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We report the magnetic properties of newly synthesized, single crystals of TbTi;Bis whose crystal structure is
highlighted by the stacking of terbium-based zigzag chains and titanium-based kagome lattices. This compound

demonstrates extreme easy-axis magnetic anisotropy due to the crystalline-electric-field effect which aligns
the Tb?>* moments along the zigzag chain direction. As the result of the strong single-ion anisotropy and
multiple magnetic interactions, TbTizBi, behaves as a quasi-one-dimensional Ising magnet with a remarkable
antiferromagnetic ordering at 7y = 20.4 K. When a magnetic field is applied along the direction of the zigzag

chain, multiple metamagnetic transitions occur between 1/3 and other magnetization plateaus. We have created
a field-temperature phase diagram and mapped out the complex magnetic structures resulting from frustration.
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I. INTRODUCTION

One-dimensional and quasi-one-dimensional quantum
magnets have received significant attention because they can
showcase various emerging collective behaviors and strong
quantum fluctuations [1,2]. The presence of plateaus in
the magnetization curves of low-dimensional spin systems,
which generally occurs at rational fractions of the satura-
tion magnetization, is one interesting characteristic [3—10].
The mechanisms of the fractional magnetization plateaus
are varied, including dimerization, frustration, and single-ion
anisotropy [3,4,11]. The spin zigzag chain is one of the most
fundamental models that includes the frustrating interaction
in one dimension. With only two parameters of magnetic
interactions, the spin zigzag chain captures a variety of in-
teresting behaviors induced by frustration. The zigzag chain
can exhibit an exotic phase diagram in an external magnetic
field, including the magnetization plateau at 1/3 of the full
moment and the fractional excitations around the plateaus
[7,10]. Understanding the phase diagram of the real materials
with spin zigzag chains will help to understand the role of the
magnetic interaction and frustration in quantum magnets.

The intermetallic RTi3;Bis (R = La-Nd, Sm-Gd, and Yb)
are newly discovered isostructural family of RV;Sby (R = Eu
and Yb) compounds [12-18] that crystallize in an orthorhom-
bic space group Fmmm (No. 69). Their crystal structure
is highlighted by the stacking of rare-earth-based zigzag
chains and titanium-based kagome lattices, reminiscent of
the vanadium-based kagome lattice in AV3Sbs (A = K, Rb,
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Cs) and RVgSng, which play a crucial role in the unique
intertwining charge density wave order and superconducting
ground state [19-27]. The physical properties of RTi3Biy
are governed by the R magnetism, ranging from nonmag-
netic RTi3Bis (R = La, Yb), possibly short-range ordering in
PrTi;Bi4, antiferromagnetic (AFM) ordering of the Heisen-
berg moments in RTi;Bis (R = Ce, Gd), and ferromagnetic
(FM) ordering in RTi3Biy (R = Nd, Sm, Eu). Current stud-
ies on rare earth compounds mainly focus on light R and
GdTi;Biy, while the existence of the heavier RTi3Biy is un-
known, probably due to the structural instability caused by
lanthanide contraction. In the current study, we show the exis-
tence of isostructural TbTi3Bis which manifests the magnetic
properties of a quasi-one-dimensional, Ising-like quantum
magnet.

We have successfully obtained the high-quality single
crystals of TbTizBiy from Bi flux. Our magnetization and
electric transport measurements on the single crystals of
TbTizBis unveiled an AFM ordering at 7y = 20.4K and
strong magnetic anisotropy with the easy axis of the zigzag
chain direction (a axis). By measuring the single crystals
of Lag 975 Tbg.028Ti3Bi4 we found that the magnetic moments
of the Tb>* ions are aligned along the a-axis direction due
to the crystalline-electric-field (CEF) effect. As a result of
the single-ion anisotropy and multiple magnetic interactions,
TbTizBis behaves as a quasi-one-dimensional Ising magnet
in which the Ising moments are aligned along the a axis. We
observed multiple metamagnetic transitions (MMTs) and 1/3
plateau on the magnetic isothermals at temperatures below
Ty when a magnetic field is applied along the a direction.
The rich phase diagram, which includes multiple fractional
magnetization plateaus and metastable cusps, suggests that

©2024 American Physical Society
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FIG. 1. Crystal structure of TbTi;Bi4. (a) A unit cell of TbTi;Biy
where the purple, red, and grey colored solid spheres denote the Tb,
Ti, and Bi atoms, respectively. (b) The sublattice of Tb atoms, where
the purple line segments emphasize the nearest-neighbor bonds in
the zigzag chain. (c) The bilayer, Ti-based kagome lattice, which
is slightly distorted and not coplanar. (d) A photograph of a single
crystal of TbTizBi4. () XRD pattern of as-grown TbTi;Bi4 single
crystals, showing (00/) (I = even integers) reflections.

