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Complex single-site magnetism and magnetotransport in single-crystalline Gd2AlSi3
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We present a detailed investigation of single-crystal samples of the magnetic compound Gd2AlSi3, which
crystallizes in the α-ThSi2-type tetragonal structure. We report the temperature and magnetic field dependence
of the magnetic susceptibility, magnetization, heat capacity, electrical resistivity, and magnetoresistance for
magnetic fields applied along both the tetragonal c-axis and in the basal ab plane. X-ray diffraction measurements
confirm a centrosymmetric, I41/amd space group of the crystal structure. Despite single-site occupancy of the
Gd position in this tetragonal structure, we identify two successive antiferromagnetic phase transitions at Neél
temperatures 32 K and 23 K via magnetic susceptibility, heat capacity, and transport measurements, as well as a
complex magnetic interaction with a magnetic anisotropy that plays an important role in the direction-dependent
transport response. Our identification of multiple magnetic phases in Gd2AlSi3, where Gd is the only magnetic
species, helps to elucidate the field-induced skyrmionic behavior in the Gd-based intermetallic compounds.

DOI: 10.1103/1sc3-6cfp

I. INTRODUCTION

In recent decades, the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, serving as an indirect exchange mech-
anism in metallic magnetic materials, has gained recognition
for its role in facilitating magnetic interactions among vari-
ous magnetic sites. It has been recognized that the magnetic
interaction mediated by itinerant electrons can result in un-
conventional and conceptually intriguing consequences, such
as distinctive magnetic ground states [1,2] and abnormalities
in electrical transport [3,4], especially within metallic envi-
ronments. Geometrically frustrated magnetism, arising from
the spatial configuration of magnetic ions, is a contemporary
area of investigation in condensed matter physics. This form
of frustration is recognized for its capacity to give rise to a
diverse array of intriguing magnetic states [5–9]. It is evident
that one observes indications of the competition between fer-
romagnetic (FM) and antiferromagnetic (AFM) interactions in
the measured properties. The magnetic ground state resulting
from the RKKY interaction can experience such frustration,
a condition that has been suggested to give rise to magnetic
skyrmions [10]—an exotic form of magnetic textures that
currently garners significant interest.

A good number of rare-earth-based ternary intermetallic
compounds, R2T X 3 (R = rare earth, T = transition metal,
and X = Si, Ge), have attracted significant attention both from
fundamental and application points of view due to the mani-
festation of various interesting physical properties associated
with complex structure-property relationships [11–25]. Over
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the past several decades, a lot of research activities have been
conducted to understand various phenomena associated with
the delocalization of the 4 f electrons (for example Ce, Eu,
and Yb), which led to path-breaking discoveries in condensed
matter physics. On the other hand, compounds with heavy
rare-earth members (e.g., Gd, Tb, and Dy) with localized
4 f electrons have attracted less attention until recently. In
this respect, a standout example is found in Gd2PdSi3, which
crystallizes in the AlB2-derived hexagonal crystal structure
and is known to exhibit anomalous transport behaviors such
as Kondo-like features in electrical resistivity [26]. Notably, a
Hall anomaly, characteristic of a nontrivial topology in elec-
tronic structure, was reported two decades ago, preceding its
recognition in metals [12,27].

Gd2PdSi3 represents the first centrosymmetric system
displaying magnetic skyrmion behavior across two metam-
agnetic transitions in the magnetically ordered state [19,28].
A more recent report highlighted the discovery of polycrys-
talline Gd2AgSi3, which crystallizes in the α-ThSi2 tetragonal
structure, but still exhibits magnetic and transport properties
similar to those of hexagonal Gd2PdSi3 [29]. Here, we report
the synthesis and characterization of a ternary compound,
Gd2AlSi3, which replaces the transition-metal position with
aluminum to probe the role of the transition metal in the exotic
properties in these systems. We present detailed temperature
and field-dependent magnetism and transport properties, pro-
viding a study in the R2AlSi3 family.

