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Multiple metamagnetic transitions induced by high magnetic field in DyBi
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The rare-earth monopnictide compounds have recently received considerable attention in condensed matter
physics because of their correlation between magnetism, crystallographic structure, and transport. Here, we re-
port experimental observations of high-magnetic-field-induced multiple metamagnetic transitions and magnetic
structures in DyBi single crystals. The external field up to 32 T is applied in three distinct crystallographic
directions as H//[001], H//[011], and H//[111], which reveals anisotropic magnetism as well as multiple
metamagnetic transitions. Two field-induced magnetic phase transitions at 3.7 T and 4.9 T along H//[001], two
at 3.8 T and 24 T along H//[011], and one at 3.8 T along H//[111] are identified. In order to unveil the nature of
magnetic interaction in DyBi, the critical behavior analysis for H//[001], a direction with typical magnetism
and transitions, is performed. The yielded critical exponents § = 0.234(8), y = 0.904(3), and § = 5.03(2)
agree well with the theoretical prediction of a tricritical mean-field model, indicating a field-induced tricritical
phenomenon in this system. Comprehensive magnetic phase diagrams for H//[001], H//[011], and H//[111]
are constructed based on detailed magnetization measurement and scaling, which reveal multiple phases such
as NiO-type antiferromagnetic (AFM), HoP-type AFM, forced ferromagnetic (FFM), and paramagnetic (PM)
phases. Two tricritical points (TCPs) are determined at the intersections of the AFM, FFM, and PM phases, with
TCP = (8.6 K, 85 kOe) for H//[001] and (16.8 K, 243 kOe) for H//[011]. The recognition of multiple phases

suggests delicate and complex competition and balance between variable couplings in this system.
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I. INTRODUCTION

Since the discovery of an unprecedentedly large magne-
toresistance (MR) in LaSb, there has been a surge of interest
in rare-earth monopnictides RPn (R = rare earth, Pn = Sb,
Bi). For its heavy-fermion nature, the family was extensively
researched in the 1980s and 1990s [1]. Recently, RPrn has been
demonstrated to exhibit extremely large MR, suggesting that
it could be used in spintronics devices, magnetic memory,
and magnetic field sensors [2—7]. RPn has similar magneto-
transport properties to topological nontrivial semimetals like
WTe, [8], Cd3As; [9,10], TaAs [11], and NbP [12]. There-
fore, this class of materials may host topologically nontrivial
phases. Following that, extensive studies on this family were
conducted systematically [2—-7]. Intriguingly, recent theoret-
ical research suggests that LaPn (Pn = N, P, As, Sb, and
Bi) could be a topological prototype with band inversion at
the X point of the bulk fcc Brillouin zone [13]. For exam-
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ple, angle-resolved photoelectron spectroscopy (ARPES) and
first-principles calculations show that LaBi has topologically
nontrivial surface states [14]. The existence of a nontrivial
Z, invariant in YBi indicates that it could be a topological
semimetal candidate [15]. The discovery of antiferromagnetic
(AFM) ordering in RSb (R = Ce, Nd, Gd-Er) at low temper-
atures [5,7,16,17] and ferromagnetic (FM) ordering in CeBi
has further enriched the properties of RPn. As a result of the
simultaneous existence of intrinsic magnetism and topology,
RPn has received a lot of attention as a new platform for
studying the interactions between chirality, magnetism, corre-
lation, and topological order, which opens up new possibilities
for novel quantum states, spin-polarized chiral transport, and
exotic optical phenomena [18].