TbTizBiy is a potential model quantum magnet for studying
the diverse physics of the spin zigzag chain in the Ising limit.

II. EXPERIMENTAL METHOD

Single  crystals of  TbTisBiy, LaTizBiy, and
Lagg72Tbg s Ti3Biy were synthesized via the self-flux
method. The starting elements of Tb (grains, 99.9%),
La (grains, 99.9%), Ti (grains, 99.9%), and Bi (shots,
99.9%) with the molar ratio Tb: La: Ti: Bi = 1-x: x: 1:
20 (x=0,0.95,1) were placed in an alumina Canfield
crucible set, which is effective at preventing samples from
contacting the silica wool [28], and then sealed in a vacuum
silica ampoule. The flux mixture was heated to 1000° C,
allowed to dwell for 12 h, then continuously cooled at a
cooling rate of 5°C/h. We annealed the mixture at 500° C
for about 5 days and then finally centrifuged it to remove
excess flux. It should be emphasized that long-time annealing
at 500°C is necessary to obtain large single crystals of
TbTi3Bis. The yielded crystals are thick hexagonal plates with
dimensions of 2 x 2 x 0.5 mm?> [see Fig. 1(d)]. The crystal
structure was confirmed by performing x-ray diffraction
(XRD) measurements. We collected the diffraction data
for a single-crystalline plate at room temperature using a
Rigaku Mini-flex 600 instrument, and the pattern displayed a
preferential orientation of (00!) (I = even integer) reflections
[Fig. 1(e)], the same as other RTi3;Bis compounds. Because
it is difficult to grind the crystals into powder, we performed
single-crystal x-ray crystallographic analysis by using Bruker
D8 Venture. The frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. The
structure was solved and refined using the Bruker SHELXTL
Software Package, using the space group Fmmm. The
single-crystal XRD data collection and refinement parameters
for TbTisBiy are gathered in Tables I, II, and III.

TABLE 1. Data collection and refinement parameters for
TbTizBiy from single crystal x-ray diffraction.

Chemical formula, Z TbTizBiy, 8

Radiation, A(A) Mo Ka(A = 0.71073)

Temperature (K) 273(2)

Formula weight (g/mol) 1138.54

Crystal system Orthorhombic

Space group Fmmm

Unit-cell dimensions

a(A) 5.8681(8)

b(A) 10.3473(15)

c(A) 24.785(4)

a=p=y() 90

Volume (A3) 1504.9(4)

Absorption coefficient 19.183

F(000) 3704

Density (g/cm?) 10.050

Crystal size (mm?) 0.009 x 0.034 x 0.054

26 range for data collection (°) 1.64 to 30.49

Index ranges —8<h<7,-14 <k< 14,
-35<1<35

Reflections collected 5738

Independent reflections 678[R;ny = 0.0744
Rigma = 0.0383]
Data/Restraints /Parameters 678/0/29
Goodness-of-fit on F? 1.145

Final R indexes (566 data)[/ > 20 ()] Rops = 0.0706

WRops = 0.2295

Final R indexes (all data) Ry = 0.0816
WRaH = 0.2380
Largest diff. peak/hole (eA?) 8.112/ —5.903

TABLEII. Atomic coordinates and equivalent isotropic displace-
ment parameters for TbTi;Biy.

Atom  x/a y/b z/e Occ. U(eq)(A?)
T 0 0500000  0.69598(13) 1.0 0.0196(7)
Til 0250000 0.250000  0.5962(3) 1.0  0.0175(14)
Ti2 0500000 0.500000  0.5932(5) 1.0  0.019(2)
Bil  0.500000 0.34098(14) 0.69017(7) 1.0 0.0180(5)
Bi2  0.500000 0.33007(19) 0.500000 1.0  0.0186(6)
Bi3 0 0500000  0.56978(10) 1.0  0.0187(6)

TABLE III. Anisotropic displacement parameters (A2 x 1072)
for TbTi;Bi, at room temperature from single-crystal XRD. The
anisotropic atomic displacement factor exponent takes the form:
=22 (h*a*Uyy + k20 Uy + . .. + 2K1bcUys).