II. EXPERIMENTAL DETAILS

Single crystals of Gd2AlSi3 were grown using the high-
temperature self-flux technique with molten Al as a solvent.
Gd metal with 99.9% purity, Al (shot) and Si (lump) with
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purities greater than 99.999%, were obtained from Alfa-
Aesar.The starting materials were taken in a molar ratio of
Gd:Al:Si = 2:85:3. Typically, the reactions were carried out
in 2-cm3 alumina crucibles, which were encapsulated in evac-
uated fused silica jackets by flame sealing. The temperature
profile: ramping to 1100 ◦C with the rate 100 ◦C/hr, homoge-
nization for up to 24 hr, cooling to 850 ◦C (above the melting
point of Al, 660 ◦C) at 2 ◦C/hr rate. At 850 ◦C, the molten
Al was removed by centrifugation. The structural analysis
was done with an x-ray diffractometer (Rigaku, MiniFlex600)
where x-ray diffraction (XRD) patterns were taken on a pow-
der with monochromated Cu-Kα radiation (λ ∼ 1.5406 Å).
The powder sample for XRD was prepared from a single
crystal, which was subsequently crushed and ground in agate
mortars. The collected XRD data were used for phase iden-
tification by the Rietveld refinement [30] technique using
FULLPROF software packages. The homogeneity and chemical
composition were verified using a scanning electron micro-
scope (SEM) with an energy-dispersive x-ray spectroscopy
(EDS) analyzer, provided by JEOL.

Temperature- and field-dependent magnetic measurements
were carried out using a Quantum Design SQUID-VSM and
Dynacool in the temperature and field ranges of 1.8–300 K
and 0–14 T, respectively. The χ (T) measurements were con-
ducted in the zero-field-cooled (ZFC) mode, involving the
cooling of the sample to the base temperature without ap-
plying a magnetic field. The magnetization M(T) was then
measured during the warming cycle after the application of a
field. 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. A
Physical Properties Measurement System (PPMS, Quantum
Design) was used to measure the specific heat CP(T) and
electrical resistivity measurements ρ(T) in the temperature
and field ranges 1.8–300 K and 0–14 T, respectively. ρ(T)
measurements were performed on as-grown single crystals. In
all resistivity measurements, the magnetic field was oriented
transverse to the current direction.

III. RESULTS AND DISCUSSION

A. Structural properties

Figures 1(a) and 1(b) present the chemical crystal structure
and Fig. 1(c) presents the Rietveld refinement of the powder
XRD data obtained for Gd2AlSi3 using the I41/amd space
group, which is a tetragonal structure of α-ThSi2 type having
only single Gd sites (different from Ce2PdGe3 with α-ThSi2

structure, which has two distinct Ce sites [17]). The lattice
parameters are found to be 4.116(1) Å for the a axis and
14.386(1) Å for the c axis. The asterisks show the possible
impurity phase due to SiO2 and Al2O3. From the structural
analysis, we found that the smallest Gd-Gd bond length in
Gd2AlSi3 is 4.1157(1) Å, which is larger than the expected
Gd-Gd bond (atomic radii) of ∼3.6 Å. This observation
suggests a rather weak interaction between the Gd atoms
in this system. However, the triangular arrangement of Gd
atoms [as shown in Fig. 1(b)] confirms the possibility of
geometrically frustrated magnetism in the system. EDS anal-
ysis performed on cleaned surfaces of a single-crystal sample

FIG. 1. (a) A tetragonal crystal structure of Gd2AlSi3, (b) The tri-
angular arrangements of Gd-atoms along the c direction. (c) Rietveld
refinement of powder x-ray diffraction data for Gd2AlSi3 with the
experimental data (red symbols) and the black line representing the
calculated data along with asterisks for impurities. A set of vertical
green bars represents the Bragg peak positions of the tetragonal
α-ThSi2 type structure. Inset shows the as grown Gd2AlSi3 crystal.

confirms the stoichiometric ratio, with the atomic compo-
sition of 34.14(2)% Gd, 15.99(1)% Al, and 49.87(1)% Si.
The compositions derived from EDS data align well with the
refinement results from XRD data.

