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We report a comprehensive investigation of the anisotropic magnetism and magnetic field-induced transitions
in single crystals of the orthorhombic system TbAIGe, a member of the topological RAlGe (where R denotes rare
earth) family with the highest ordering temeprature in the RALX (X = Si,Ge) series. With a single rare-earth site
with triangular coordination in its Cmcm orthorhombic unit cell, TbAIGe harbors complex magnetic interactions
that yield two antiferromagnetic transitions at 40 and 8 K in zero field, and a rich cascade of metamagnetic
transitions that only appear for fields directed along the crystallographic a-axis. Combining electrical resistivity,
magnetization, and heat capacity measurements with magnetotransport experiments performed up to 41.5 T,
we construct a magnetic phase diagram mapping the multiple magnetic phases of TbAlGe, and we discuss the
complex interplay between localized 4 f magnetism and itinerant electronic topology, establishing TbAIGe as a
compelling platform for exploring tunable magnetic semimetal physics.
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I. INTRODUCTION

Weyl semimetals exhibit a variety of remarkable phys-
ical properties, including topologically protected electronic
states that coexist with conventional metallic conduction, giv-
ing rise to unconventional transport phenomena. Recently,
magnetic topological materials in the family of strongly corre-
lated f-electrons intermetallics have attracted much attention
as they provide rich physical properties due to the inter-
play between correlated-electron phenomena and topological
electronic bands [1], which make them valuable for both fun-
damental research and technological applications [2,3]. More
recently, the rare-earth based RAIGe (where R denotes rare
earth) intermetallics have attracted considerable attention as
potential Weyl semimetal candidates. This family can host ei-
ther type I or type II Weyl fermions by breaking time-reversal
symmetry or inversion symmetry, or both simultaneously, de-
pending on a suitable choice of the rare-earth species [4-9].
Interestingly, this series can crystallize in both the tetrag-
onal «-ThSi, type structure for light rare earths, and the
orthorhombic YAlGe-type structure for heavy rare earths with
space group Cmcm [8,10,11]. Although the structures appear
different at first glance, they both have the same motif of the
"R" being enclosed by a triangular prism. The structure with
a-ThSi, type has a triangular prism with [Rg] as the vertices,
and the YAIGe type is a triangular prism with [R,Al] as the
vertices. With a similar triangular prism, the main feature of
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the YAlGe-type structure is that the R ions form a buckled tri-
angular lattice in the a-c plane, which may lead to anisotropic
exchange interactions in the system.

A majority of the RAlIGe family exhibits unique mag-
netic and transport characteristics, often linked to their novel
electronic and magnetic structures. RAlGe (R = Ce and Pr)
show interesting magnetic and electric properties [7,12—19].
The physical properties of single-crystalline NdAIGe show a
field-induced metamagnetic transition [20], a large anomalous
Hall effect, and helical magnetic structure [21,22]. GdAlGe
is found to have two structures, i.e., a high-temperature
(HT) phase with tetragonal LaPtSi type (I[4ymd) and a
low-temperature (LT) phase with orthorhombic YAIGe type
(Cmcm) [10,11,23]. Less attention has been given to the
heavy rare-earth systems; to the best of our knowledge, the
other heavy rare-earth RAIGe intermetallics have only been
investigated in their polycrystalline form [10,11,24]. GdAlGe
and TbAIGe are only two single-crystal studies of the heavy
rare-earth side. Orthorhombic GdAlGe, which is at the tran-
sition point between tetragonal and orthorhombic phases in
the rare-earth series, has been shown to have Dirac-like linear
band dispersion [25]. On the other hand, in TbAlGe, the
preliminary polycrystalline study reports an antiferromagnetic
(AFM) transition below 40 K [24], while magnetization has
only been measured in a single crystal only up to 7 T [26].

