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Structural, magnetic, and electronic properties of a GdAsSe single crystal:
Experimental and theoretical studies
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We report high-quality single-crystal growth, x-ray diffraction, magnetic susceptibility [χ (T,H)], magne-
tization [M(H)], heat capacity [CP(T, H )], electrical resistivity [ρ(T,H)], and electron spin resonance (ESR)
measurements of GdAsSe as functions of temperature and magnetic field. We identify an antiferromagnetic
phase transition at TN ∼ 11.9 ± 0.2 K and construct magnetic phase diagrams for H || ab and H || c axes based on
the χ (T,H) and CP(T,H) data. Isothermal M(H) curves along the H || ab direction at 3 K exhibit a field-induced
spin orientation at HC ∼ 3.78 T. Both M(H) and χ (T,H) indicate an easy-plane-type anisotropy. The Curie-Weiss
analysis of the high-temperature paramagnetic χ (T) yields a negative Weiss temperature, suggesting dominant
antiferromagnetic interactions between the Gd ions. Magnetic entropy reaches 83% of R ln8 at TN. The presence
of residual entropy above TN and the persistence of ESR critical broadening up to ∼3TN alludes to a degree of
magnetic frustration in the studied material. The ρ(T) data above TN is well fitted to the Bloch-Grüneisen theory
for metals. Further, density functional theory calculations reveal an antiferromagnetic ground state where the Gd
atoms are coupled ferromagnetically in the ab plane and antiferromagnetically along the c axis.

DOI: 10.1103/PhysRevB.109.184420

I. INTRODUCTION

In condensed matter physics, rare-earth (4 f ) compounds
have garnered considerable interest due to their diverse
magnetic and electrical properties, including charge density
waves, heavy fermions, and superconductivity [1–6]. The
mutual interaction between lattice, spin, and charge plays a
crucial role in tuning an electronic band structure in rare-
earth-based materials, achieving nontrivial band topology.
This intricate interplay of magnetism with or without spin-
orbit coupling (SOC) and electron-band topology [7–14] leads
to diverse electronic states, ranging from metal and semimetal
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to insulators and narrow and wide-gap semiconductors
[15–20]. In particular, antiferromagnetic 4 f compounds along
with topological semimetals or semiconductors hold immense
potential in quantum computing, dissipationless electronic
transport, and future spintronic applications due to their inher-
ent stability, reduced energy consumption, and precise control
over spin orientations [17,21–26]. Recently, rare-earth-based
RB6X6 compounds (B = transition elements; X = Si, Ge, Sn)
exhibit a myriad of novel quantum states such as large
anomalous Hall effects, Chern topological magnetism, and a
cycloidal spin structure [27–32].

Despite that the structural and physical properties of
ternary rare-earth metal arsenide selenides MASe (M = Pr,
Nd, Sm, Gd-Tm, Lu, and A = As, Sb) have been the subject of
intense study over the past few decades, a specific subclass of
MASe compounds has recently sparked renewed interest due
to the discovery of exotic magnetic phases exhibiting topo-
logical states, as observed in GdSbTe, CeSbTe, and CeSbSe
[33,34]. Most LnYX compounds (Ln = rare-earth elements,
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FIG. 1. (a) Crystal structure of GdAsSe. (b) Magnetic Gd atoms
form a square-lattice layer in the ab plane and As atoms constitute a
zigzag chain along the c axis. Different view perspectives of unequal
triangular lattices (c)–(e) along the a axis (c) and the b axis (d).

Y = pnictogen, and X = As, Sb) crystallize in a tetrago-
nal PbFCl-type structure [35]. In sharp contrast, Schmelczer
et al. [36] studied the structural and magnetic properties of
GdAsSe, which possesses a monoclinic CeAsS-type structure
with the space group P1121/n and observed antiferromagnetic
transitions T = 10−13 K in a series of GdAs1−xSe sam-
ples. Previous theoretical investigations on related materials
have also reported Weyl and Dirac states in CeSbTe [34], an
antiferromagnetic semiconductor in LnAsTe [37], magnetic
topological semimetal in GdBiTe [38], and gapless nodal-line
states in NdSbTe [39].