Atom  Up U Us; Ux Us Un
Tb 1.37(12) 1.36(12) 3.14(17) O 0 0

Til 1.20(3) 1.10(3) 3.0(4) 0 0 -0.112)
T2  1304) 180(5) 256) 0 0 0

Bil 1.30(8) 1.10(8) 2.99(10) —0.02(5) O 0

Bi2  1.47(10) 121(10) 2.90(12) 0 0 0

Bi3 1.26(9) 1.07(9) 3.29(13) O 0 0
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Resistance and heat capacity measurements were carried
out using Quantum Design Physical Properties Measurement
System. The resistance measurement was performed using
a standard four-probe method with the current flowing per-
pendicular to the ¢ axis. Magnetization measurements were
carried out using a Quantum Design Magnetic Properties
Measurement Systems (MPMS-3). The isothermal magneti-
zation up to 500 kOe was measured in a pulsed magnetic field
at Wuhan National High Magnetic Field Center.

III. RESULTS

A. Crystal structure

TbTisBis crystallizes in a layered, orthorhombic structure
which is the same as that of other RTi3Bis compounds (space
group Fmmm No. 69). Detailed crystal structure information
is listed in Table I. The structure of TbTi3Biy is highlighted by
a bilayer, distorted Ti-based kagome lattice, and a bilayer Tb-
based triangle lattice [Figs. 1(b) and 1(c)]. The double layers
of the Tb atoms are shifted by a/2 along the crystallographic
a direction, leading to Tb-based zigzag chains with the nearest
Tb-Tb distance of 3.97 A [Fig. 1(b)]. On the other hand, the
interchain distance of 5.17 A along the b direction and 9.72 A
along the c¢ direction are much larger, indicating a dominated
quasi-one-dimensional magnetic interaction.

B. Antiferromagnetic order

We present the temperature-dependent magnetic suscepti-
bility x (T') for a single crystal of TbTizBi4 in a magnetic field
of 1 kOe along the a axis in Fig. 2(a). The curve of x(7')
displays a broad maximum at approximately 25 K and a slight
slope change at 20.4 K, followed by a weak upturn below 5 K
with decreasing temperature. The temperature dependence of
the resistivity (o(7")) shows a metallic profile in zero field with
a significant slope change at 20.4 K [Fig. 2(a)], black curve),
indicating a magnetic ordering onsite. Figure 2(b) shows the
specific heat (C,) for TbTi3Biy and LaTi3Bis from 1.8 to
200 K in zero magnetic field. As a nonmagnetic counterpart,
the C, of LaTi3Bis exhibits no signal of phase transition,
similar to what was reported in Refs. [13,14]. On the other
hand, the C,, curve of TbTi3Biy is similar to that of LaTi3Biy,
except for a sharp and narrow A-shaped peak at approximately
20 K. At high temperatures, both curves tend to be saturated
and approach the 3R limit.

We zoom in the temperature-dependent specific heat, re-
sistivity and magnetic susceptibility on the same temperature
scale below 30 K, as seen in Fig. 2(c). We use the vertical
dotted line to indicate the position of the AFM magnetic
ordering temperature (7y) to show the consistency among
the x(T'), Cp, and p(T'). To confirm the nature of the AFM
ordering, we measured the C, under different magnetic fields
along the a axis. The A-shaped peak in specific heat initially
becomes broader and moves to the lower temperature when
the magnetic fields are 10 and 15 kOe. However, when the
magnetic field is 20 kOe, the peak becomes narrow again
at 15 K, which indicates a different magnetic structure in
this field. Under higher magnetic field, the peak continuously
moves towards the lower temperature and becomes broader
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FIG. 2. Antiferromagnetism of TbTizBi;. (a) Left axis:
Temperature-dependent resistivity of TbTizBis in zero field. Right
axis: The magnetic susceptibility in a magnetic field of H = 1 kOe
for H || a. The vertical dot line indicates a clear phase-transition
appears at 20.4 K. (b) Specific heat C,, versus temperature. The black
curve is TbTi3Bis and the red curve is LaTi;Biy for comparison.
The horizontal dot line represents the 3R limit according to the
Debye model. (c) Left axis: Specific heat C, versus temperature
in different magnetic fields along the a axis. Right axis: The
magnetic susceptibility in a magnetic field of H = 1 kOe for H || a.
(d) Temperature-dependent magnetic entropy. Here we subtract the
phonon contribution by subtracting the specific heat of LaTi;Bi,.

again. Below we show that the change of peak shape is related
to different plateau states.