In this study, we present a comprehensive investigation
of the magnetotransport properties of single crystalline or-
thorhombic TbAIGe up to magnetic fields as high as 41.5 T.
Using magnetotransport, magnetization, and heat capacity
measurements performed on single crystals, we characterize
the evolution of two AFM states that transition at Ty; = 40 K

©2026 American Physical Society
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FIG. 1. A comparison of two types of crystal structure of RAIGe, tetragonal (a), and orthorhombic (b). Panel (c) shows the crystal structure
with the distorted triangular arrangements of Tb atoms in the orthorhombic crystal structure. Panel (d) represents Rietveld refinement of powder
x-ray diffraction data with the experimental data (red symbols) and the black line representing the calculated data. A set of vertical green bars
represents the Bragg peak positions of the orthorhombic (space group: Cmcm) structure, and the blue line at the bottom represents the difference

between the observed and calculated diffraction patterns.

and Ty, = 8 K at zero field, as they evolve with temperature
and magnetic field to reveal a rich texture of multiple meta-
magnetic transitions only for fields along the crystallographic
a-axis. We characterize this anisotropic response and discuss
how the anisotropic magnetic exchange interactions play a
central role in stabilizing the complex spin structures and the
tunable landscape for interesting physics in this system.

II. EXPERIMENTAL DETAILS AND
CRYSTAL CHEMISTRY

Single crystals of TbAlGe were grown using the high-
temperature self-flux technique with molten Al as a solvent.
Tb with 99.9% purity, and Al (shot) and Ge (lump) with purity
greater than 99.999%, were obtained from Alfa-Aesar. The
reactions were carried out in 2-cm? alumina crucibles, which
were encapsulated in evacuated fused silica jackets by flame
sealing. The temperature profile was as follows: ramping to
1100 °C at a rate of 100 °C/h, homogenization for up to 24 h,
cooling to 850 °C at a rate of 2 °C/h. At 850 °C, the molten Al
was removed by centrifugation. The as-grown crystal is shown
in the inset of Fig. 1(b). The phase purity of these crystals was
checked with an x-ray diffractometer (Rigaku, MiniFlex600),
where x-ray diffraction (XRD) patterns were recorded with
monochromated Cu-K« radiation (A ~ 1.5406 A), and crys-
tal orientation along principal crystallographic directions was
determined by Laue diffraction using a polychromatic x-ray
source. The Rietveld refinement technique [27] using FullProf
software packages has been used for phase identification.
Further, the chemical composition is verified using a scan-
ning electron microscope (SEM) with an energy-dispersive

x-ray spectroscopy (EDS). The magnetic measurements were
carried out using a SQUID-VSM, Quantum Design, and Dy-
nacool with VSM-mode for a magnetic field (B = uoH) up to
14 T. For every magnetic measurement, the magnetic field was
oscillated to zero before each measurement to minimize resid-
ual magnetic flux trapped in the superconducting solenoid.
Thermodynamic and electrical transport measurements were
performed in the range 1.8-300 K and up to 14 T using a
Dynacool cryostat (Quantum Design). High-field magneto-
transport measurements were performed using a single-axis
rotation probe in a 41.5 T resistive magnet (Cell-6) at the
National High Magnetic Field Laboratory, with a base tem-
perature of ~1.5 K provided by a variable temperature insert.

III. RESULTS AND DISCUSSION

A. Structural properties

Figure 1(a) shows the crystal structure of TbAIGe, which
clearly depicts the triangular lattice of Tb-atoms with opposite
slanting to the nearest triangular lattice, and Fig. 1(b) shows
the Rietveld refinement of the powder XRD data obtained
after grinding the single crystals at room temperature. Struc-
tural analysis confirms that our TbAIGe crystals are in the
orthorhombic structural phase, and not the tetragonal phase
shown by the lighter rare-earth compounds of the RAIGe
series [28]. Detailed powder XRD refinements converge in
the space group Cmcm with a- b- and c-axis lattice param-
eters 4.045(1), 10.439(1), and 5.767(1) A, respectively, which
correspond well to previous polycrystalline studies [24]. EDS
performed on the cleaned surfaces of the single crystal yielded
an atomic composition of 31.66(2)% Tb, 32.02(1)% Al, and
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FIG. 2. Temperature dependence of magnetic susceptibility
X de(T) of TbAlGe measured under a magnetic field from 0.1 to 14 T
in all three B || a, B || b, and B || ¢ directions as shown in (a), (b), and
(c), respectively. The vertical dotted lines across all three panels mark
the existing magnetic transitions at B = 0.1 T. The curves in (a) are
shifted upward for clarity to illustrate the magnetic transition under
applied fields. A black triangle symbol is showing a field-induced
transition (7'*). The inset of (b) shows the Curie-Weiss fit. All data
are measured on warming after cooling in a zero field.