As shown in Fig. 1, the GdAsSe structure consists of
stacked layers of As, Gd, and Se along the c axis, arranged
in an alternating As-Gd-Se-Se-Gd-As sequence. The distance
between the two As layers is approximately 2.7 times larger
than that between the Se atom layers (∼3.55 Å). Each Gd
atom is surrounded by four As and Se atoms, forming a
trigonal prism. The crystal structure comprises a zigzag chain
of the As atoms along the b axis with a distance of 2.66 Å,
and the Gd atoms form a square-lattice arrangement in the
ab plane. Furthermore, the Gd atoms are sandwiched in two
different sequences: Gd-As-Gd and Gd-Se-Se-Gd. The dis-
tance between the Gd atoms separated by two nonmagnetic
Se layers is shorter than that between a single As layer. The
magnetic Gd ion has a magnetic moment of the spin-only
value (spin S = 7/2 and L = 0), resulting in a strong quench-
ing of the crystal field effect due to the absence of SOC.
Further, a network of the Gd3+ ions is particularly intrigu-
ing with respect to the formation of an unequal triangular
lattice along both the c axis and the ab plane. While the basic
magnetic properties of GdAsSe have been reported in the liter-
ature, detailed magnetic and thermodynamic characterizations
on single-crystal or powder samples are currently lacking.
Therefore, further investigations are necessary to explore the
ramifications of the frustrated connectivity of the Gd ions.

Herein, we comprehensively investigate the structural,
magnetic, and thermodynamic properties of a GdAsSe single

crystal. We find that GdAsSe undergoes an antiferromag-
netic (AFM) phase transition at low temperatures, evident
from χ (T) and CP(T) measurements as well as supported
by density functional theory (DFT) calculations. The A-
type antiferromagnetic (A-AFM) magnetic ground state is
determined through DFT total energy calculations for vari-
ous magnetic configurations and the underlying magnetism
is further analyzed by calculating exchange parameters
based on the Heisenberg model. Our results reveal an
easy-plane-type anisotropy through the observation of a field-
induced spin-flop transition in the magnetization curve for
H||ab at T = 2 K. DFT calculations of magnetocrystalline
anisotropy energy (MAE) further confirm in-plane magneti-
zation anisotropy consistent with our experimental findings.
The critical broadening of the electron spin resonance (ESR)
signals, extending beyond several times the Curie-Weiss tem-
perature, showcases the presence of some degree of frustration
in GdAsSe, but not of significant magnitude.

II. EXPERIMENTAL DETAILS AND COMPUTATIONAL
METHOD

Single crystals of GdAsSe were grown by the chemical
vapor transport (CVT) method using I2 as the vapor transport
agent. Initially, the precursor powder materials were mixed
with a stoichiometric amount of 5–6 N pure elements in the
molar ratio of Gd : As : Se = 1 : 1 : 1. The mixed precursors
were placed into a quartz ampoule, which was then evac-
uated and sealed and gradually heated up to 650 °C, and
subsequently maintained at 950 °C for 4 days. Then, the
prereacted GdAsSe powder (approximately 10 g) along with
the transport solid I2 agent (purity 4 N) was loaded at one
end of the specially designed silica ampoule, which was 43
cm long with an inner diameter of ∼2.0 cm and an outer
diameter of 2.2 cm, for the CVT crystal growth. The loaded
ampoule was then evacuated and flame-sealed before being
placed into a two-zone tube furnace. The prereacted material,
in conjunction with I2, was held at 1050 °C and the growth
end was maintained at 950 °C for 10 days. Finally, a thin plate
of GdAsSe single crystals with approximate dimensions of
1.5 × 1.5 × 1mm3 was obtained.