We inferred the magnetic entropy (S,,) by integrating C,/T
after subtracting C,/T of LaTi3Bis, which was considered
as phonon contribution [Fig. 2(d)]. It reaches RIn2 at Ty =
20.4K and tends to saturate above 50 K, which is close
to RIn 13, the magnetic entropy for the Hund’s rule ground
state of Tb**. This observation reveals that the local moment
associated with the Hund’s rule ground state of Tb** has
undergone an energy splitting at temperatures higher than Ty
while the AFM ordering is associated with a doublet, although
Tb>* is a non-Kramers ion.

Figure 3 demonstrates anisotropic temperature-dependent
magnetic susceptibility x (7)) when a field of H =1 kOe
was applied along the directions of a, b, and c axes, respec-
tively. The easy axis is the a axis while the hard axis is
the in-plane b axis, which reveals one-dimensional instead of
two-dimensional magnetic anisotropy. While the x (T') curve
has no significant feature when H || b, it has a broad peak
at around 35 K when H || ¢, which is distinctive from the
broad peak at around 25 K when H | a. When the temper-
atures are higher than 200 K, the inverse susceptibility curves
(1/x(T)) are nearly straight and parallel to each other. We
fitted the high-temperature region by using the Curie-Weiss
law, x(T) = C/(T — 6p), where C = NAugff,u%BkB and 6p
is the Weiss temperature. Here N, is the Avogadro number,
up is the Bohr magneton, and kg is the Boltzmann con-
stant. The results are udy = 9.99 ugp, 0f =453 Kfor H || a
axis, and ué’ff = 10.55 ug, 95 = —101.6K for H || b axis,
and gy = 9.68 up, 5 = 15.6 K for H || ¢ axis. The obtained
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FIG. 3. The magnetic susceptibility (black curves) and its inverse
(red curves) in a magnetic field of H = 1 kOe for H || a, b, and
¢ axes, respectively. The green curves represent the result of CEF
fitting.

effective moments are close to the value for the Hund’s rule
ground state of Tb*, pesr = 9.72 g and the average Weiss
temperature is 0p = (68 + 05 + 65)/3 = —13.6 K, implying
an AFM interaction of Tb** in average at high temperatures.
The large difference between the positive Weiss temperature
0 = 45.3 K and the Néel temperature 7y = 20.4 K indicates
that a strong magnetic frustration may play a role in the
magnetic ordering.

The x(T) curves of TbTizBiy display anisotropy and
temperature dependence which can be explained by a dom-
inant CEF effect with relatively weak magnetic interaction.
As the Tb** cite has twofold symmetry, the CEF Hamil-
tonian is given as Hcgr = 3303 + B%O% + 3202 + 34210421 +
B0} + B20? + B20? + B{O} + BSOS, where B" are CEF
parameters and O!' are Steven operators [29]. By using the
PyCrystalField package and mantid software [30,31], we cal-
culated 1/x(T) as the green curves in Fig. 3. The CEF
parameters are shown in Table IV. The calculated results are
consistent with the experimental data for H || » and c in the
entire temperature range but deviate from the data for H || a
when the temperatures are below 30 K. It is worth noting
that the calculation follows the broad peak at about 35 K
for H || ¢ but completely deviates from the broad peak at
25 K for H || a, which is due to a magnetic interaction and
is characteristic of low-dimensional spin systems [32]. All the
above data indicate that TbTi3;Biy4 is a quasi-one-dimensional
magnetic system in which the CEF effect plays an important
role.