DyBi, another member of the rare-earth monopnictide
family, has a rocksalt-type structure at room temperature
[Fig. 1(a)], namely cubic symmetry with space group Fm3m
[19]. Earlier research revealed that DyBi undergoes a first-
order phase transition to the AFM state with tetragonal
structure at the Néel temperature (7y = 11.2 K), and both the
tetragonal and cubic reflections are present within a 0.05 K
range around Ty [19,20]. Aside from the magnetostructural
transition in DyBi, the field dependence of magnetization is
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FIG. 1. (a) XRD pattern for single-crystal DyBi (inset shows
crystal structure of DyBi). (b) Typical EDX spectrum for DyBi.

also elusive [19]. The magnetization along [001] abruptly
switches to one half of its saturation value at an intermediate
field strength (the ground-state level of the molecular field-
split Kramers doublet F'6 has a magnetic moment of 9.9 up).
This spin flip occurs at slightly lower fields along [110]
and [111]. At 1.5 K, with a magnetic field applied along
[001], DyBi completely polarizes into an FM state at 52 kOe,
whereas the very large anisotropy energy prevents an FM
orientation along [110] and [111], and indeed, no sign of a
second transition was found up to 200 kOe [19]. As a result,
the magnetic structure along [001] is more complicated than
those along [110] and [111]. Therefore, DyBi offers a plat-
form for studying the directional-dependent magnetic phase
diagrams and intricate magnetic interactions.

Here, we aim at the exotic metamagnetic transitions in the
DyBi single crystal by employing the universality principle to
identify the magnetic mechanism and properties. As the field
up to 32 T is applied along variable crystal directions, multiple
metamagnetic transitions and magnetic orderings, some of
which have not been previously reported, are induced. The
critical behavior analysis indicates a tricritical phenomenon
with multiple phases. The H-T phase diagrams for variable
crystal directions are constructed, which unveil multiple mag-
netic structures such as the NiO-type AFM ground state,
the field-modulated HoP-type AFM, and the polarized FM
phases.

II. EXPERIMENTAL METHODS

The self-flux technique was used to grow DyBi single
crystals. Under an argon atmosphere, high-purity powders of
Dy (99.9%) and Bi (99.999%) were mixed in a mole ratio of
1: 10 and sealed into a quartz tube. The sealed quartz tube
was heated to 1150 °C, then slowly cooled to 700 °C. Finally,

the extra Bi flux was removed by centrifugation to yield DyBi
single crystals.

The structure and crystal orientations were determined
by x-ray diffraction (XRD) (Rigaku-TTR3 x-ray diffrac-
tometer) with Cu K, radiation. An energy-dispersive x-ray
spectrometer (EDXS) was used to examine the chemical com-
positions. The angle, temperature, and field dependence of
magnetization were measured by a Quantum Design vibrating
sample magnetometer (SQUID-VSM). To obtain the initial
isothermal magnetization, the sample was heated to room
temperature and held for 2 minutes before being cooled to the
target temperature under zero field. To ensure a precise mag-
netic field before data acquisition, a no-overshoot mode was
used, and the magnetic field was relaxed using an oscillation
model. Magnetization under high magnetic field was carried
out on a water-cooling resistive magnet.

III. RESULTS AND DISCUSSION

Figure 1(a) depicts the XRD pattern of single-crystal
DyBi, where only (00/) peaks were observed. A set of sharp
diffraction peaks demonstrates high crystalline quality of the
as-grown single crystal. The inset of Fig. 1(a) shows a struc-
tural schematic diagram of DyBi, which crystallizes as a
NaCl-type cubic structure with the space group Fm3m [21].
Based on the XRD pattern, the lattice constants are calculated
as a =b=c=6.231 A consistent with the previous report
[22]. The chemical ratio of a well-polished single crystal is de-
termined by EDX spectroscopy, which is performed at various
positions on the crystal surfaces. The typical EDX spectrum
in Fig. 1(b) reveals chemical proportions Dy : Bi = 51.36 :
48.64, the stoichiometry of which is within the experimental
errors [19,23].