36.32(1)% Ge for TbAlIGe. These values are in good agree-
ment with the compositions obtained from XRD refinement.

B. Magnetic properties

Figure 2 presents the temperature-dependent dc-magnetic
susceptibility xq4.(7) of TbAlGe measured in the zero-field-
cooled mode with different applied fields along the three
principal crystallographic axes. It is observed that x 4c(7) ex-
hibits two AFM phase transitions at the Néel temperatures of
Ty1~ 40 K and Ty,~ 8 K. The Curie-Weiss temperatures and

TABLE I. Curie-Weiss fitting parameters obtained from inverse
magnetic susceptibility in the paramagnetic region for different field
orientations.

Field direction Hetr (tp/Th) 6p (K)
Bl a 10.19 -9.5
B|b 9.78 —88.1
B c 9.86 —53.7

the effective magnetic moment of the Tb ions are estimated
by fitting the inverse susceptibility (1/x) with the modified
Curie-Weiss law, x (T) = xo +C/(T — 6p), in the paramagnetic
region 150-300 K, as shown in the inset of Fig. 2(b). Here,
X0, C, and 6p are the temperature-independent susceptibility,
Curie constant, and paramagnetic Curie-Weiss temperature,
respectively. The Curie-Weiss fits of inverse susceptibilities
in the paramagnetic (PM) region for magnetic fields parallel
to all three principal axes are shown in Table I. The effective
magnetic moment determined experimentally is comparable
to the theoretical free-ion value of 9.72up for the Tb>* ion.
The negative 0p indicates that antiferromagnetic exchange
interactions dominate in the system. The difference in the cal-
culated values of 6p along different magnetic field directions,
particularly along the field parallel to the a-axis, infers the
role of strong magnetic anisotropy/single-ion anisotropy of
Tb [29,30], due to different magnetic-site interactions present
in the system. Next, to gain a deeper insight into the behav-
ior of these anisotropic magnetic phase transitions, we have
measured yq.(7) with different applied magnetic fields up to
14 T in all three directions. The yxq4.(7) plots with applied mag-
netic fields for B || a look distinctive, as shown in Fig. 2(a).
With increasing magnetic field, Ty, is rapidly suppressed and
disappears above ~5T. In contrast, the higher-temperature
transition Ty; gradually shifts to lower temperatures with
increasing field, reaching ~24 K at 14 T. In addition, a new
field-induced feature emerges, as observed in the 12 T sus-
ceptibility shown in Fig. 2(a). This transition, labeled 7%, is
distinct from 7Ty, and is only observed for B || a. The field
dependence of this phase transition is discussed in Fig. 8.
There is not much variation in 7Ty and Ty, for the cases B || b
and B || ¢ [Figs. 2(b) and 2(c)]. Additionally, the distorted
triangular lattice of Tb may promote anisotropic magnetic
interactions, contributing to the emergence of these intriguing
magnetic phases. Note that the Néel temperature of TbAlGe
(Ty1 = 40 K) is markedly higher than the value of ~20K
expected from de Gennes scaling based on the Gd analog
(Ty = 30 K) [25]. This enhancement indicates a breakdown
of simple RKKY scaling, likely caused by strong anisotropic
exchange interactions and crystal-field effects [31]. Such be-
havior underscores the complex interplay between localized
4 f magnetism and itinerant electron topology in such a mag-
netic system. To further investigate the effect of the magnetic
field, we have measured isothermal magnetization at selected
temperatures up to 50 K. Figure 3(a) shows magnetization as
a function of the field at different temperatures between 2 and
35 K for Blja. An interesting observation is that, at the lowest
measured temperature (2 K), significant hysteresis is observed
on the slopes of the M(B) curves near 3 and 11 T. Such a
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FIG. 3. Magnetic field (B) dependence of magnetization (M) of
TbAlGe measured at different temperatures for the applied mag-
netic field parallel to three principal crystallographic directions, i.e.,
(a) B |l a, (b) B b, and (c) B || c, respectively. We note that for
B || a, there are multiple metamagnetic transitions, while the other
field directions are mostly featureless with minor curvature. The
curves in (a) are shifted upward for clarity to illustrate the hysteresis
at each metamagnetic transition.