C. Anisotropic magnetization in Lag 97, Thy 025 Ti3Biy

We conducted a study to better understand the quasi-one-
dimensional magnetic anisotropy in TbTizBis by growing a
single-crystalline alloy of La;_, Tb,Ti3Bis. We replaced most
of the magnetic Tb** ions with non-magnetic La** ions,
which results in a negligible magnetic interaction between the
Tb moments. As shown in Fig. 4(a), the magnetic suscepti-
bility strictly followed the CEF fitting curves for H || a and

1.4
1.2 1 (a) Lag 972 700,028 Ti3Biy 42
—~ 1 <
& <
e 0.8 28’§
= 0.6} =
~—" . H a
= 0.4 14 g
0.2}
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0 = e N N N
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FIG. 4. The magnetic properties of Lag 97, Tbg 028 Ti3Biy. (2) Left
axis: Temperature-dependent magnetization in a magnetic field of
H =1 KkOe for H || a and b axes. Right axis: The inverse magnetic
susceptibility in a magnetic field of H = 1 kOe for H || a and b axes.
(b) Field-dependent magnetization at 2 K.

b, with no evidence of magnetic ordering. By considering the
effective moments for H || a and b fitted by the Curie-Weiss
law, we inferred the concentration x to be 0.028 in the crystal.
The Weiss temperatures are 6.2 K for H || a and -192 K for
H || b, indicating a weak magnetic interaction and a strong
CEF effect. We observed that the x (T') for H || b axis behaves
nearly the same as that of TbTi3Bis. However, we noticed that
the broad peak in the x(7") for H || a axis was absent in the
x(T) of Lagg7,Tbg 8Ti3Biy, indicating that it is related to
magnetic ordering.

Strong  anisotropic, isothermal magnetization of
Lagg72TbggsTisBiy at 2 K was dlsplayed in Flg 4(b).
The magnetization for H || a quickly saturated at 20 kOe,
with a saturated magnetization pgy of 5.27 ug per Tb3+,
which is slightly lower than that for the Hund’s rule ground
state of Tb>*. This discrepancy may be due to the uncertainty
of the Tb concentration or the CEF effect. In comparison, the
magnetization for H || b axis did not show any intention of
saturation at 70 kOe. The strongly anisotropic temperature
and field dependence of the magnetization of the dilute alloy
of Lag975Tbg o238 Ti3Bis shows that the CEF effect plays a
critical role in the extreme anisotropy in TbTi;Biy.
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FIG. 5. Magnetic anisotropy of TbTi;Bi, at low temperatures.
(a) Field-dependent magnetization when the magnetic field aligns in
the ab plane along different directions at 6 K and parallel to the
c-axis direction at 2 K, respectively. Inset: Magnetization in a strong,
pulsed magnetic field along the ¢ axis. (b) In-plane angle-dependent
magnetization at 6 K in a magnetic field being 70 kOe. The red curve
represents the result of sinusoidal fitting.

D. Magnetic anisotropy in the AFM state

The extreme magnetic anisotropy and MMTs of TbTizBiy
in the AFM state are demonstrated in the low-temperature
field-dependent magnetization when the field is applied along
the a, b, and c axes, as shown in Fig. 5(a). The M (H) curves
for H || b and ¢ axes exhibit linear behavior and do not satu-
rate up to 70 kOe. The magnetization along the ¢ axis was also
measured in a pulsed magnetic field up to 500 kOe, as seen
in the inset of Fig. 5(a), which was calibrated with the low
steady-state field data measured in MPMS. The M(H) curve
has a slope change of about 200 kOe but has not saturated
with 500 kOe. On the other hand, the magnetization for H || a
shows a steplike feature with the value of about 3 up/Tb**
when the field is between 14 and 26 kOe, and then saturates
at 9 ug/Tb*" when the field is higher than 30 kOe. Narrow

hysteresis loops are observed between the steps, indicating
that field-induced MMT is a first-order phase transition.

The magnetization measurements were also performed
when the direction of the magnetic field is along a tilted angle
deviated from the a axis to the b axis. As shown in Fig. 5(a),
these M (H ) isothermals present as a series of steplike curves
that gradually evolve from the shape of M(H) for H || ato a
linear M (H) for H || b. When the tilted angle 6 changes from
0° to 60°, the transition and saturated field increase while the
magnetization values of the step and the saturation follow the
relation of M cos(@) [see in Fig. 5(b)]. These features reveal
that only the magnetic field component along the a direction
plays a role in the MMTs, and the magnetic moments are all
along the a direction.