B. Magnetic susceptibility

Figure 2 shows the combined plot of magnetic susceptibil-
ity and electrical resistivity (ρ) as a function of temperature.
Temperature-dependent dc-magnetic susceptibilities χ (T ) for
both directions along with inverse magnetic susceptibilities,
measured under ZFC mode with an applied field of H =
0.1 T is shown in Fig. 2(a). It is observed that χ (T ) exhibits
two AFM-like anomalies below 50 K at Neèl temperatures
TN1 = 32 K and TN2 = 23 K. Curie-Weiss fits of inverse sus-
ceptibilities for both directions are shown on the right axis of
Fig. 2(a). These fits lead to values of the effective magnetic
moments (μeff) and Weiss temperatures (θP) of 8.06 μB/Gd
and = −91 K for H ‖ c, and 7.96 μB/Gd and −98.4 K for
H ‖ ab, respectively. The obtained μeff values are compa-
rable to the theoretical free-ion value for Gd3+, which is
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FIG. 2. (a) Magnetic susceptibility, χ (T), along with inverse
susceptibilities of Curie-Weiss fits for both directions with μeff =
8.06 μB/Gd and θP = −91 K for H ‖ c and μeff = 7.96 μB/Gd and
θP = −98.4 K for H ‖ ab. (b) Temperature dependence of the zero
fields in-plane resistivity, ρ of Gd2AlSi3.

7.94 μB. The negative sign of θP indicates that the dominant
exchange interactions are of AFM type in the system. Since
the magnitude of θP is higher than the observed ordering
temperature in Gd2AlSi3, we infer strong competition with
FM correlations. The temperature dependence of electrical
resistivity of Gd2AlSi3 under zero applied magnetic field is
shown in Fig. 2(b), clearly demonstrating metallic behavior
along with sharp anomalies at the higher ordering temperature
TN1 = 32 K.

To get insight into these two magnetic phase transitions,
detailed temperature-dependent magnetization was measured
at different applied magnetic fields for both H ‖ c and H ‖ ab,
as shown in Figs. 3(a) and 3(b), respectively. In comparison to
the low-field data, the higher-field magnetization data exhibits
distinct magnetic transitions as seen in Figs. 3(a) and 3(b).
Another interesting finding is the magnetic susceptibility be-
havior in the region TN2 < T < TN1 where TN2 shifts towards
lower temperatures with an increasing applied magnetic field.
At fields above 10 T, there is a marked change in the behavior
of χ (T ) going through TN2, which is not the case for TN1 [see

FIG. 3. Temperature dependence of dc-magnetic susceptibility
of Gd2AlSi3 measured under different magnetic fields between 0.1–
14 T for both (a) H ‖ c and for (b) H ‖ ab directions. Two black
vertical arrows show two distinct magnetic transition temperatures,
TN1 and TN2.

Fig. 3(a)], as exemplified by the enhancement of χ (T ) in 14 T
in this range. These phenomena may be due to competing
AFM-FM exchange interactions in the system that become
prevalent in higher fields.

To investigate the changes induced by the magnetic field,
we conducted isothermal magnetization, M(H ), measure-
ments at selected temperatures below 50 K. Figure 4 presents
detailed M(H ) curves measured at different temperatures for
H ‖ c [Fig. 4(a)] and H ‖ ab [Fig. 4(b)]. Interestingly, at 2 K
there is a notable change in the slope of M(H ) near 5 T, indi-
cated by an arrow in the case of H ‖ c as shown in Fig. 4(a).
This metamagneticlike field-induced transition gradually gets
smeared out with increasing temperature approaching TN2. To
capture this feature, we have plotted �M in the top inset
of Fig. 4(a), obtained by subtracting the linear component
from M(H ). On a larger field scale, the curves appear to be
predominantly reversible with respect to field sweep direc-
tion. However, a zoom in the temperature range between two
AFM transitions reveals a subtle hysteresis in M(H ), shown
in the bottom inset of Fig. 4(b). Interestingly, this hysteretic
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FIG. 4. Magnetic field dependence of magnetization (M) of
Gd2AlSi3 measured at different temperatures for H ‖ c and H ‖ ab
as shown in (a) and (b), respectively. These plots are constantly
shifted upwards for clarity of features such as a field-induced-
magnetic transition indicated by a vertical arrow for 2 K and the
presence of small hysteresis indicated by dotted circles in both pan-
els. All the insets show �M versus H plots to catch such exotic
features, which are discussed in the text.