Figures 2(a)-2(c) depict the temperature-dependent mag-
netization [M(T)] under zero-field-cooled (ZFC) and field-
cooled (FC) sequences with H = 200 Oe along the [001]
(H//1001]), [011] (H//[011]), and [111] (H//[111]) direc-
tions. Each M(T) curve has a cusp corresponding to a
magnetic phase transition. Above the phase transition, M
increases as temperature decreases, exhibiting a paramag-
netic (PM) behavior. The temperature-dependent reciprocal of
susceptibility [x(7T)] curves are plotted on the right axis in
Figs. 2(a)-2(c), the linear feature of which confirms the PM
phase at higher temperature. The Curie-Weiss law [x(T) =
C/(T — Ocw)] fittings of x () give Ocy = —7.31 K
for H//[001], ®cy = —10.91 K for H//[011], and O¢y =
—6.21 K for H//[111]. The negative values of ®¢cy im-
ply an AFM coupling in DyBi. Below the phase transition
temperature, ZFC and FC M(T) curves superimpose ex-
actly regardless of field orientations, demonstrating an AFM
ground state. The AFM transition temperature (7y) can be de-
termined by the peak as Ty ~ 11.5 K. Figures 2(d)-2(f) show
M(T) curves under selected fields for H//[001], H//[011],
and H//[111], respectively, with insets enlarging the phase
transition areas. Under lower fields, M (T ') curves exhibit PM-
AFM phase transitions in all three crystal directions. The
PM-AFM phase transitions under lower field, however, are
modulated by the external field into PM-FM phase transi-
tions under higher field. Below H = 2 T, M (T ) curves exhibit
thermal hysteresis, as shown in the insets of Figs. 2(d)-2(f),
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FIG. 2. Temperature-dependent magnetization [M(T)] and reciprocal susceptibility [x ~'(7T)] under H = 200 Oe with (a) H//[001],
(b) H//[011], and (c) H//[111]. M(T) curves under selected fields for (d) H//[001], (e) H//[011], and (f) H//[111] [inset magnifies M (T")

in the low-temperature region].

which is typically associated with a first-order phase tran-
sition. This first-order phase transition has been previously
reported, where the cubic unit cell transforms abruptly into
a monoclinic one at this temperature [19]. An analogous phe-
nomenon has also been observed in isostructural DySb [24].
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Figure 3(a) depicts the field dependence of isothermal
magnetization [M(H)] at T = 1.8 K with applied fields
up to 32 T along H//[001], H//[011], and H//[111],
respectively. The M(H) curve for H//[001] exhibits a
saturation behavior after two steps at 3.7 T and 4.9 T, cor-
responding to three field-induced magnetic phase transitions,
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FIG. 3. (a) Field dependence of isothermal magnetization [M(H)] at T = 1.8 K up to 32 T with H//[001], H//[011], and H//[111]
directions. (b), (c), and (d): M (H) curves for H//[001], H//[011], and H//[111] at selected temperatures.
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FIG. 4. (a) Field dependence of initial magnetization [IM(H )] with H//[001]. (b) Arrott plot of M? vs H/M.

respectively. The saturation magnetization Mg approximates
Mg ~ 9.9 up/f.u. above 7.6 T, which approaches the theoreti-
cal value 9.95 upg/f.u. of Dy3+ [19]. It is noted that the second
step approximately corresponds to one half of Mg. For
H//[011], the M(H) curve exhibits two steps located at 3.0 T
and 24 T, respectively. When H exceeds 24 T, the mag-
netization also displays a saturation behavior to My. This
demonstrates that as the magnetic field increases, the modu-
lated magnetic state first transforms into an intermediate phase
before polarizing into an FM phase for H//[011]. However,
for H//[111], there is only one step at 3.0 T. Although M (H)
for H//[111] also exhibits a saturation behavior, the satu-
ration magnetization is only ~7.2 up/f.u. In other words,
the FM phase is still not realized until 32 T for H//[111].
Figures 3(b)-3(d) show the M(H) steps at selected tem-
peratures. As temperature increases, the steps become less
obvious, and then finally disappear above Ty. The distinct be-
haviors in three directions indicate anisotropic magnetism and
field-induced rich magnetic phases in DyBi. The magnetic be-
haviors, critical temperature T¢, and saturation magnetization
My are highly consistent with previous reports, confirming the
high quality of the sample used [19,23].