To visualize this extreme one-dimensional anisotropy, we
took measurements of the in-plane magnetization at 6 K and
70 kOe, with the angle dependence of 6, as shown in Fig. 5(b)
where arrows indicate the positions of H || a- and b axes.
The change of magnetization with angle reflects a twofold
symmetry, with two steplike features in the M(60) curve at
H =70 kOe, which corresponds to the two MMTs as shown
in Fig. 5(a). When the direction of field tilts away from the
a axis, the magnetization initially changes as a sinusoidal
function, which is the projection of the saturated magnetic
moment along the a direction, represented as a red fitting
curve. When the angle is about 70 degrees away from the
a axis, the magnetization suddenly drops to a lower value,
followed by a second plunge until it approaches the low value
when the direction of the field is along the b axis. The M (0)
curves are consistent with the M (H) isothermal and confirm
the extreme quasi-one-dimensional magnetic anisotropy in
TbTisBiy.

We also performed magnetization measurements in various
temperatures and fields along the direction of the a axis to
explore the MMTs and intermediate states of TbTizBis. As
shown in Fig. 6(a), with the increase of the magnetic field,
the broad maximum at 25 K in the x (7') curve and the slope
change at Ty being 20.4 K move to low temperature and
gradually merge in a field of 22.5 kOe. The low-temperature
magnetization shows a sudden increase and starts to cluster
at about 3 ug/f.u. in a field of 15 kOe, corresponding to
the first-stage meta-magnetic transition. The slope change at
Ty is gradually suppressed to lower temperatures with an
increase of the field, until it merges with the sudden increase
at 22.5 kOe to become a cusp [indicating with arrows in
Fig. 6(a), which indicates that the paramagnetic state has
directly changed to the intermediate state. When the field is
higher than 26 kOe, the low-temperature magnetization in-
creases again and the cusp is suppressed to lower temperature
with an increase of the field. No feature indicates any tran-
sition when the field is above 29 kOe and the magnetization
starts to saturate.

Figure 6(b) shows a series of magnetization isothermals
from 2 to 25 K, confirming the evolution of the magnetic
states. Both field-induced MMTs are accompanied by large
hysteresis loops at 2 K. As temperature increases, the hystere-
sis loops become narrower until they change to a spin-flip-like
transition at 10 K.

Notably, the series M (H ) curves at 6 K in Fig. 5(a) have a
slight but visual cusp during the process of the second MMT.
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FIG. 6. Magnetization of TbTizBis along the direction of the a
axis (a) with respect to the temperatures in different magnetic fields
and (b) with respect to the fields at different temperatures.

The M value of this cusp equals the 2/3 of the saturated
magnetization. We realize that these cusps likely represent
some metastable magnetic structures which can be stabilized
at base temperature.

To showing this, we firstly measured the magnetization for
Sample #3 at 6 K when the field swept from 40 kOe to 28 kOe.
Here we observed several small plateaus between the 1/3 and
saturated magnetization. Then we swept the field from 40 kOe
to an intermediate field, and dropped the temperature to 2 K
at this field and then swept the field to 28 kOe. These curves
are shown in Fig. 7(b) with the comparison of the M (H ) curve
at 2 K. We notice that when the intermediate field is close to
the fields of the small plateaus, like the blue and green curves,
the magnetization plateau is frozen at 2 K. Instead, when the
intermediate field is away from the fields of the plateaus, like
the scarlet curve, the magnetization drifts away during the
cooling. These magnetization processes are not like that for
a standard ferromagnet with a hysteresis loop, and indicates
that the small plateaus are likely some particular magnetic
structures.

IV. ANALYSIS AND DISCUSSION

To better understand how CEF and magnetic interaction
impact the properties of TbTiz;Bis, we can compare it to
the magnetic properties of isostructural GdTiz;Biy [14] which
lacks CEF because the Hund’s rule ground state of Gd** takes
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FIG. 7. Existence of other magnetization plateaus in different
samples. (a) Left axis: magnetization of TbTi;Biy for Sample #2.
Right axis: dM(H)/dH, the black and red curves indicate tempera-
tures at 0.4 K and 7 K, respectively. (b) Magnetization of TbTi;Biy
for Sample #3. It should be noted that the measurement process is to
first drop the field at 6 K, then keep the magnetic field and cool to
2 K, and finally continue to drop the field at 2 K.

the form of S;/ 2. The previous study showed that GdTizBiy
presented an AFM ordering at Ty = 13K [14], much lower
than the 7y of TbTizBiy (20.4 K). The Weiss temperatures
(6p) of GdTizBiy of in-plane and out-of-plane magnetic sus-
ceptibilities at high temperatures are positive (10 and 13 K),
compared with the negative average 6p being -13.6 K for
TbTi3Biy. This difference indicates that the CEF plays a cru-
cial role in TbTi3Biy.

