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Field-induced tricritical phenomenon and multiple phases in DySb
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Tricritical phenomenon appearing in multiple phases is a fundamental and attractive issue in condensed-matter
physics. Monopnictide DySb, a candidate for potential magnetic topological semimetal with an antiferromag-
netic ground state, has been found to possess complex and intriguing field-induced magnetic phase transitions.
In this work, critical behaviors of single-crystal DySb are investigated systematically, which generate a series of
critical exponents including β = 0.244(2), γ = 0.827(2), and δ = 4.425(1) for H‖[001]. The deduced critical
exponents verified by Widom law and scaling equations are close to a tricritical mean-field model, suggesting
a field-induced tricritical phenomenon in DySb. Based on the universality principle, a detailed H -T phase
diagram around the phase transition is constructed for H‖[001], in which a tricritical point is revealed at
temperature and field of (7.5 K, 51.4 kOe) on intersected boundaries of antiferromagnetic, forced ferromagnetic,
and paramagnetic phases. Moreover, a triple point is found at the intersection (9.2 K, 19.7 kOe) of paramagnetic
and two kinds of antiferromagnetic states. Such a fascinating phase diagram is indicative of delicate competition
and balance between multiple magnetic interactions in this system, and lays a solid foundation for future research
in topological transition and criticality.
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I. INTRODUCTION

Universality principle is a core concept in physics, which
supplies an effective methodology to investigate and uncover
phase transitions [1–3]. Critical behavior in the vicinity of a
phase transition can be described by equations of states, which
generates a series of critical exponents [4]. With these critical
exponents, physical behaviors around the phase transition ful-
fill the universality principle [5]. Moreover, a detailed phase
diagram can be constructed on the basis of the universal scal-
ing, which reveals competition and balance among multiple
phases and interactions. Particularly, tricriticality is a funda-
mental and attractive topic in condensed-matter physics [3].
A tricritical phenomenon is induced by coexistence of three
phases under special conditions, where a tricritical point is
used to describe the intersection of three critical lines [6].
Usually, a tricritical point arises at the boundary between the
first-order and the second-order phase transitions [7]. As is
known, a triple point is also a special point among different
phases. However, a triple point is just an intersection of the
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phase transitions of the same order, which is substantially
different from a tricritical point [6].

Recently, rare-earth monopnictides RSb (R = Y, Sc, Nd,
Lu, La, Ho, or Ce) have triggered great interest due to
their exotic physical properties, such as extremely large
positive magnetoresistance (XMR) and possible topological
nontrivial state in LaSb [8,9], orbital-flop-induced magnetore-
sistance anisotropy and coexisting channels of interactions in
CeSb [10,11], and field-induced Fermi surface reconstruction
in NdSb [12]. In particular, DySb stands out for its non-
saturated XMR and is suggested to be a potential magnetic
topological semimetal [13–15]. The crystal structure of DySb
is of a rocksalt type at room temperature, i.e., cubic with space
group Fm3m. As temperature decreases, DySb undergoes a
magnetic transition from a paramagnetic (PM) phase to an
antiferromagnetic (AFM) ground state at a Néel tempera-
ture TN ∼ 10 K [16]. Simultaneously, the crystal structure
evolves into a tetragonal one with I4/mmm, accompanied by
a shrinkage of the c axis (c/a = 0.993) [16]. In the AFM
ground state, magnetic moments of Dy3+ ions are aligned
ferromagnetically in (011) planes while alternatively stacked
along the [011] direction (NiO-type AFM). The magnetic
ground state can be modulated by an external magnetic field
to generate field-induced phase transitions. Interestingly, the
transition route of magnetic states will be different if the
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FIG. 1. (a) Temperature dependence of magnetization [M(T )] and reciprocal susceptibility [χ−1(T )] for DySb with H‖[001]; (b) isother-
mal magnetization [M(H )] at T = 1.8 K for H‖[001]; (c) initial isothermal M(H ) around phase transition temperature for H‖[001]; (d) Arrott
plot in the high-field region.

external field is applied along different crystal orientations.
As the field is applied along the [111] or [011] direction
(H‖[111] or H‖[011]), the AFM order is directly changed
into ferromagnetic (FM) state. However, when H‖[001], an
intermediate magnetic order appears, in which the moments
in one of each two nearest (011) planes are rotated by 90◦ to
the [110] direction (HoP-type AFM). Moreover, a tricritical
phenomenon has been discovered when H‖[110], which in-
dicates complex phases in this system [17]. Compared with
H‖[110], due to the emerged intermediate magnetic ordering
for H‖[001], more complex behaviors and magnetic interac-
tions are expected in this direction [17].