first-order-like magnetic transition gradually gets smeared
with increasing temperature. The transition observed around
11 T shifts to higher fields with increasing temperature, sug-
gesting the presence of more intriguing magnetic behavior
at further higher field values. The M(B) curves for other
directions are observed to be predominantly reversible with
magnetic field directions without any field-induced transi-
tion. Moreover, M (B) curves do not saturate even in a 14 T
field at 2 K, and the spontaneous magnetic moment at 2 K

is only 4/.3/Tb*" (even lower for other directions), which
is less than half of the free Tb’* magnetic moment. A
comprehensive determination of the magnetic structure is
necessary to clarify this behavior. Detailed inelastic neutron
scattering experiments are necessary to directly elucidate the
role of anisotropic exchange interactions in the observed
anisotropic metamagnetic transitions. The suggested change
in the magnetic structure at the lower transition temperature
is further supported by the first-order magnetic phase transi-
tion observed near 8 K in TbAlGe, which may be associated
with a change in the magnetic propagation vector driven
by anisotropic exchange interactions. Moreover, the crystal
structure reveals an isosceles triangular arrangement of Tb
atoms along the a-axis, perpendicular to the (0kl) planes. This
geometrical motif likely underpins the unusual metamagnetic
behavior observed exclusively for magnetic fields applied
along the a-axis (B || a).

C. Heat capacity and magnetocaloric effect

We report the results of zero-field and in-field heat ca-
pacity, Cp(T), measurements of TbAIGe as a function of
temperature, which is shown in Fig. 4(a). There is a well-
defined A anomaly at 7y;~ 40 K and another magnetic
transition at a much lower temperature, Ty,~ 8 K, which is
also seen in the magnetic measurements. Both peaks at Ty
and Ty, are gradually shifted towards lower temperatures with
an increase in applied magnetic fields below 5 T. For B=5T
(blue solid line), the Ty, is smeared out, which shows how
delicate the transition is compared to Ty, despite both being
antiferromagnetic-type transitions. Such an interesting behav-
ior might be due to a modulated AFM structure, which needs
to be further investigated by neutron scattering. As calculated
from the linear fitting of the low-temperature Cp/T(T?) data
of TbAIGe [as shown in the insets of Fig. 4(a)], the Sommer-
feld coefficient, y = 88 mJ/mol K2, suggests strong electronic
correlations. The lower panels of Fig. 4 show the Cp/T as
a function of temperature, providing a clearer view of the
effects of the applied magnetic field on these magnetic phase
transitions in TbAIGe.

We have studied the magnetocaloric effect (MCE) or mag-
netic entropy change, —ASy, (the change induced in the
entropy, S, by the application of B at a given T), in TbAIlGe,
particularly along the a-axis, which seems to be a peculiar
one compared to other principal axes, to get more informa-
tion about the different magnetic phase transitions, as studied
in other Tb compounds [32-38]. We have measured many
isothermal M(B) curves for different temperatures with close
intervals of 2 up to 50 K to calculate the MCE. These values
have been derived for an initial B of zero and final B marked
in the figures. The AS from M data is determined through
the Maxwell relation, [0S(7,B)/0H]|r= [0M(T,B)/0T]g [39].
We have derived the isothermal entropy change, defined as
—ASy, up to 50 K, and the result obtained is shown in
Fig. 5. The magnetic susceptibility data corroborate well with
the two magnetic phase transitions revealed from magnetic
entropy as well. In addition, the sign of —ASy, is flipped
twice below the magnetic ordering: (i) around 20 K, ex-
actly where x shows a minima between the two transitions
[Fig. 2(a)], which indicates the strong competition among
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FIG. 4. (a) Temperature dependence of heat capacity of TbAIGe
measured under zero field and applied magnetic fields. The upper left
inset shows the Cp/T vs T? plot in zero field with the red solid line at
the low-temperature region showing the linear fit to calculate the y.
The bottom right inset shows the suppression of 7y, with an increase
in the applied magnetic field. The Cp/T vs T plots with different
applied magnetic fields for a better view of Ty, and Ty, are shown in
(b) and (c), respectively.