Based on this analysis, we infer a plausible magnetic or-
dering of TbTizBi4. Due to the strong CEF effect, the moment
associated with the Tb>* ion presents as an Ising moment,
which is constrained in the chain direction (a) even at rela-
tively high temperatures. Because the magnetic interactions
in the chain are crucial, the zigzag chain of the Tb moments
intends to form a short-range one-dimensional AFM ordering
when the temperature decreases. This short-range ordering
occurs at 25 K, corresponding to the broad maximum in
the magnetic susceptibility along the direction of the a axis.
The Ty at 20.4 K represents the transition from short range
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FIG. 8. Schematic of the possible magnetic structure of zigzag
chain. The purple atoms are Tb atoms and the arrows indicate the
direction of their spin polarization.

ordering to three-dimensional ordering. Therefore, the mag-
netic entropy released in this transition is much less than the
ordinary magnetic ordering for the other RTi3;Bis compounds,
which interprets the narrow A-shape peak in the heat capacity
of TbTizBiy [see Fig. 2(c)].

The frustrated magnetic interactions in this Ising-like
zigzag chain naturally lead to MMTs and fractional magne-
tization plateaus in an external magnetic field [7,10]. Figure 8
presents the normalized magnetization at 6 K when the field
is applied along the direction of the a axis. The first MMT
at 13 kOe reaches a plateau of M/M, = 1/3, while the sec-
ond MMT reaches saturation at about 30.6 kOe. The cusp at
28.2 kOe has the M/Mg, value close to 2/3. As shown in
the schematic in Fig. 8, the AFM state of the zigzag chain
is composed by the antiparallel magnetic moments of the
nearest-neighbor atoms, which are indicated by red and black
arrows, respectively. One-third of the moments in one layer
have flipped in the first MMT, leading to a 1/3 plateau state.
This 1/3 state of the zigzag chain has threefold degeneracy
in the Ising limit, and a spontaneous symmetry breaking must
occur during the transition. The 2/3 kink likely corresponds to
the change of two-third of the moments in one layer flipping.

The AFM zigzag chains can construct different three-
dimensional magnetic structures via the interactions parallel
in the b axis between the chains. Because TbTizBi4 is a metal-
lic system with large local moments, both the short-range
dipolar interaction and the long-range Ruderman-Kittel-
Kasuya-Yosida interaction play essential roles. As shown in
Fig. 9, each Tb atom has two nearest neighbors (NNs) in
the chain with a distance of 3.97 A. Due to the staggered
arrangement of the chains along the b direction, the next-
nearest neighbors (NNNs) are the two atoms in the next chains
in different planes. There are two next-next-nearest neighbors
(NNNN5s) in the chain in the plane and four next-next-next-
nearest neighbors (NNNNNG5) in the next chains in the plane.
Because the NNN, NNNN, and NNNNN distances are close
(5.83, 5.89, and 5.95 A), the magnetic interaction J; in the

FIG. 9. Schematic of the magnetic interactions between the Tb
moments.

chain for the NN is anticipated to the strongest. In contrast, the
interchain interaction J3 is likely comparable with the intra-
chain interaction J, for the NNN and J4 for the NNNNN. Due
to the competition among these interactions, strong magnetic
frustration may lead to an FM or stripe order in the plane. Fu-
ture spectrum measurements, such as neutron diffraction, are
needed to identify the three-dimensional magnetic structure.