In view of the complex phase transitions and interactions
in DySb, a detailed phase diagram is desired. In this work,
the critical behaviors of DySb have been investiaged system-
atically, which reveals a field-induced tricritical phenomenon.
Based on the universality principle, we construct a detailed
H-T phase diagram around the phase transition for H‖[001],
in which a field-induced tricritical point and a triple point are
revealed.

II. EXPERIMENTAL METHODS

Single crystals of DySb were prepared by a tin flux tech-
nique, and its physical properties were carefully checked
elsewhere [13,18]. The [00l] direction of the single crystal is
determined by an x-ray diffraction (XRD) method [18]. The
magnetization measurements, including the temperature- and
field-dependent magnetization, were performed on a Quantum

Design vibrating sample magnetometer (SQUID-VSM). In
particular, the initial isothermal magnetizations with H‖[001]
were carried out in detail. Before each measurement, the
temperature was set at room temperature. After being held
for 2 min, the sample was cooled to the target temperature.
The magnetic field was quenched in an oscillation mode in
order to exclude the influence of a possible remaining field.
In addition, a no-overshoot mode was applied to ensure the
precision of magnetic field.

III. RESULTS AND DISCUSSION

Figure 1(a) depicts the temperature dependence of mag-
netization [M(T )] and reciprocal susceptibility [χ−1(T ) =
H/M] for single-crystal DySb under a magnetic field H =
200 Oe. The M(T ) curves [left axis in Fig. 1(a)] are per-
formed under zero-field-cooling (ZFC) and field-cooling (FC)
sequences with H‖[001]. As temperature decreases, a sharp
peak corresponding to the PM-AFM phase transition ap-
pears at TN = 10.6 K. The ZFC and FC curves coincide
with each other exactly, which is a characteristic of an AFM
ground state. The χ−1(T ) [right axis in Fig. 1(a)] exhibits
a linear behavior above TN fulfilling the Curie-Weiss law
[χ = C/(T − θCW )], where C is Curie constant and θCW is
Curie-Weiss temperature. Fitting to the Curie-Weiss law gives
θCW = −8.21 K. Such a negative value is usually connected
to an AFM coupling. Figure 1(b) shows the field-dependent
magnetization [M(H )] at 1.8 K with H‖[001], while those
with H‖[011] and H‖[111] are given in the Supplemental
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FIG. 2. (a) Normalized slopes based on different theoretical models; (b) temperature dependence of spontaneous magnetization [MS (T )]
and reciprocal initial susceptibility [χ−1

0 (T )] (red curves are fitted); (c) initial isothermal M(H ) at the critical temperature TC on log-log scale
(red line is fitted); (d) scaling plot of the normalization magnetization m vs normalization field h around TC in the high-field region.

Material [18]. As the field sweeps from 0 to 7 T, the M(H )
curve exhibits two steps, which are located at ∼21.1 and
∼44.2 kOe, respectively. The magnetization (M) increases
very slowly below the first step at 21.1 kOe. After that it jumps
to the first plateau of ∼5μB/(f.u.), about half of the saturation
magnetization Msat ∼ 10μB/(f.u.). Upon further increasing
the field, M leaps to the second plateau, i.e., Msat, corre-
sponding to the forced ferromagnetic (FFM) phase. The two
steps on the M(H ) curve represent two field-induced magnetic
transitions. These observations are in agreement with previous
reports [15,19].

In order to study the field-induced magnetic transition,
initial isothermal M(H ) curves for H‖[001] are measured,
as shown in Fig. 1(c). For T < TN , all initial M(H ) curves
exhibit the aforementioned plateaus that shrink gradually as
temperature increases. For T > TN , the two steplike structures
are totally suppressed and become linear ones. The initial
isothermal M(H ) curves are in agreement with the previous
report, in which the magnetic entropy change was investi-
gated [20]. The consistency of M(H ) curves with other reports
confirms the reliability of sample quality and experimental
results. We noticed that the M(H ) curve exhibits a saturation
behavior to the FFM state in a higher field region, which mo-
tivates us to investigate the critical behaviors on boundaries of
various phases. Generally, the phase transition can be roughly
judged by the Arrott plot based on the mean-field model,
which is supposed to be a series of straight lines parallel to
each other in the high-field region. Figure 1(d) presents the
Arrott plot of M2 vs H/M for H‖[001], which displays a

bunch of quasistraight lines in the high-field region. However,
these lines are not parallel to each other very well, implying
that the mean-field model is not satisfied for DySb.