In order to clarify the nature and classification of mag-
netic interaction, an in-depth critical behavior investigation is
carried out for H//[001], a direction with typical magnetism
and transitions. Figure 4(a) shows the field-dependent initial
magnetization [IM(H)] curves along H//[001] for tempera-
ture ranging from 2 K to 20 K, which shows two magnetic
steps before saturation below the phase transition temperature.
These magnetic steps vanish for those IM(H ) curves above the
phase transition temperature. Based on these IM(H) curves,
the Arrott plot is constructed using critical exponents from
the mean-field theory with 8 = 0.5 and y = 1.0, as shown in
Fig. 4(b). The Arrott plot of DyBi does not show a series of
parallel lines, indicating that the magnetic interaction in DyBi
cannot be described by the conventional Landau mean-field
model.

More generally, M(H) curves in the vicinity of a phase
transition can be described by the Arrott-Noakes equation of
state as follows [25]:

(H/M)'" = (T — Tc)/Te + (M/M )P, (1

where M is a constant, and § and y are critical exponents.
According to Eq. (1), a plot of MY# vs (H/M)'7, also

known as the modified Arrott plot (MAP), should consist
of a series of parallel straight lines. Owing to the three-
dimensional nature of the crystal structure, three-dimensional
theoretical models such as the tricritical mean-field model
(B =0.25,y =1.0), 3D-Ising model (8 =0.325y =
1.240), 3D-XY model (B =0.346,y =1.316), and
3D-Heisenberg model (8 = 0.365,y = 1.386) are used
to construct the MAPs. As shown in Figs. 5(a)-5(d), four
groups of possible exponents exhibit nearly straight lines in
the high-field region. The normalized slopes (NSs) are fitted
out, which are defined as NS = S(T')/S(T¢), where S is the
slope of a single line of M'/# vs (H/M)'/”. By comparing
the NS to the ideal value of unity, the best model can be
identified. The NSs of various theoretical models are plotted
in Fig. 6(a). It can be seen that the tricritical mean-field model
deviates the least from 1 among the models considered,
indicating that the tricritical mean-field model is the best one
to describe magnetic interaction in DyBi.

The magnetic critical exponents 8, y, and §, in particular,
are linked to the spontaneous magnetization (My), the inverse
initial susceptibility (x, 1, and the critical isotherm M (H) at
T, respectively. In the vicinity of T¢, they satisfy the follow-
ing equations [26,27]:

Mg(T) = My(—¢)?, e <0,T < Tt, 2)
xo '(T) = (ho/Mp)e” e > 0, T > Tc, A3)
M=DH'” ¢=0,T =T¢, 4)

where ¢ = (T — T¢)/T¢ is the reduced temperature, My /hy,
and D are critical amplitudes. Critical exponents 8, y, and &
reveal important information about the nature of spin inter-
action, spin dimensionality, and magnetic coupling decaying
length. Precise 8 and y can be obtained by an iteration method
[28,29]. Since the tricritical mean-field model best describes
DyBi, Fig. 5(a) is used as a starting point for generating
the exponents. The spontaneous magnetization [Mg(T, 0)] and
inverse initial susceptibility [x, (T, 0)] can be obtained from
intercepts of the linear extrapolation from the high-field region
to axes M'/# and (H/M)'”. By fitting to Egs. (2) and (3),
one obtains a set of 8 and y, which are used to reconstruct a
new MAP. The linear extrapolation from the high-field region
subsequently yields another set of Mg(T,0) and x; T, 0).