A field-induced 1/3 magnetization plateau is commonly
observed in frustrated Ising spin systems with a triangu-
lar lattice [3,8,33-37]. Depending on the spin frustration
of the two-dimensional triangular lattice, the magnetic mo-
ments form an up-up-down (uud) arrangement in the plane.
In contrast, the magnetic moments remain FM in the one-
dimensional chain of the vertical triangular lattice. On the
other hand, the spin zigzag chain in TbTi;Bi4 leads to a dif-
ferent mechanism of the 1/3 magnetization plateaus. Previous
studies of the one-dimensional S = 1/2 zigzag XXZ chain
[7,10] have predicted the emergence of 1/3 magnetization
plateaus. This theoretical model considers the competition of
NNs and NNNs interactions within the chain. The 1/3 plateau
state is characterized by uud spin structure, which extends to
the Ising limit in the magnetic phase diagram. It is noteworthy
that this model not only predicts the emergence of the 1/3
plateau state but also highlights the accompanying sponta-
neous breaking of translation symmetry, consistent with our
schematic in Fig. 8. In addition, the XXZ chain model also
predicted that the formation of domain walls may lead to mul-
tiple cusps in the magnetization near the 1/3 plateau [7,10].
As shown in Fig. 7(a), the cusps near the 1/3 plateau state
vanish at sufficiently low temperatures but develop a compli-
cated behavior as the temperature rises. Our measurements in
Fig. 7(b) indicate that more complex hidden states may exist
around the 1/3 plateau. The similarity between the theoreti-
cally predicted fractional excitation near the 1/3 plateau and
the observed magnetization curves is noteworthy.

The data in Fig. 6 are sorted into the magnetic phase di-
agram of TbTizBis shown in Fig. 10. The solid and hollow
dots correspond to the data obtained from the M-T [Fig. 6(a)]
and M-H [Fig. 6(b)] measurements, respectively. The phase-
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FIG. 10. The magnetic phase diagram of TbTi;Bis. The solid
circles are derived from the M-T data in Fig. 6(a), and the hollow
circles are derived from the M-H data in Fig. 6(b).

transition temperatures are determined from the peaks in
dM(T)/dT while the phase-transition fields are determined
from the peaks in dM(H)/dH. The data obtained based on
the hysteresis loops are, respectively, expressed at the same
temperature, and their average values are shown as dashed
lines in Fig. 10. The regions denoting different phases are
represented by the Roman numerals from I to VI, correspond-
ing to (I) antiferromagnetic state, (I) 1/3 plateau state, (III)
ferromagnetic state, (IV) paramagnetic state, (V) dimensional
crossover and (VI) 2/3 kink. It is worth noting that region VI
is not obvious and is located at the bottom of Fig. 10, between
region II and III.

V. CONCLUSIONS

To summarize, we have successfully created single crystals
of TbTizBi4, a previously unreported compound. This mate-
rial shares the same structure with other RTi;Biy members,
which is characterized by a bilayer and distorted Ti-based
kagome lattices, as well as quasi-one-dimensional Tb-based
zigzag chains. What sets TbTi3Bis apart is its remarkable
AFM ordering at Ty = 20.4 K, significantly higher than other
RTi3Biy members. It exhibits properties as a quasi-one-
dimensional Ising magnet, with extreme easy-axis magnetic
anisotropy due to the CEF effect, aligning the Tb** moments
along the zigzag chain direction. Field-dependent measure-
ments reveal a complex magnetic phase diagram, with the 1/3
plateau state and multiple metamagnetic transitions between
the 1/3 plateau state and the full-aligned state suggesting
the possible formation and motion of magnetic domains, and

possible metastable states. While the magnetism of TbTi3;Biy
is partially consistent with previous one-dimensional model,
the presence of additional inter-chain interactions requires a
more sophisticated model. Microscopic probes such as neu-
tron and x-ray scattering can provide insight into the magnetic
structure and excitations of this fascinating compound.

Note added. Recently, we became aware of two related
works (Refs. [38,39]).
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APPENDIX: TABLE IV

TABLE IV. The fitted CEF parameters.

Parameters Value
B3(102meV) —0.788462
B2(10~'meV) —2.40877
BY(10~*meV) —6.83283
B2(10~*meV) 2.24894
B$(10~°meV) —1.35726
B2(10~°meV) —17.53747
B2(10°meV) —2.45263
B#(10~meV) 7.10458
BS(10~5meV) 4.82667
Ey(meV) 0
E;(meV) 0
E,(meV) 4.977
E3;(meV) 5.672
E;(meV) 9.004
Es(meV) 9.882
Eg(meV) 13.614
E;(meV) 15.852
Eg(meV) 16.274
Eg(meV) 17.374
Ejo(meV) 18.702
E“(meV) 19.727
E;(meV) 20.547
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