More generally, M(H ) curves in the vicinity of phase
transition can be described by the Arrott-Noakes equation of
state [21]:

(H/M )1/γ = (T − TC )/TC + (M/M1)1/β, (1)

where M1 is a constant, and γ and β are critical expo-
nents. The M1/β vs (H/M )1/γ , called the modified Arrott plot
(MAP), should consist of a bunch of parallel straight lines.
In order to obtain the most appropriate critical exponents,
several theoretical models are employed. As is known, the
crystal structure of DySb is cubic above TN and tetragonal
below TN [16]. Based on the three-dimensional (3D) structural
characteristic, the spatial dimensionality (d) is regarded as
d = 3. Therefore, theoretical models under the framework of
d = 3 are preferred. The MAPs based on 3D-Heisenberg (β =
0.365, γ = 1.386), 3D-Ising (β = 0.325, γ = 1.240), 3D-XY
(β = 0.345, γ = 1.316), and tricritical mean-field (β = 0.25,
γ = 1.0) models are considered [22,23]. Detailed information
can be found in Fig. S3 in the Supplemental Material [18].
In general, the model with the normalized slopes of M1/β vs
(H/M )1/γ that are closest to “1” is the best solution to describe
the critical behavior [24]. As shown in Fig. 2(a), one can see
that the normalized slope based on the tricritical mean-field
model is the one which deviates less from “1” among the con-
sidered models, which suggests that the tricritical mean-field
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TABLE I. Comparison of critical exponents of DySb for H‖[001] with different theoretical models (MAP = modified Arrott plot).

Composition Technique Ref. TC(K) β γ δ

DySb MAP This work 7.5 0.244(2) 0.827(2) 4.425(1)
Tricritical mean field Theory [22] 0.25 1.0 5.0
3D Heisenberg Theory [23] 0.365 1.386 4.8
3D Ising Theory [23] 0.325 1.24 4.82
3D XY Theory [23] 0.345 1.316 4.81
Mean field Theory [23] 0.5 1.0 3.0

model can reflect the magnetic nature in DySb more suitably
compared with other models.

Actually, in the vicinity of the magnetic phase transition,
critical exponents are determined by an array of func-
tions [4,5]:

MS (T ) = M0(−ε)β, ε < 0, T < TC, (2)

χ−1
0 (T ) = (h0/M0)εγ , ε > 0, T > TC, (3)

M = DH1/δ, ε = 0, T = TC, (4)

where MS is the spontaneous magnetization, χ0 is initial sus-
ceptibility, and M0/h0 and D are critical amplitudes. ε is the
reduced temperature defined as ε = (T − TC )/TC , where TC

is the critical temperature denoting the field-induced phase
transition temperature. The critical exponent β is associated
with MS , γ is responding to χ0, and δ is correlated with TC .
Precise critical exponents can be extracted by an iteration
method [24]. Figure 2(b) shows the temperature dependence
of spontaneous magnetization [MS (T )] and reciprocal initial
susceptibility [χ−1

0 (T )]. By fitting to Eqs. (2) and (3), it
is obtained that β = 0.244(2) with TC = 7.618(6) and γ =
0.827(2) with TC = 7.344(9). Meanwhile, the critical expo-
nent δ can be obtained from the initial M(H ) taken at TC . From
Eq. (4), there is a relation of log(M ) = log(D) + 1/δ log(H )
in the high-field region (H > HS , i.e., the saturation field).
Thus, 1/δ can be acquired by plotting the slope of log(M ) vs
log(H ). As shown in Fig. 2(c), δ = 4.425(1) is obtained from
the linear fitting of initial M(H ) taken at TC = 7.5 K above
HS .