30 35 40
T'(K)

the magnetic interactions and implies the dominance of an
antiferromagnetic component over the ferromagnetic (FM)
phase [40], and (ii) at low temperature just below Ty,, where
we expect a possible first-order magnetic phase transition
(also discussed in magnetization); at higher temperatures, the
sign of —AS), is positive, which is a signature of a tendency
for spin-reorientation [41], suggesting the dominance of fer-
romagnetic correlations in the presence of such magnitudes of
external fields. The presence of a possible first-order magnetic
transition below 8 K, manifested through magnetic hysteresis
(Fig. 3) and corroborated by magnetotransport data (Figs. 6
and 7), together with multiple sign reversals of the magnetic
entropy, points to the significant magnetocaloric potential in
this compound.
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FIG. 5. Change in magnetic entropy (—AS) of TbAlGe as a func-
tion of temperature at different magnetic fields from 0 to 7 T in
0.025 T steps. The observed sign change in entropy reveals possible
competing magnetic phases that evolve with temperature and mag-
netic field.

D. Magnetotransport properties up to a high magnetic
field of 41.5 T

We have measured detailed zero-field and in-field trans-
verse electrical resistivity p as a function of temperature in
both the B || a and B || b directions, as shown in Figs. 6(a)
and 6(b), respectively. The residual resistivity ratio (RRR),
calculated as p(300K)/p(1.8 K) and equal to about 13 [as
shown in the inset of (b)], indicates fair crystal quality. The
electrical resistivity of TbAlGe shows metallic behavior, but
exhibits an anomaly as the system approaches 7y from higher
temperatures. Below Ty, the loss of spin-disorder scattering
due to long-range AFM ordering leads to a rapid decrease
in resistivity. There is a clear, sharp drop in p at Ty in the
zero-field resistivity data, Figs. 6(a) and 6(b). With further
lowering of the temperature, there is a shoulder/humplike
feature near 8 K as the system enters another magnetic phase.
These anomalies at the onset of magnetic ordering manifest
differently depending on the magnetic field direction along
different crystallographic directions. Similar to the magnetic
susceptibility shown in Fig. 2(a), T* is also observed in
the resistivity only for B || a. To further explore the exist-
ing magnetic phases at higher fields, we have measured the
magnetoresistance (MR) at several temperatures for B || a and
B || b as shown in Figs. 6(c) and 6(d), respectively. Having
multiple metamagnetic transitions along the a-axis, similar
to magnetization, confirms that B || a is the most favorable
direction for observing emergent magnetotransport properties.

The novel features observed in the magnetic and magneto-
transport measurements motivate us to study higher magnetic
fields (B = 41.5 T), mainly for the applied magnetic field
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FIG. 6. Electrical resistivity (p) as a function of the temperature under different applied fields. (a) p.(7) of TbAlGe for B || a and B || b is
shown in panels (a) and (b), respectively. The curves above the zero field one are constantly shifted upwards with a factor of 10 ©€2 cm for the
clarity of the magnetic transition under applied fields. Black triangles in (a) show the field-induced transition (7*). The inset of (b) shows the
P1:(T) up to 300 K. The transverse magnetoresistance of TbAIGe and its evolution with temperature for B || a and B || b are shown in (c) and

(d), respectively.

along the g-axis. The MR behavior at different temperatures
starting from base temperature, 7 = 1.5 to 35 K (in the
magnetic state), is shown in Fig. 7. The symmetrized mag-
netoresistance data to remove the contribution from the Hall
component using MR(B) = [MR(B) + MR(-B)]/2 are shown
here. The curves for temperatures above 1.5 K are constantly
shifted upward (with a factor of 60%) for clarity to illustrate
the multiple field-induced transitions. Interestingly, a clear
hysteresis is observed between the up-sweep and down-sweep
magnetoresistance curves, but only below 10 K. This hys-
teretic behavior, consistent with that seen in magnetization,
further reinforces the presence of a first-order magnetic phase
transition in TbAlGe. Measurements in magnetic fields up to
41.5 T show an additional set of metamagnetic transitions
beyond those detected in the PPMS measurements up to 14 T.
These metamagnetic transitions are labeled sequentially from
1 to 5; for instance, the first metamagnetic transition is de-
noted as MMT1 (as plotted along with the contour plot in
Fig. 8). In particular, the magnetoresistance reaches approx-
imately 120% at 1.5 K around 18 T. Notably, TbAlGe hosts
both first-order and second-order magnetic phase transitions,
consistent with the rich field-induced phase diagram (which
will be discussed in the next section).