transition is absent for the H ‖ ab orientation at the same field
and temperature, but another hysteresis is observable at the
lowest measured temperature of 2 K, as shown in Fig. 4(b).
The two insets in Fig. 4(b) show the propagation of such
hysteresis towards higher fields with an increase in the temper-
ature. Emergence of such hysteresis at higher fields between
two AFM transitions is further corroborated by features in the
transport data (discussed below). Together, these direction-,
temperature-, and field-dependent behaviors suggest a com-
plex magnetic ground state in Gd2AlSi3. Moreover, M(H )
curves do not show the tendency to saturate even in a 14 T

FIG. 5. (a) Temperature dependence of heat capacity of
Gd2AlSi3 measured under different applied magnetic fields up to
10 T. The inset shows the magnetic (4f contribution) entropy for the
system. (b) The CP(T )/T vs T for a better view of these magnetic
phase transitions along with dρ/dT (on right axis) for both direc-
tions. A dotted line is drawn through the linear region to calculate
the γ value.

field in the magnetically ordered state for both orientations.
The magnetic moment at the lowest measured temperature
of 2 K at 14 T is only 3μB/formula unit, i.e., 1.5μB/Gd3+,
which is much less than the free Gd3+ magnetic moment, an
indication of a canted antiferromagnetic structure.

C. Heat capacity and magnetocaloric effect

Figure 5(a) presents zero-field and in-field measurements
of the specific heat, CP(T ), of Gd2AlSi3 as a function of
temperature. Clearly, there is a well-defined λ anomaly at
TN1 = 32 K, and another peculiar magnetic transition is noted
at TN2 = 23 K, which is also inferred from the χ (T) data.
In addition, there is a hump showing up near 9 K, which is
close to 25% of its long-range ordering temperature TN1. Such
phenomenon was observed to be common in detailed studies
of specific heat of Gd-based compounds [31–34] and was
explained to arise naturally for (2J + 1)-fold degenerate mul-
tiplets as predicted by mean-field calculations. Both the peaks
at TN1 and TN2 gradually shift towards lower temperatures with
an increase in applied magnetic fields, which endorses that
both the transitions in all cases are of AFM types. However,
note that the two peak values behave differently, as one gets
enhanced and the other one depressed with increasing applied
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FIG. 6. Isothermal entropy change as a function of temperature for various final fields with initial zero external field obtained from
isothermal magnetization data using Maxwell’s relations, (a) around magnetic ordering and, (b) in the paramagnetic state.

magnetic field, particularly beyond 5 T. Such unusual behav-
ior might be due to a modulated AFM structure that needs to
be further investigated by a scattering experiment. The inset
shows the magnetic entropy S4 f estimated from the magnetic
part (4 f contribution) of heat capacity Cmag to the total. Cmag

is obtained by estimating the lattice contribution using the
heat capacity of nonmagnetic La2AlSi3 as a reference [32].
At the magnetic transition temperature, S4 f � 12 J/Gd-mol
K is ∼70% of Rln8 as expected for complete removal of the
(2J + 1)-fold degeneracy of the CEF ground-state of Gd3+

ion. This reduced entropy value might be due to the sub-
stantial modulated magnetic structure and/or the presence of
short-range correlations above long-range magnetic ordering.
Further, Fig. 5(b) presents the comparison of C(T )/T and the
derivative of electrical resistivity dρ/dT , showing a similar
temperature dependence, importantly including a feature near
9 K, which corroborates the (2J + 1)-fold degenerate multi-
plets in such Gd system [34,35]. Also, note the enhanced value
of the linear temperature coefficient γ of 545 mJ/mol/K2, as
extrapolated from the paramagnetic state. However, this is
also possible due to the extraction of γ from much higher
temperatures. It is also necessary to confirm this by having
the exact information of the crystal field splitting below the
magnetic ordering temperature in Gd2AlSi3. This is a surpris-
ingly high value for a Gd-based system in which the f orbital
is mostly localized. Although more detailed experiments are
required to verify such a high γ value in Gd2AlSi3, this moti-
vates further investigation of related Gd-based compounds to
identify strongly correlated electron behavior [36–40].