The independently obtained critical exponents are unified
by the Widom scaling law, which manifests their self-
consistency. Therefore, the obtained critical exponents can be
examined by the Widom scaling law [25,26]:

δ = 1 + γ

β
. (5)

According to this law, δ is calculated out to be 4.387(4), very
close to the experimentally obtained value. This demonstrates
that the obtained critical exponents here are self-consistent,
which confirms the reliability of these critical exponents.
Furthermore, these critical exponents can be testified by the
scaling hypothesis. Taking account of the critical exponents,
M(H ) curves are expected to follow the scaling equations.
By defining the renormalized magnetization (m) as m ≡
ε−βM(H, ε) and the renormalized field (h) as h ≡ Hε−(β+γ ),
the scaling equation in the asymptotic critical region is ex-

pressed as [5]

m = f±(h), (6)

where f± are regular functions denoted as f+ for T > TC and
f− for T < TC . According to the universality scaling law, m vs
h curves should form two independent universal branches for
T > TC and T < TC , respectively. With these obtained critical
exponents, the initial isothermal M(H ) curves in the high-field
region (H > HS) around TC are rescaled into m(h) curves,
which are depicted in Fig. 2(d). In the high-field region, m(h)
curves collapse onto two independent branches above and
below TC , respectively, which fulfill the universality principle.

The obtained critical exponents of DySb for H‖[001] and
theoretical models are listed in Table I for comparison. The
obtained critical exponents for DySb with H‖[001] [β =
0.244(2), γ = 0.827(2), δ = 4.425(1)] are close to the theo-
retical prediction of a tricritical mean-field model (β = 0.25,
γ = 1.0, and δ = 5.0) except slight deviation [18,22]. The
critical behavior of DySb belongs to the universality class
of tricritical mean field, where the slight deviation may be
due to some unexpected magnetic interactions. A tricritical
phenomenon usually appears in a system hosting multiple
phases. In such a system, magnetic phase can be tuned by
different means such as pressure, field, fluctuation, or doping.
For example, in MnSi, both field and pressure can induce a
tricritical phenomenon [27,28]. In EuPtSi, which belongs to
the mean-field universality class, field, or fluctuation yields a
first-order transition and a tricritical point [29,30]. In double-
perovskite La2ZnIrO6, the field causes a first-order AFM-FM
transition and a tricritical behavior [31]. An analogous phe-
nomenon is also observed in USb2, where high magnetic field
destroys the AFM state to generate a tricritical behavior [32].
Recently, multiple phases with a tricritical point and a Lifshitz
point are found in Cu2OSeO3 hosting skyrmion [33].

Figures 3(a) and 3(b) display MAPs of M1/β vs (H/M )1/γ

based on the obtained critical exponents for DySb in the
high-field (HF) and the low-field (LF) regions, respectively.
The M1/β vs (H/M )1/γ in Fig. 3(a) in the high-field region
presents a series of quasistraight lines, confirming the reliabil-
ity of these critical exponents. However, the magnified MAP
of M1/β vs (H/M )1/γ in the low-field region exhibits more
complex behaviors. Figure 3(b) shows the magnified MAP on
log-log scale in the low-field (LF) region, the inset of which
gives the whole scaling region. Several turning points can
be found in the MAP in Fig. 3(b), which are indications of
field-induced phase transitions. The change of magnetic inter-
actions caused by the phase transition will make the scaling
curves become divergent on the phase boundary, which causes
the appearance of a turning point on MAP [28,31,34]. Various
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FIG. 3. (a) Modified Arrott plot (MAP) on linear scale in the high-field (HF) region; (b) magnified MAP on log-log scale in the low-field
(LF) region (the inset gives the whole scaling region).

phases are separated by these turning points, based on which a
detailed H-T phase diagram can be established. The boundary
between PM and FM phases (TC) is distinguished by the
minimum point on the derivative M(T ) curve, which is shown
in the Supplemental Material in detail [18]. The boundary
between the AFM and FM (TN ) is determined by the peak
on the M(T ) curve. The boundaries between the NiO-type
AFM and the HoP-type one are determined by turning points
in the lower-field region on MAP, which are marked as H1

AF in
Fig. 3(b). Similarly, the boundaries between the HoP type and
FFM are distinguished by turning points marked as H2

AF in
Fig. 3(b). The coexistence regions, i.e., the phase transition
region, are defined by the regions with negative slopes on
MAP, because the change of slopes induced by the phase
transition results in the negative slopes.

