensionality at critical-
ity [21-24]. The spontaneous magnetization (M) versus field
below T¢, the field-dependent magnetization (M) at Tr, and
the initial magnetic susceptibility (x, 1) versus temperature
above T¢ of a second-order FM transition can be characterized
by several critical exponents S, 8, and y, respectively [34,35].

The mathematical definition of the critical exponents are as
follows:

M(T) x |e|f, & <0, below Tg, )
MxHY”, =0 T=T, )
xo (T) o |el’, &>0, aboveTr, 3)

where ¢ = T /T¢ — 1 represents the reduced temperature. On
the basis of the Arrott plots (a mean-field model) with 8 = 0.5
and y = 1.0, the plots of M? versus H/M should be consist
of a set of linear parallel lines [36], in which the curve at T¢
should go through the original point (0,0). The Arrott plots
for EuSn,P, are shown in Fig. 6(a). The nonlinear behavior
demonstrates that the mean-field model is not a proper one
to characterize the magnetism in EuSn,P,. According to a
criterion by Banerjee [37], the phase transition of second
(first) order suggests a positive (negative) slope. The slopes
of the Arrott plots changed from negative in low-field region
to positive in high-field region [inset of Fig. 6(a)], implying
the field induced AFM-FFM transition is of a first order and
temperature induced PM-FFM transition in high-field region
is of a second order [38]. To better characterize the isother-
mals, we employ a modified Arrott plot with the Arrott-Noaks
equation [39]:

H/MY = ae +bM"P, 4)

where a and b are constants. Figures 6(b)-6(f) display the
modified Arrott plots using theoretical critical exponents of
the 2D Ising model (8 = 0.125, y = 1.75), the 3D Heisen-
berg model (8 = 0.365, y = 1.386), the 3D Ising model (8 =
0.325, y = 1.24), the 3D XY model (8 = 0.345, y = 1.316),
and the tricritical mean-field model (8 = 0.25, y = 1.0).
For a perfect model, the modified Arrott plot should be con-
sist of various parallel straight lines with slopes S(7") equal
dM'/B jd(H/M)'7 . To discover the best model to describe
the isothermals, we derive the normalized slope (NS), Sy =
S(T)/S(T¢) [Fig. 7(a)]. For an ideal model, the NS should be
equal to 1. Clearly, the critical behavior of EuSn;P, cannot
be characterized by any universal classes of models. Thus,
we employ an self-consistent iterative method to get a proper
modified Arrott plot with suitable critical exponents [40—42].
The high-field region of the achieved modified Arrott plots are
presented in Fig. 7(b).

From the modified Arrott plots, the M, and yx, I can
be extrapolated [Fig. 8(a)]. Fitting the curves by Egs. (1)
and (3) generates B8 = 0.281(1) with 7z = 30.2(1) K and
y =0.77(3) with To = 30.1(1) K. According to Eq. (3),
a linear fits to the M(H) curve at T¢c in log,-log,, scale
yields § = 3.76(4) [inset of Fig. 8(a)]. The accuracy and
self-consistency of the generated exponents can be checked
by the Widom relation § =14 y /8 [43]. Using the fitted
values of 8 and y, we calculate § = 3.74(14), which matches
well with the above fitted value of §, demonstrating that the
above critical-behavior analysis is self-consistent. Critical ex-
ponents of 8 and y can also be acquired by the Kouvel-Fisher
(KF) relation [44], M(T)/(dM(T)/dT) = (T — T¢)/B and
Xo (T)/(dxy ' (T)/dT) = (T —Tc)/y. Linear fits to the
plots of M(T)/(dM(T)/dT) and x, (T )/(dx, '(T)/dT) as
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FIG. 6. The modified Arrott plots of M'/? vs (H/M)"/" for H//ab with parameters of a (a) mean-field model, (b) 2D Ising model, (c) 3D
Heisenberg model, (d) 3D Ising model, (e) 3D XY model, and (f) tricritical mean-field model. Inset of (a) the Arrott plots in a log,-log;, scale.

a function of temperature generate § = 0.281(8) with Ty =
30.1(4) Kand y = 0.74(2) with Tc = 30.2(6) K [Fig. 8(b)].