Room-temperature x-ray diffraction (XRD) measurements
were performed using a D8 diffractometer with Cu Kα ra-
diation. The structural analysis was carried out by Rietveld
refinement using the FULLPROF software. The composition of
the single crystal was analyzed by the electron probe micro-
analyzer (EPMA) technique. Magnetic measurements were
conducted using a vibrating sample magnetometer (Quan-
tum Design). A physical property measurement system was
employed to measure heat capacity, CP(T, H), as a function
of temperature by the relaxation method. ESR spectra were
recorded on an X-band electron paramagnetic resonance spec-
trometer (EMXplus-9.5/12/P/L system) in the temperature
range of T = 17−293 K.

First-principles electronic structure calculations were per-
formed using the Vienna ab initio simulation package (VASP)
[40,41] based on DFT. The exchange-correlation functional in
the generalized gradient approximation [42] as described by
the Perdew-Burke-Ernzerhof (PBE) [43] form was adopted in
our calculations. Rotationally invariant PBE plus Hubbard U
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TABLE I. PBE + U + SOC optimized Wyckoff positions of
GdAsSe using experimental lattice constants a = 4.0154 Å, b =
3.9689 Å, and c = 17.3719 Å obtained in this work.

Wyckoff Site Coordinates

Atom Multiplicity letter symmetry x y z

Gd 2 A mm2 0.25 0.25 0.28033
As 2 B mm2 0.25 0.75 0.99989
Se 2 A mm2 0.25 0.25 0.62802

[44] (PBE+U) with the effective on-site Coulomb repulsion
U = 6.7 eV and exchange interaction J = 0.7 eV [45] was
taken into account for addressing strong correlation in the
localized Gd f orbital. The U = 6.7 eV is given by fitting
the L(S)DA+U results with experimental spectra [45]. In this
work, we have fitted the PBE+U results with experimen-
tal spectra [45] and confirm that U = 6.7 eV gives best-fit
results similar to previous L(S)DA calculations [45]. Fur-
thermore, the SOC effect was self-consistently included in
the PBE calculations (PBE + SOC, PBE + U + SOC). The
experimental lattice constants a = 4.0154 Å, b = 3.9689 Å,
and c = 17.3719 Å obtained in this work were used for DFT
atomic position relaxation until the residual force is less than
0.01 eV/Å. The optimized Wyckoff positions are given in
Table I.

For MAE total energy calculations, we utilized PBE +
U + SOC calculations to determine the magnetic ground state
A-AFM using the 18 × 18 × 3k mesh over the Brillouin zone
with an energy cutoff of 600 eV under the energy conver-
gence criterion of 10−6 eV. The MAE is the total energy
difference between in-plane and out-of-plane magnetizations
E[100]−E[001]. To resolve the magnetic ground state, a
higher 22 × 22 × 6k mesh with an energy cutoff of 700 eV
and an energy convergence criterion of 10−6 eV were em-
ployed in total energy calculations for four possible magnetic
configurations: A-AFM, AFM 1, AFM 2, and FM. Exchange
interactions were further deduced through exchange param-
eter calculations using the Heisenberg model [46], based on
DFT total energies.

III. RESULTS AND DISCUSSION

A. Crystallography

The x-ray powder diffraction was recorded on both a sin-
gle crystal [Fig. 2(a)] and crushed single-crystal powder of
GdAsSe at room temperature. The Rietveld refinement fitting
of the powder is shown in Fig. 2(b). The XRD analysis of a
GdAsSe single crystal shows reflections of the (00l) plane.
The strong and sharp reflections indicate the high quality of
grown crystals. The Rietveld refinement results confirm that
GdAsSe crystallizes in the monoclinic crystal structure with
space group P1121/n. The absence of impurity traces demon-
strates the high-purity nature of the grown GdAsSe crystals.
The results of the refined fit parameters yield a goodness
of fit χ2 = 2.79, Rp = 5.84%, and Rwp = 8.03%. Moreover,
the obtained lattice parameters are a = 4.0154(3) Å, b =
3.9689(2) Å, and c = 17.3719(6) Å, in agreement with the
previously reported values [36]. The EPMA measurements