Figure 4 shows the H-T phase diagram for single-crystal
DySb with H‖[001]. As is known, DySb possesses a NiO-type
AFM ground state at low temperature [35], which is illustrated
in the lower inset of Fig. 4. Upon increasing the field, the
NiO-type AFM evolves into a HoP-type AFM gradually. From
the phase diagram in Fig. 4, one can see that these two types

FIG. 4. H -T phase diagram around the phase transition temper-
ature for single-crystal DySb with H‖[001] (PM, AFM, and FFM
represent paramagnetic, antiferromagnetic, and forced ferromagnetic
phases, respectively).

of AFM phases coexist in a large range from ∼10 kOe to
∼25 kOe. In the field range of ∼25 kOe to ∼42 kOe, DySb
enters a single phase of HoP-type AFM, as depicted in the
middle inset of Fig. 4. Upon further increasing the field,
the HoP-type AFM is polarized gradually into a FFM state,
where the HoP-type AFM and the FFM phases coexist from
∼42 kOe to ∼50 kOe. The FFM state finally dominates the
phase diagram when the field exceeds 50 kOe. Due to the
multiple field-induced phases, DySb exhibits a field-induced
tricritical mean-field behavior. Usually, a tricritical point is
used to describe the intersection of three critical lines [6].
For DySb, three phases (i.e., HoP-type AFM, FFM, and PM)
join at such a tricritical point, which is located at the field
and temperature of (7.5 K, 51.4 kOe). In addition, a triple
point is also found at (9.2 K, 19.7 kOe), which is located at
the intersection point of NiO-type AFM, HoP-type AFM, and
PM phases. It is well known that the phase transition from
PM to AFM is of a first-order type, accompanied with a struc-
tural transition from cubic to tetragonal. The tricritical point
is exactly at the terminal of this first-order phase transition
boundary, which is located at the point among three absolutely
different phases. Differently, the triple point is at the terminal
of boundaries between two AFM states, which still belongs to
the first-order transition. This triple point is also different from
a Lifshitz point which is a special multicritical one with an in-
commensurate phase joining all three phases with a common
tangent [33]. The multiple field-induced phase has also been
reported for H‖[110], in which the tricritical point located at
(8.5 K, 14.7 kOe) and the triple point at (9.7 K, 12.4 kOe) [17].
However, only one kind of AFM phase exists for H‖[110].
The various and coexisting phases in DySb indicate the deli-
cate competition and balance of magnetic interactions in this
system.

Recent studies have shown that the magnetic structure
and magnetic interaction are essential to the formation and
evolution of various topological nontrivial states. Usually,
magnetic correlation and spin-orbital coupling play impor-
tant roles in these processes. For instance, the occurrence
of band inversion in CeBi strongly depends on the strength
of spin-orbital coupling which determines the splitting of
the p orbital and hybridization with the Ce t2g orbital [36].
A similar phenomenon has been observed in DySb [13].
Theoretical calculations and transport experiments also
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suggest a close relation between magnetic structures and band
structures [12,37]. It has been proposed that the AFM ground
state of NdSb is a Dirac semimetal state while the FFM state
becomes a Weyl semimetal state with twofold degenerate
crossing points. For DySb, theoretical calculations also pre-
dict the existence of a magnetic semimetal state in its FFM
phase. However, the topological property in the two AFM
phases still remains elusive. Particular efforts can be devoted
to the tricritical point and triple point, each of which connects
three distinct magnetic phases and is expected to cause a novel
topological transition and special critical phenomenon. The
investigations in the present work thus provide crucial infor-
mation from the aspect of magnetic coupling and magnetic
criticality.

IV. CONCLUSIONS

In summary, multiple field-induced phase transitions in
DySb are investigated from aspects of critical analysis
and phase diagram. As the field increases, two magnetic
phase transitions are induced for H‖[001], namely, from the
NiO-type AFM ground state to the HoP-type AFM, and finally
to the FFM phase. The study of critical behaviors gives critical
exponents β = 0.244(2), γ = 0.827(2), and δ = 4.425(1) for
H‖[001], which are examined by the Widom law and scaling

equations. The deduced critical exponents are close to a tricrit-
ical mean-field model, suggesting a field-induced tricritical
phenomenon. A detailed H-T phase diagram around the phase
transition temperature for H‖[001] is constructed, in which
a field-induced tricritical point is revealed at the temperature
and field of (7.5 K, 51.4 kOe), located at the intersection of the
AFM, FFM, and PM phases. Moreover, a triple point is found
at (9.2 K, 19.7 kOe), which is located among the NiO-type
AFM, HoP-type AFM, and FFM phases. Such fascinating
multiple field-induced phases and criticality are indicative of
the delicate competition and balance in this system, and lays a
solid foundation for future research in topological transition.
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