We have also studied the magnetocaloric effect (MCE) in
Gd2AlSi3 to get more information about the order of magnetic
phase transitions, inspired by a previous study on Gd5Si2Ge2

[41]. By measuring the isothermal magnetization at different
temperatures with close intervals of 2 K up to 100 K, we can
calculate the MCE using Maxwell’s relations [42]. We have
derived the isothermal entropy change, defined as −�S up to
100 K (i.e., to a much higher temperature than TN ), and the
results obtained are shown in Figs. 6(a) and 6(b). Looking at
the curves in Fig. 6(a), the sign of −�S is negative at low
temperature, until about 10 K for fields up to 7 T, which
implies the dominance of an AFM component [43] over the
FM phase to magnetocaloric effect; at higher temperatures,
the sign of −�S is positive, which is a signature [44] of a

tendency for spin reorientation, suggesting the dominance of
FM correlations in the presence of such magnitudes of exter-
nal fields. Notably, a broad maximum starts to appear around
TN1. The value of −�S increases further even in the paramag-
netic state, near 50 K, and remains positive even up to 100 K
[see Fig. 6(b)]. Such a broad maximum over a wide temper-
ature range well above TN1 appears to support the proposal
that FM clusters gradually form well above the long-range
magnetic ordering. Interestingly, this is further substantiated
by the observed transport properties in the paramagnetic range
in such Gd-based system. The collective results indicate that
this compound could exemplify intriguing magnetic precursor
effects in the paramagnetic state mainly in heavy rare-earth
compounds.

D. Magnetotransport properties

Motivated by recently reported exotic magnetotransport
experiments confirming a skyrmion phase in Gd2PdSi3 [19],
we have measured temperature-dependent electrical resistiv-
ity ρ(T ) for both field directions, H ‖ c and H ‖ ab plane
in Gd2AlSi3, as shown in Figs. 7(a) and 7(b), respectively.
While the general trend of ρ(T ) in the paramagnetic state
of Gd2AlSi3 is metallic on cooling below room temperature,
anomalous behavior is observed on approaching TN1 from
higher temperature: on cooling, the resistivity incurs an up-
turn and sharp peak denoting the first AFM transition at TN1.
Similar behavior has been reported in other heavy rare-earth
compounds, but over a wider temperature range [45–47]. In
contrast, no resistivity minimum was observed in several Gd-
based compounds (e.g., GdAg2Si2, GdAu2Si2, GdCu2Ge2,
GdPd2Ge2 [39], and Gd4RhAl [48]), while there are excep-
tions in some families such as R2RhSi3 [20], and RCuAs2

[45], R4PtAl [46,49–51]. The origin of the abrupt upturn in
Gd2AlSi3 just above TN1 may be due to critical scattering
on approach to the ordered phase, but such a conclusion will
require further studies of the magnetic structure.

Below TN1, the loss of spin-disorder scattering due to
long-range AFM ordering leads to a rapid decrease in the
resistivity, which remains featureless in the absence of an
applied field. However, increasing magnetic field reveals a
secondary feature near 23 K, which we attribute to the ap-
pearance of a second magnetic phase transition that is more
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FIG. 7. Electrical resistivity as a function of temperature (1.8–50 K) for Gd2AlSi3 in the presence of different external magnetic fields in
both (a) H ‖ c and (b) H ‖ ab while the current flows in the same direction along ab plane. We have constantly shifted the curves upwards for
clarity. The respective insets along with dotted lines show the MR at that particular temperature in the respective plots while the other insets
indicate the observed resistivity minima above TN1.

prominent in data measured in the H ‖ ab configuration, in-
dicating anisotropy between crystallographic directions in the
magnetically ordered state specifically between TN1 and TN2.

To address this observed complexity in ρ(T ), especially
between TN1 and TN2, we have taken isothermal MR at tem-
peratures focused between TN1 and TN2, as shown in Fig. 8.
In general, the MR behavior in the paramagnetic range looks
similar in both directions, although the MR value in case of
H ‖ c is higher than H ‖ ab direction. Interesting features,
such as hysteresis in MR, are observed at temperatures be-
tween the two transitions, although for H ‖ ab, there is a
hysteretic behavior that extends down to 2 K. As shown in
Fig. 8(a), in the range 20–25 K the MR exhibits a clear
hysteretic loop above 10 T that is absent at other temperatures,
indicating a delicate competition between AFM and FM cor-
relations. Figure 8(b) depicts an even more exotic behavior for