Scaling analyses can be utilized to further examine the
accuracy of the generated exponents. In the asymptotic critical
region, the scaling relation can be expressed as [43]

M(H, e) = &’ fL(H/ePTY), Q)

where fi for T > T and f_ for T < T¢ represent regular
functions. The above scaling equation can be reduced to m =
fi(h) by defining rescaled magnetization m = M|e|~# and
rescaled field & = H|e|~#*7) It suggests that the scaled m
versus & will collapse onto two separate universal curves with
properly derived critical exponents. Figure 9 displays plots of
the scaled m versus the scaled & in high-field region with a
log,,-log;, scale, in which all curves fall into two branches

below T¢ and above T¢. Moreover, the scaling equation can
also take another form [34],

M_ &
w S\ wmis)

where g(x) represents a regular scaling function. According
to Eq. (6), with suitable exponents all the curves should fall
into a single universal one. This is indeed observed in the
inset of 9, i.e., plots of MH~'/% versus e H~/#%) in high-field
region collapse onto a universal curve. The above scaling
analyses further demonstrate the generated critical exponents
are accurate and reliable.

The we discuss the scaling in low-field region. Above T¢,
the experimental data in low-field region collapse also well
in m versus h scaling curves. However, below T¢, the low-

(6)
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field experimental data cannot collapse onto one universal
curve due to the presence of AFM phase, as displayed in
Fig. 10, in which the boundary between the AFM and the FFM
states can be determined. The inset of Fig. 10 displays the
H-T phase diagram of EuSn,P, single crystal with H//ab,
where a tricritical point on the boundaries of the paramag-
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o
>
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%, (10° Oe glemu)

5k

£=0.281(8)
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>

s

N
3
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FIG. 8. (a) Temperature-dependent (left) the spontaneous mag-
netization M; and (right) the inverse initial susceptibility 1/, with
solid fits based on Eqgs. (1) and (3) for EuSn,P,. Inset: M vs H on
a log,,- log,, scale at 7o = 30 K with a linear fitting. (b) (Left)
M,(dM,/dT)~" and (right) x,'(dx,'/dT)™" vs temperature (the
Kouvel-Fisher plot) with linear fits.

netic, antiferromagnetic, and forced ferromagnetic states can
be determined at temperature and field of (30 K, 16.7 kOe).
The deduced critical exponents of EuSn,P, and theoreti-
cally predicted exponents for different universal models are
summarized in Table 1. The exponent 8 of 2D magnets should
be within a window of 0.1 < 8 < 0.25 [46]. The obtained

TABLE I. Comparison of the deduced exponents of EuSn,P, with different universal models. (MAP = the modified Arrott plot, KFP =

the Kouvel-Fisher plot, CI = the critical isotherm, and cal = calculated.

Composition Technique Ref. B y 8 n m
EuSn,P, MAP This work 0.281(2) 0.77(3) 3.74(14)%

KFP This work 0.281(8) 0.74(2) 3.63(14)

CI This work 3.76(4)

ASH™ This work 0.768(7)

RCP This work 1.531(14)
Mean field Theory [36] 0.5 1.0 3.0 0.667 1.333
3D Heisenberg Theory [36] 0.365 1.386 4.8 0.637 1.208
Tricritical mean field Theory [37] 0.25 1.0 5 04 1.20
2D Ising Theory [45] 0.125 1.75 15 0.533 1.06
3D XY Theory [36] 0.345 1.316 4.81 0.606 1.208
3D Ising Theory [36] 0.325 1.24 4.82 0.569 1.207
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value of 8 demonstrates a 3D critical behavior in EuSn,P;.
For the existing theoretical universal models, the tricritical
mean-field model best describes the deduced critical expo-
nents, but there are still relatively large deviations.

Then, we make a discussion on the nature as well as
the range of interactions in EuSn,P,. According to the
renormalization-group theory [47,48], the interaction decays
with distance r as J(r) ~ r~@*%) where d denotes the spatial
dimensionality, and o related to the range of the interaction.
Moreover, the exponent y follows the relation

o, An+2)
y—l+d(n+8)Ao
8(n+2)(n—4) 2G(%)(7n + 20) )
d*(n + 8)? X{H (n—4)(n+8)j| > D

where Ao =0 —d/2, G(4) =3 — 1(%)?, and n represents
the spin dimensionality. When o > 2, a short-range mag-
netic interaction is valid, and J(r) decays faster than r—>.

100}

—_
T

FIG. 10. m vs h/m below Tt on a log,,-log,, scale. Inset: The
H — T phase diagram of EuSn,P, with H//ab.