FIG. 2. (a) X-ray diffraction pattern of a single crystal of
GdAsSe. (b) Rietveld refinement of x-ray diffraction data on a
crushed single-crystals powder of GdAsSe.

were performed on several spots on a single crystal and
different batches of the grown GdAsSe crystals. The re-
sults confirm the homogeneity of the grown crystals with
an average expected composition of Gd : As : Se = 1 : 1 : 1
(1:0.89:1) within the errors. No other metal elements were
detected in these crystals, except for the presence of Gd, As,
and Se elements.

B. Atomic resolution surface topography

To further assess the quality of our samples, scanning tun-
neling microscopy (STM) measurements were performed on a
GdAsSe single crystal by using a homemade low-temperature
STM system [47] with an electrochemically etched tungsten
tip. The sample was first cooled down below T∼30 K and then
cleaved in situ under cryogenic ultrahigh-vacuum conditions.
Subsequently, it was immediately transferred to the STM head
for measurements at T = 4.5 K. Because of its layered struc-
ture and crystalline symmetry, cleavage is expected to occur
between Se planes, yielding a charge-natural surface.

Figures 3(a) and 3(b) show STM topography of the Se-
terminated surface taken with a sample bias voltage of
−2 V and the corresponding Fourier-transformed image, re-
spectively. Several clusters with sizes of several nanometers
(indicated by yellow circles) can be observed on the surface,
which are likely adatoms resulting from the violent cleavage
process. Single-atom vacancies at the Se sites (indicated by
yellow arrows) are visible in the STM image, which corre-
sponds to less than 1% of Se vacancies on the surface. A few
impurities, which appear as bright spots (indicated by the red
arrow) in Fig. 3(a), also exist at the Gd sites. Interestingly,
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FIG. 3. STM images of GdAsSe. (a) Topographic image taken
on the cleaved GdAsSe surface revealing the Se lattice (bias voltage,
V = −2 V; current set point, I = 20 pA and T = 4.5 K). The scale
bar represents 3 nm. The dotted yellow circle, the yellow arrow, and
the red arrow denote adatoms arising from the cleavage process,
a Se vacancy, and a Gd impurity, respectively. (b) Corresponding
Fourier-transformed image of (a). (c) Topographic image taken in
the same field of view as in (a) with bias voltage, V = 1 V. The red
arrow denotes the same impurity in (a). (d) Corresponding Fourier-
transformed image of (c). The red circles mark the Bragg peaks in
(b) and (d). (e) and (f) Enlarged image centered at the Gd impurity
marked by a red arrow in (a) and (b), respectively. The red crosses
indicate the impurities location as a reference. The scale bar is 1 nm.

when applying a bias voltage of 1 V, the STM image taken
in the same field of view reveals the Gd lattice underneath the
Se-terminated surface, as shown in Fig. 3(c). The contrast shift
along the a and b axes in STM images is more evident from the
enlarged images centered at a Gd impurity. The impurity site
denoted by a red cross is located at the center of four Se atoms
on the Se surface in Fig. 3(e) and appears on the Gd site in
Fig. 3(f). The As layer, which is oriented ∼45 ° with respect to
the Gd and Se layers, is not observed in our images, different
from a previous STM study on ZrSiS [48]. The observation of
both Se and Gd layers at two different bias voltages indicates
a change in the density of states contribution to the charge
density from Se and Gd atoms within the energy range of our
STM measurements. Our STM images along with XRD and
EPMA measurements confirm the high quality of our GdAsSe
single crystals, enabling further characterizations.