H ‖ ab, as a field-driven MR change from positive to negative
occurs above 10 T. Such magnetic field-induced MR changes
from positive to negative are generally associated with an
AFM ground state [52]. A careful look at the curves at 25 K
suggests that the hysteretic loops along H ‖ ab are wider in
the magnetic field range than those along H ‖ c. The sign of
MR is positive as expected for an ideal antiferromagnet, how-
ever, there is a negative MR contribution along H ‖ ab, which
implies the existence of magnetic superzone gaps and/or the
role of anisotropy as also seen in magnetism between the two
magnetic transition temperatures. Such magnetic anisotropy
might be possible due to the anisotropic exchange interactions
arising from the Gd-triangular lattice. These observations fur-
ther suggest the existence of a complex magnetic structure,
which can be further elucidated via higher-field magnetotrans-
port experiments.

FIG. 8. Magnetoresistance as a function of magnetic field (0–14 T, both up and down cycles) for different temperatures in the close vicinity
of TN1 and TN2 for both H ‖ c and H ‖ ab directions as shown in (a) and (b), respectively. The arrows mark the way the applied magnetic field
is varied.
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FIG. 9. Contour plot of �MR (to present the existing hysteresis
in MR) with the magnetic phase diagram of Gd2AlSi3, which depicts
the existing magnetic phase transitions determined from magnetic
susceptibility, heat capacity, and electrical transport measurements
performed under different applied magnetic fields. Points denoted by
triangles and stars are determined from the dχ (T )/dt and dCP/dt
curves and squares are obtained from ρ(T ) plots showing the anti-
ferromagnetic transition/anomalies. The black symbols are TN1 and
red symbols are TN2.

Based on the experimental data presented above, we
present field-temperature (B-T) phase diagrams for both mag-
netic field orientations to characterize the phase boundaries
of the various features. The phase transition temperatures are
determined from the peak position of derivatives of mag-
netic susceptibility, heat capacity, and the peak positions in
transport measurements. As shown in Fig. 9, the peak posi-
tions of derivatives of the χ (T ), CP, ρ(T ), and MR data are
used to identify boundaries, revealing two distinct regions.
The first region below the magnetic order TN1 and above
TN2, labeled AFM-FM, corresponds to a competitive phase
between the AFM and FM ordering, which turns out to be
the most complex phase. The second region labeled AFM

appears below TN2. The unusual high-field hysteresis in MR
observed for both applied field directions presents the most
exotic features in the resulting phase diagram. Furthermore, a
low-field MR-hysteresis is also present along with a high-field
MR hysteresis for H ‖ ab as shown in Fig. 9(b). As previously
discussed, there is a temperature range between the two tran-
sitions where anomalies persist, which are possibly due to a
noncollinear magnetic phase in the AFM-FM region. Such
a multiphase structure is reminiscent of skyrmionic phases
that arise due to competing energy scales with comparable
magnitudes [53]. The present findings are consistent with
skyrmion-hosting systems, however, future magnetic structure
studies are needed to confirm this hypothesis, as done in
similar centrosymmetric materials [54,55].

IV. CONCLUSION

In conclusion, we present a comprehensive study of
the magnetic and transport properties of newly synthesized
single-crystals of Gd2AlSi3, which crystallizes in the cen-
trosymmetric tetragonal I41/amd structure and contains a
triangular arrangement of single-site Gd atoms. The magnetic
and transport behavior of this system is quite complex, with a
fascinating magnetic anisotropy that materializes as different
temperature and field-dependent hysteresis regimes observed
along different magnetic field directions. With two magnetic
transitions, signatures of competition between antiferro-
magnetic and ferromagnetic correlations, strong anisotropic
features, and complex hysteresis in magnetoresistance, this
system presents a plethora of interesting features that may har-
bor signatures of skyrmionic magnetism akin to other related
compounds. The recent discovery of Gd-based skyrmion host
materials [19,56,57] emphasizes the crucial role of the rare-
earth cation in the distinctive properties found in Gd2AlSi3.
Future studies of this series of aluminum-based 213 materials
will be of interest to further explore the propensity toward
skyrmion phases in centrosymmetric systems.
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