224412-4



MULTIPLE METAMAGNETIC TRANSITIONS INDUCED BY ... PHYSICAL REVIEW B 106, 224412 (2022)

39
= 36
'8
= 33
£
wﬂ)
< 3.0
=
S 27p p=0.25
Yy=1.0
2.4 C 1 1 1 1 1 1 1 1 1 1 1 1
740 760 780 800 820 840 205 210 215 220 225 230
(H/M)"(Oe g emu™)"” (H/M)"" (Oe g emu™)""
1.6
7.5
. (¢) 3D XY % .
:A 15F "-—_——//‘/ :/-\
= = -~
£ 14} / | = 2
&) 6.5
: / il /
:L 1.3F ':L
= | B=0346 T [ B=0365
1.2 _ =
| y= 1.3116 . | | o l.3l86 . .
150 155 160 165 170 120 125 130
(H/M)"(Oe g emu™)"” (H/M)"(Oe g emu™)"”

FIG. 5. Modified Arrott plots under different theoretical models: (a) tricritical mean field, (b) 3D Ising, (c) 3D XY, (d) 3D Heisenberg.

10
H(a) (b)
& 8| —=— Tricritical mean field ™
§- [ —e— 3D-Ising —~ i 300.7’“
@ 6F ——3p.XY "on E
E 4 _ —— 3D-Heisenberg E sol ” :n
= | S . . 1 e
E2r s e
_______________ 60 -
Z ol B=0.234(8) y=0904Q) | "3
i T.=8.78(2) T.=8.74(3)
_2 1 i 1 i 1 i 1 i 1 i 1 40 i 1 i 1 i 1 i 1 i 1
6 8§ 10 12 14 16 8.0 85 9.0 9.5 10.0
T (K) T (K)
L (d)
© o —=—7.50K T<T,
2133F §= 5.03(2) ?250 - —e—17.75K 7 - T>T
a § —+—8.00K c
3 T @8.75 K S sk
_ 7/
80.130 225t
= = —+—9.25K
Y ——9.50K
2127 H> Hs g // ——9.75K
200 —e—10.00K
. 5.01 . 5.02 . 5.03 . 5.04 . 10 . 15 . 20 . 25 . 30
log (H) h =H|e[*™(10° Oe)

FIG. 6. (a) Temperature dependence of normalized slope [NS(7)] for different theoretical models. (b) Temperature dependence of
spontaneous magnetization [Mg(7')] and inverse initial susceptibility [x, Y(T)] with fitted curves. (c) IM(H) at T¢- on log-log scale. (d) Renor-
malization magnetization vs renormalization field (m vs h).

224412-5



JUN ZHAO et al.

PHYSICAL REVIEW B 106, 224412 (2022)

TABLE I. Critical exponents of DyBi, DySb, and different theoretical models.

Composition Technique Reference Tc B y )
DyBi Experiment This work 8.75 0.234(8) 0.904(3) 5.03(2)
DySb Experiment [32] 7.5 0.244(2) 0.827(2) 4.425(1)
Tricritical mean field Theory [35] 0.25 1.0 5.0

3D Ising Theory [36] 0.325 1.24 4.82

3D XY Theory [36] 0.346 1.316 4.81

3D Heisenberg Theory [36] 0.365 1.386 4.8
Mean field Theory [36] 0.5 1.0 3.0

Thus, another set of 8 and y can be obtained. This procedure
is repeated until 8 and y converge to fixed values. Figure 6(b)
depicts the final temperature-dependent Mg(T ) and x, Y(T)in
the vicinity of the phase transition, which yields 8 = 0.234(8)
with T¢ = 8.78(2) and y =0.904(3) with T = 8.74(3).
Figure 6(c) depicts the IM(H) at the critical temperature
Te = 8.75 K on log-log scale. When H > Hg, IM(H) at T¢
exhibits a straight line on log-log scale. Thus, using Eq. (4),
the third critical exponent § = 5.03(2) can be determined in
the high-field region (H > Hs). Furthermore, the exponents
can be examined using the Widom scaling relation, which
combines B, y, and § as follows [30,31]:

y
§=1+Z. 5
8 (5)

Following Eq. (5) and using the values of 8 and y obtained
from the MAP analysis, § = 4.851(4) was calculated, which
is close to the critical isotherm analysis. This indicates the
self-consistency and reliability of these obtained critical ex-
ponents.