C. Magnetic susceptibility and magnetization

Figure 4(a) presents the zero-field-cooled (ZFC) and field-
cooled (FC) magnetic susceptibility χ (T ) = M/H data of
GdAsSe single crystal measured at μ0H = 0.01 T applied
along the c axis and the ab plane. No hysteresis and bi-
furcation are observed between the ZFC and FC curves of
χ (T). With decreasing temperature, χ (T) steeply increases
and shows a distinct peak feature at TN ∼ 11.9 K. As evident
from the plot of dχ (T)/dT versus temperature in Fig. 4(b),
the anomaly signifies the occurrence of an antiferromag-
netic phase transition. Below TN, χ (T) exhibits a strong
directional dependence. Specifically, for H||ab, χ (T) shows

a rapid drop, while χ (T) remains largely temperature in-
dependent for H ||c. This disparate behavior of χ (T < TN)
data between H ||c and H||ab points to the easy-plane-type
anisotropy, with the magnetic moment predominantly aligned
within the ab plane. We note that MAE calculations were
conducted for the A-AFM magnetic ground state using PBE +
U + SOC total energy calculations with SOC included self-
consistently for out-of-plane (E[001]) and in-plane (E[100])
magnetizations. The convergent MAE (E[100]− E[001]) of
−0.02 meV/cell indicates the easy-plane-type anisotropy, in
line with our experimental results, as illustrated in Fig. 4.

Above T� 20 K, the observed χ (T) follows the Curie-
Weiss law, χ (T ) = C/(T − θ ), where C and θ are the
Curie constant and the Curie-Weiss temperature, respec-
tively. Fitting the data between 20 and 300 K gives C =
7.86 cm3 K/mol and θ = −17.8 K for H ||c and C = 7.82
cm3 K/mol and θ = −18.4 K for H||ab. The effective mag-
netic moments deduced from the Curie constant are 7.93 μB

for H ||c and 7.91 μB for H||ab, which are close to the ex-
pected spin-only value of ∼7.94 μB (Gd3+:S = 7/2, L = 0)
[4]. The negative sign of θ indicates the dominance of anti-
ferromagnetic interactions between the Gd3+ moments. The
similar magnitude between TN and θ suggests that GdAsSe is
not subject to frustration and behaves like a classical magnet
due to its large spin number.

To further explore the magnetic phase transitions of the
GdAsSe single crystal, χ (T) was measured under different
applied magnetic fields. The field and temperature evolution
of χ (T) for H||ab and H ||c is shown in Figs. 4(c) and 4(d),
respectively. As the applied magnetic field increases, the mag-
netic phase transition TN shifts to lower temperatures for both
orientations, consistent with observations reported in many
conventional AFM systems [4,49,50]. More specifically, when
an external magnetic field is applied, the Zeeman energy
acting on the magnetic moments forces their alignment with
the field. As the field strength increases, a greater number of
magnetic moments align with the field direction, resulting in a
weakening of the antiferromagnetic order and, consequently,
a reduction in the Néel temperature.

The isotherm magnetization M(H) versus applied magnetic
field measured at different selected temperatures is shown
in Fig. 5 for the H ||ab plane and in the inset of Fig. 5 for
H ||c. The M(H) curve shows a linear increase with applied
magnetic field for H ||c, as expected for AFM systems (shown
in the inset of Fig. 5). In contrast, the M(H) curve for H||ab
features a distinct jump at 3.8 T, which is assigned to a spin-
flop (SF) transition. Noteworthy is that neither of the M(H)
curves saturates in either direction. The magnetization value
of ∼(2.78–3.2)μB at μ0H = 7 T is smaller than the satura-
tion magnetic moment μsat = gSμB/Gd = 7 μB/Gd, where
S = 7/2, L = 0, and g = 2. From a simple extrapolation,
we expect that the saturation field will be in the range
of ∼(15–17) T, which is comparable to the Curie-Weiss
temperature θ .