When o < 3/2, a long-range magnetic interaction takes ef-
fect, where J(r) decays slower than r~*5. In the case of
EuSn,P,, o can be estimated to less than 1.02, indicating a
long-range magnetic interaction with the exchange interaction
decays slower than =402,

C. Magnetic entropy change

Based on the classical thermodynamical theory and the
Maxwell thermodynamic relations, the magnetic entropy
change [ASy (T, H)] can be expressed as [49,50]

H
ASM(T,H)=/ (a—M) JH. ®)
o \T /g

On the basis of Eq. (8), we calculated the magnetic entropy
change under various fields with H//ab and H//c as pre-
sented in Figs. 11(a) and 11(b), respectively. Each ASy(T)
curve exhibits a peak around T ~ 30 K, indicating that the
magnetic entropy change gets the maximum at the phase
transition temperature. The maximum value of the —ASH*
reaches 9.47 (8.67) J kg™! K~! at H =70 kOe and 7.36
(6.41) J kg™! K~! at H =50 kOe for the H//ab (H//c).
The —ASH™ of EuSn,P», is smaller than that of well-known
magnetic refrigerating materials with a first-order FM phase
transition, such as, 19 J kg_1 K~ in GdsSi,Ge, at 50 kOe
[51], is larger than that of common low-dimensional systems
at second-order FM phase transitions, such as, 3 J kg’1 K~lin
VI [52],2.2 kg~ K~!in CrSbSe; [53], and 3.2 T kg~ ! K~!
in PrCrGes at 50 kOe [41], and is comparable with that of
well-known materials suitable for magnetic refrigerating with
second-order FM transitions, for example, 7.0 J kg’1 K~ !in
CdCr,S4 and 6.9, 5.2, and 7.0 J kg_l K~! in LngCo; ¢7Si3
(Ln = Pr, Gd, and Tb) at 50 kOe [54,55]. Moreover, it is worth
noting that the magnetic entropy change of systems with
second-order FM transitions is reversible, which is preferred
for practical use, making EuSn,P, a candidate material for
low-temperature magnetic refrigeration.

Then, we concentrate on the anisotropy of the magnetic
entropy change. Under H//c, negative values of ASy (T, H)
are detected at H =20 kOe and 30 kOe at temperatures
below 7T¢; however, under H//ab, all the values of that
are positive at H = 20 kOe and 30 kOe, revealing a large
anisotropy in EuSn,P,. The presence of negative values of
ASy (T, H) could be due to the competition of the magneti-
zation and the magnetic anisotropy [41,52,56]. To learn more
about the magnetic anisotropy, the rotating magnetic entropy
change ASR (T, H) = ASy(T, Hu) — ASy(T, H,), is evalu-
ated and displayed in Fig. 11(c), which reaches a maximum of
1.38 T kg~ ! K~! around 7, further exhibiting the anisotropic
feature.

Exploiting the acquired ASy(T,H), we can calcu-
late the magnetic specific heat change [57], AC,(T,H) =
T%, which exhibiting typical behaviors of a ferro-
magnet, i.e., the curves of AC,(T, H) change from negative
in ferromagnetic phase to positive in the paramagnetic one
with an increasing of temperature and all the plots of AC,(T)
curves pass through the zero point at 7o [Figs. 12(a) and
12(b)]. Te ~ 29.9(3) K and 29.8(4) K can be determined at
AC,(T) = Ofor H//ab and H//c, respectively, which is com-
patible with the value obtained by critical-behavior analysis.
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FIG. 11. (a), (b) The magnetic entropy change [ASy (T, H)] as
a function of temperature of EuSn,P, for different fields along
(a) H//ab and (b) H//c. (c) Rotating magnetic entropy change
[ASR(T,H) = ASy(T, H,b) — ASy (T, H.)] vs T under various
fields for EuSn,P;.

As the field increases to the FFM region, parameters of
ASy (T, H) curve follow a series of power laws [58-60]:
—ASy™ o«H", RCP xH", &)
where —ASy™ represents the maximum of the —AS),, RCP
denotes the relative cooling power RCP = —ASy*™ X Spwum
(8gwnmM 1s the full width at half maximum of —AS),), and n
and m are associated with the critical exponents (8, y, and §)
as follows [59,60]:

nIe)=1+@—-1D/(B+v), (10)

m=1+1/s. (11)

—k— 5 kOe
—k— 10 kOe
20 kOe E
—8— 30 kOe
40 kOe
—8— 50 kOe
—b— 60 kOe T
—+— 70 kOe

—k— 5 kOe
—*— 10 kOe
20 kOe 1
—&— 30 kOe
40 kOe
—8— 50 kOe i
—p— 60 kOe
—+—70 kOe

-30 . 1 . 1 . 1 . 1

20 40 60 80
T(K)

AC (Jkg' K"

FIG. 12. (a), (b) The magnetic specific heat change [AC,(T, H)]
as a function of temperature of EuSn,P, for different fields along
(@) H//ab and (b) H//c.