E. Phase diagram

Our results can be summarized in the magnetic phase dia-
gram of TbAlGe, measured down to 1.5 K and up to an applied
magnetic field of 41.5 T. Contour plots of magnetoresistance

(B = 0-41.5 T) are shown in Fig. 8, where the white data
points mark the transition temperatures Ty, Ty, and T%,
determined from the derivative of the magnetic susceptibility.
The high-field magnetoresistance data presented in Fig. 7 are
used to identify a series of metamagnetic transitions (MMTs)
and to construct the phase diagram. At 1.5 K, five distinct
metamagnetic transitions are observed in the range of 2—
26 T, labeled as MMT 1 through MMTS, separating multiple
magnetic phases (MP-1 to MP-5). Among these, MMT2 ex-
hibits two distinct shoulders (2* and 2¢) at different magnetic
fields of up- and down-sweep in MR traces, indicating a first-
order transition. In contrast, the remaining transitions show
no such crossing; however, significant hysteresis is observed
from the touching points of the up- and down-sweep MR
curves. The shoulders in the up-sweep MR curves are used
to further determine the phase boundaries of all the MMTs.
With increasing temperature, the hysteresis associated with
these MMTs becomes progressively narrower, as observed in
Fig. 7, suggesting a weakening of the first-order character. The
resulting phase diagram consists of multiple magnetic phases
separated by these transitions. The first antiferromagnetic
(AFM) phase eventually merges with the fifth magnetic phase
(MP-5) around 26 T, clearly delineating the boundary between
the field-polarized (FP) phase and the lower-field phases.
The phase diagram highlights the fragility of the magnetic
phases between the two antiferromagnetic transitions (7
and Ty»), along with an additional field-induced transition
(T*), revealing a complex interplay of competing magnetic
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The curves for temperatures above 1.5 K are constantly shifted
upward (with a factor of 60%) for clarity to illustrate the multiple
field-induced transitions as marked with different number (where "u"
denotes up sweep and "d" denotes down sweep) symbols for 1.5 K
curve.

interactions. There is strong agreement between transport and
magnetic measurements, particularly in the overlapping tem-
perature range. These phase transitions are also reflected in the
magnetic entropy, where sign changes correspond to different
magnetic phases. The sliding triangular arrangement of Tb
atoms with distorted bond lengths may introduce moderate
geometrical frustration. The presence of anisotropic exchange
interaction due to frustration gives rise to the possibility of
exotic magnetism, as seen in other geometrically frustrated
heavy rare-earth magnets as well [29,33,34,42-46]. The re-
sulting anisotropic exchange interactions likely play a key role
in stabilizing the nontrivial spin structures in TbAlGe, which
may host topological electronic states.

IV. CONCLUSION

In conclusion, we have grown single crystals of the heavy
rare-earth system TbAlGe and performed detailed magnetic
and magnetotransport studies on this metallic antiferromag-
net, which crystallizes in the orthorhombic Cmcm struc-
ture. TbAlGe exhibits two antiferromagnetic transitions at
Tvi = 40 K and Ty, = 8 K, developing a rich, field-tuned
magnetic phase diagram with multiple metamagnetic transi-
tions at 1.5 K. Notably, unlike other heavy rare-earth RAIGe
compounds, TbAIGe displays a strongly first-order transi-
tion near 6 T in the vicinity of the lower Néel temperature.
High-field measurements up to 41.5 T reveal additional meta-
magnetic transitions beyond those observed in conventional
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FIG. 8. B-T phase diagram of TbAlGe as a contour plot of mag-
netoresistance up to 41.5 T, with Ty;, Ty,, and T* obtained from
magnetic susceptibility measurements. The different metamagnetic
transitions are derived from the magnetoresistance plot as shown in
Fig. 7.

measurements up to 14 T, highlighting sophisticated
anisotropic magnetic interactions, likely influenced by the
distorted triangular lattice of terbium. These results pro-
vide key insights into the interplay between magnetism and
Fermi-surface topology in TbAlGe, making it an ideal plat-
form to study correlated electronic physics. Future studies
combining band-structure calculations and neutron scattering
experiments will be essential to fully elucidate the connection
between the magnetic phases and the topological electronic
structure in this system.
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