To guarantee the validity of these critical exponents as well
as T, it is necessary to determine whether they fulfill the
magnetic equation of state in the asymptotic critical region,
which is given below [27]:

M(H, ¢) =&l fL(H/ePT). (©6)

Equation (6) can also be expressed in terms of renormalized
magnetization m = ¢ PM(H, ¢) and the renormalized field
h=He B+ a5

m= fi(h), )

where f4 are regular functions with f for T > T¢ and f_ for
T < T¢. According to Eq. (7), for the correct choice of critical
exponents, m vs h must generate two universal curves above
and below T¢ [27]. Figure 6(d) depicts m vs A in the high-field
region (H > Hy), where all data collapse on two independent
branches above and below T¢. This clearly shows that the
interactions are properly renormalized in a critical regime by
following the scaling equation of state. Table I compares the
critical exponents of DyBi and DySb, as well as those of
theoretical models. The critical exponents of DyBi are mostly
close to those of a tricritical mean-field model similar to that
of DySb, indicating a tricritical phenomenon. However, the
critical exponents of DyBi approach the theoretical prediction
more closely than those of DySb. The deviation of the critical
exponents from the theoretical model is generally caused by
the multiple and complex magnetic interactions in a real sys-
tem. It is noted that the AFM interaction in DyBi is stronger

than that in DySb, which will suppress other interactions to
allow one single magnetic interaction to dominate the system.
The single dominant interaction makes DyBi approach more
closely to the ideal theoretical model. In general, a tricritical
phenomenon occurs in a system with multiple phases that are
induced by pressure, field, doping, etc. [32,33]. A tricritical
point (TCP) appears when three phases converge at the same
point on the phase diagram. Therefore, constructing a phase
diagram is critical for comprehending the various phases in
DyBi.

Figure 7 depicts the final MAPs with experimentally ob-
tained critical exponents 8 = 0.234 and y = 0.904. In the
high-field region, the MAP of M'/# vs (H/M)'/" exhibits a
series of straight lines, as shown in Fig. 7(a). Instead, the
magnified MAP of M'/# vs (H/M)'/” in the low-field region
exhibits complex behaviors due to the field-induced phase
transitions, as shown in Fig. 7(b). Several inflection points
corresponding to the field-induced phase transitions can be
found in the MAP in Fig. 7(b), which supplies a method
to generate an H-T phase diagram [32,33]. Divergence on
the phase boundary is caused by the change in magnetic
interactions, which results in an inflection point on MAP
[29,33,34]. Extracting these inflection points from Fig. 7(b),
a detailed H-T phase diagram can be constructed. Figure 8(a)
depicts the detailed H-T phase diagram for single-crystal
DyBi with H//[001]. Similarly, detailed H-T phase diagrams
for H//[011] and H//[111] are also constructed, as shown
in Figs. 8(b) and 8(c). DyBi and its isostructural solids, such
as DySb, are demonstrated to exhibit simultaneous structural
and magnetic transitions [19,32]. These compounds usually
undergo magnetic transitions at low temperatures. At the
same time, their crystal structure evolves into a tetragonal or
pseudotetragonal one accompanied by a shrinkage of ¢ axis
[19,32]. The low-temperature specific heat of DyBi exhibits
a sharp peak and a decline in magnetic entropy at the phase
transition temperature, suggesting a first-order phase transi-
tion and a magnetic ordering [23]. Temperature-dependent
resistivity in isostructural CeBi shows an abnormal peak near
Tw, and large negative MR is observed near the critical fields
in isothermal R(H ) curves, indicating magnetoelectronic cou-
pling in this system [37]. Dysprosium (Dy) monopnictides
provide a variety of magnetic ground states because the ex-
change parameter in these systems changes from negative to
positive depending on the size of lattice constant a (that varies
with the choice of Pn element). Replacing the Pn in RPn from
N to Bi, the magnetic ground state changes from FM (DyN)
to ferrimagnetic (FIM) (DyP and DyAs) to AFM (DySb and
DyBi) states. In an AFM ground state, the neutron diffraction
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FIG. 7. Modified Arrott plots (MAPs) with the obtained critical exponents: (a) MAP in the high-field region; (b) that in the low-field region.