The field dependence of —ASH* and RCP under H//ab are
displayed in the left and right axis of Fig. 13, respectively.
In the FFM region (H > 40 kOe), the —AS* and RCP can
be well fitted by Eqs. (10) and (11), yielding n = 0.768(7) and
m = 1.531(14), respectively. The deviation from power law at
low-field region is consistent with the existence of the AFM
state, and only under high field the FFM state dominates, in
which the power law takes effect.

8|
200
O e ag™ o 2
‘_07 max. “’ =2
2 sl N
22 /!
T4l n=0768(7) G® —9—RCP g
o o . ——RCP=bH" |
3 I od m=1531(14) 7|
/O/ °,°,°
- [~ ] .
2 /ex ,6’6
K P
I o
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H (kOe)

FIG. 13. Field-dependent ASy* and RCP for H//ab.
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FIG. 14. (a) The normalized magnetic entropy change
ASy/ASH™ vs the reduced temperature ¢ curves. Inset:

Field-dependent 7,; and T,,. (b) ASy(T,H) scaled by the
deduced exponents.

On the basis of the universality principle, in the FM region
—ASy (T, H) can be normalized into a universal curve [60],
i.e., —ASy (T, H) can be scaled as AS}, = ASy/AST*, and
the temperature is renormalized into a scaled temperature 6
defined as [61]

0_ = (Tc — T)/(T;1 — T¢), below T, (12)

0y = (T —1Tc)/ (T2 — T¢), above T, (13)

where 7,1 and T,, [the inset of Fig. 14(a)], corresponding
to ASy (T, T») = %ASA“,}‘”‘, represent reference temperatures
below and above T¢, respectively. As displayed in Fig. 14(a),
all curves collapse into a universal curve under high fields in
the FFM region, confirming the high-field PM-FFM transition
is of a second order. Furthermore, the ASy, (T, H) can also be
reorganized by another scaled equation,

n &
—ASy xH F(IW), (14)

where B, y, and n represent the critical exponents and F'(x)
denotes a regular scaling function [62]. Figure 14(b) gives

% VErsus mrery» Where all the plots collapse onto a uni-
versal curve under high fields in the FFM region, confirming
the validity and reliability of the obtained exponents. As the
universality principle is only applicable in FM state, the well
collapsed data in high field confirms the presence of FFM state
in high field region, and the divergence in low-field region is
consistent with the AFM state in low field.

Recent investigations have indicated that the magnetic in-
teraction and/or magnetic structure are of prime importance to
the formation and modulation of nontrivial topological states
[63,64]. In MnSi, studies on the critical behavior as well
as polarized neutron scattering prompt the suggestion of the
existence a nontrivial skyrmion phase [65,66]. In PrAlGe, the
FM ordering induces the band splitting and leads to the shift
of Weyl nodes to break time-reversal symmetry [63,67]. In
NdSb, the AFM ground state is a Dirac semimetal while the
FFM state becomes a Weyl semimetal [68,69]. Detailed scal-
ing analysis and establishment of the phase diagram, which
clearly characterizes the relationships between magnetic field,
temperature and magnetic order in EuSn,P;, is influential for
understanding the topological nature of EuSn,P,. The recent
investigations have presented that spin momentum locking
coexists with FM coupling in EuSn,P, [19], pointing it meets
the hallmarks to be an axion insulator. Moreover, it have been
shown that if a material system qualifies for axion insulat-
ing behavior, critical behavior and a universal scaling can
be established [20]. The well-established scaling behavior of
the magnetization and the magnetic entropy change further
supports EuSn, P, to be an axion insulator.

IV. CONCLUSIONS

In summary, we have performed a detailed investigation on
the anistropic magnetic properties of the axion insulator can-
didate EuSn, P, single crystal. As the field increases, the AFM
transition at 7 ~ 30 K is driven to a FFM phase. The acquired
RWR reveals the ferromagnetism is weak itinerant. The expo-
nents B, 6, and y deduced from several techniques matches
well and follows scaling equations, indicating the estimated
critical exponents are reliable and intrinsic. The exponents
exhibit a 3D critical behavior. The large —ASy (T, H) and
RCP indicates that EuSn,P, could be a promising candidate
material for cryomagnetic refrigeration. A tricritical point at
temperature and field of (30 K, 16.7 kOe) is determined. Our
work reveals valuable information on magnetic properties for
future investigation and application.
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