revealed that magnetic moments (Dy>" ions) are typically
aligned in type-II AFM structure, i.e., NiO-type AFM state
[20,24,38]. In this magnetic structure, opposite FM (111)
planes alternatively stack along the [111] direction (here [111]
refers to the tetragonal space group), as illustrated in Fig. 8(d).
Such an AFM ground state can be transformed to an FM state
by applying an external magnetic field through an interme-
diate phase [19]. Due to the anisotropic magnetic behaviors,
the applied magnetic field realizes different magnetic phase
transitions and states along different crystal orientations.

For single-crystal DyBi with H//[001], the magnetization
curve exhibits four inflection points marked as H,, H,, H3, and
Hg. The phase below H; is unambiguously attributed to the
ground state, which has been determined to be the NiO-type
AFM state by the neutron diffraction [20]. The NiO-type
AFM ground state of DyBi is manifested as opposite FM
(111) planes alternatively stacked along the [111] direction
[20,38]. Based on magnetic moment calculations, Hulliger
et al. proposed that the NiO-type AFM ground state can
be modulated to an intermediate phase and then to the FM
phase via external magnetic field [24], as shown in Figs. 8(e)
and 8(f). Furthermore, they predicted that the critical field of
DyBi for H//[011] and H//[111] would be very large due to

£ (b)

[ FFM  /
{ (a1

HoP type

40 23 1//’%
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the large anisotropy energy [24]. In this intermediate phase
called HoP-type AFM state schematically shown in Fig. 8(e),
the moments in one of the two nearest (011) planes are
rotated 90° to the [110] direction, and hence the magnetization
along [001] suddenly increases to half of its saturation value
[24]. Therefore, H, is a signal of the field-modulated HoP-
type AFM phase. However, the transformation of magnetic
structure from NiO-type to HoP-type is not abrupt. Magnetic
torque is induced in NiO-type structure that transforms the
magnetic structure gradually into HoP-type AFM with in-
creasing magnetic field. Thus, a mixed phase (coexistence I
between H; and H,) exists between NiO- and HoP-type AFM
structures. At higher fields, the HoP-type AFM transforms to
another coexistence II, and then eventually into the forced
ferromagnetic (FFM) phase. The FFM phase becomes dom-
inant in the higher-field region (above Hg), where the My is
close to the theoretical saturation moment of Dy**. Thus, the
coexistence II between H; and Hy is a mix phase of HoP-type
AFM and FFM. In addition, the transition from AFM to PM
is first order while the transition from PM to FFM is second
order demonstrated by the M(T') curves in Fig. 2. These three
phases converge at one point on the phase diagram, which is
determined as TCP. The presence of a TCP is consistent with

20 25 30

H/001] ° OQ ° °

FFM type L
(+] q‘ 0 Q:
c o HN\ A
L. 08g8o-
™S

(111) plane
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FIG. 8. H-T phase diagrams for single-crystal DyBi with (a) H//[001], (b) H//[011], and (c) H//[111]. Magnetic structures of (d) NiO-

type AFM, (e) HoP-type AFM, and (f) FFM.
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the tricritical phenomenon for DyBi, which exhibits multiple
phases. In the phase diagram, the TCP (8.6 K, 85 kOe) is
determined for H//[001] at the intersection of AFM, PM,
and FFM states. For H//[011] and H//[111] as shown in
Figs. 8(b) and 8(c), this spin flip from NiO-type AFM to
the HoP-type one occurs at slightly lower fields (~30 kOe).
However, the spin flip from HoP-type AFM to FFM occurs at
much higher field. The spin flip occurs at 240 kOe (24 T) for
H//[011], while it is not observed up to 32 T for H//[111].
The TCP for H//[011] is estimated as (16.8 K, 243 kOe),
while that for H//[111] is beyond the experimental measure-
ment range. The magnetic behaviors of DyBi are similar to
those of DySb, but more complex. In the phase diagram, the
AFM regions are larger, and T¢ is higher, indicating stronger
AFM interaction in DyBi. The magnetization step at 24 T, in
particular, had never been reported.

The extremely large critical fields for H//[011] and
H//[111] indicate high anisotropy energies in DyBi. The spin
Hamiltonian of the ground state in the presence of an external
magnetic field can be written as

Hspin = Hinner + Hinter + Hy + Hiield

== IS S+ Y IS,
(ij) (ij)

+ Z (a[o()l]sl[oou +a[0”]Si[0“] +a[111]Sl[111])
(@)

+Y H-S, ®)
(i)

where Hinners Hinters Ha, and Hgeg represent the inner-spin-
coupling, the inter-spin-coupling, the magnetic anisotropy,
and external field Hamiltonian, respectively. Hiyner corTE-
sponds to the in-plane FM interaction within the (111)
plane, while Hjy, corresponds to the out-of-plane AFM one
perpendicular to the (111) plane. The «S; represents the
magnetic anisotropy (« is magnetic anisotropy coefficient),
where /! > @011 > %011 The system maintains a NiO-
type AFM phase in the ground state (Hjeq = 0). When the
field strength increases, the energy of Hjeq increases, re-
sulting in the formation of the HoP-type AFM state. As the
energy of Hyeq further increases, the HoP-type AFM state is
eventually polarized to the FEM state. Considering the energy
of exchange interaction AE = wH (where u is the effective
magnetic moment, and u ~9 up at 24 T for H//[011]),
it can be obtained that AEjg;;) & 12.51 meV. On the other
hand, taking account of AE « AM [AM is magnetization
change at the magnetic phase transition, AM[o11; ~ 1 pup and

AMi117 ~ 3 up as shown in Fig. 3(a)], the critical field for

: AM;
H//[111] can be obtained as Hj11] = m—M::):HH[OII] (where

MHo11] ™~ 9 MB, U[111] ™ 7 MB, and H[()]l] =24 T) The critical
field Hy111y for H//[111] is estimated to be as high as 92 T. A
thorough investigation on the magnetization of DyBi, a typical
material in this family, is required to uncover and clarify the
exotic magnetism in this system.

IV. CONCLUSION

We perform a systematical investigation on multiple phases
and magnetic interactions in the rare-earth monopnictide
DyBi. A magnetic field up to 32 T is applied along [001],
[011], and [111], which reveals anisotropic magnetization
as well as distinct field-induced metamagnetic transitions
in single-crystal DyBi. The critical behavior analysis for
H//[001], a direction with typical magnetism and transi-
tions, yields critical exponents § = 0.234(8), y = 0.904(3),
and § = 5.03(2). The obtained critical exponents are consis-
tent with the theoretical prediction of a tricritical mean-field
model, indicating a tricritical phenomenon with multiple
phases. The H-T phase diagrams for H//[001], H//[011],
and H//[111] are constructed, which unveil multiple mag-
netic structures such as the NiO-type AFM ground state, the
field-induced HoP-type AFM, and the FFM phases. TCPs
are determined at the intersections of the AFM, FFM, and
PM phases, with TCP = (8.6 K, 85 kOe) for H//[001] and
(16.8 K, 243 kQOe) for H//[011]. The recognition of multiple
phases implies delicate competition and balance between vari-
able interactions and couplings, laying a solid foundation for
understanding critical phenomena in this system.
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