To trace the thermal evolution of the SF transition, we plot
the dM/dH versus H||ab in Fig. 5 (right axis). The sharp peak
in dM/dH alludes to a first-order phase transition and confirms
that GdAsSe has an easy-plane anisotropy along the ab plane.
Further, it is observed that the SF transition slightly shifts
towards higher magnetic fields with increasing temperature.
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FIG. 4. (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility of GdAsSe single crystal (left axis) and its reciprocal
magnetic susceptibility for ZFC data (right axis) as a function of temperature at an applied magnetic field of 0.01 T for H||ab and H ||c. The
green solid line is the Curie-Weiss law fit of the T = 20−300 K data to χ (T)∼C/(T − θ ). (b) An enlarged view of the magnetic susceptibilities
at the vicinity of TN (left axis) and its derivatives for the ZFC data (right axis). The magnetic susceptibility versus temperature under various
applied magnetic fields (c) for H ||c and (d) H||ab.

D. Heat capacity

Figure 6 shows the temperature dependence of the heat
capacity CP(T,H) for a single crystal of GdAsSe measured for
H ||c in zero magnetic field and at various applied magnetic

FIG. 5. Field dependence of the magnetizations measured at
different selected temperatures along the H||ab plane and their
derivatives (right axis). The inset shows the magnetization curve for
H ||c measured at T = 3 K.

fields (inset of Fig. 6). A distinct λ-like anomaly is seen in
CP at 11.9 K, in excellent agreement with the χ (T) data. With
increasing magnetic fields along the c axis, the phase transi-
tion temperature TN shifts to lower temperatures. Additionally,
the magnitude of Cp(T) decreases with increasing magnetic
fields. In the temperature range of T = 22−37 K, lying above
TN, we attempted to analyze CP in terms of the conventional
expression Cp(T ) = γ T + βT 3, where γ is the Sommerfeld
coefficient associated with the conduction electrons and β is
the lattice coefficient. A linear fit yields the value of γ ∼ 324
mJ mol−1 K−2 and β∼0.3 mJ mol−1 K−4. The Debye temper-
ature, θD = (12π4nR/5β )1/3 ∼ 269 K is extracted from the β

value.
In order to isolate the lattice phonon contribution from the

CP data, the Debye model for the lattice heat capacity plus
γ T is used to fit in the temperature range between 19 and
215 K [4]:

Cph = 9nR

(
T

θD

)3 ∫ θD/T

0

x4ex

(ex − 1)2 dx + γ T,

where n is the number of atoms per formula unit, R is the
molar gas constant, and θD is the Debye temperature. The best
fitting yields θD ∼ 250(3) K and γ∼316 mJ mol−1 K−2.

The magnetic contribution to CP(T,H) is deduced from the
expression Cmag = Cp − Cph. The resulting Cmag is shown in
Fig. 6(b). Furthermore, the magnetic entropy (Sm) is esti-
mated by integrating Cmag/T and is shown on the right axis of
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FIG. 6. (a) Temperature dependence of CP(T,H) along the c axis
for GdAsSe at μ0H = 0 T. The inset depicts CP(T,H) at various
selected applied magnetic fields. The solid red line corresponds to the
fitting as described in the text. (b) Magnetic specific heat Cmag(T,H)
versus temperature in the left axis and the magnetic entropy Sm versus
temperature in the right axis.

Fig. 6(b). As the temperature increases, Sm reaches a saturated
value of ∼16.56 J/mol K, just above TN. The saturated value
is in fairly good agreement with the theoretically expected
total magnetic entropy Sm = Rln(2S + 1) = 17.285 J/molK
for Gd3+ (S = 7/2). At TN, the Sm reaches 83% of R ln8 and
the remaining entropy is accounted for at temperatures below
2 K.

Both M(H) and χ (T) give evidence that the magnetic mo-
ments in GdAsSe are aligned antiferromagnetically in the
ab plane, suggesting collinear AFM or coplanar noncollinear
AFM along the ab plane [51,52]. Despite the presence of
unequal triangular lattices in the ab plane and along the c
axis, we find no signature of magnetic frustration. This lack

FIG. 7. The T-H magnetic phase diagrams drawn from the
χ (T,H) (open triangular symbols) and CP(T,H) data (open circular
symbols). The red solid curve is a fitting curve to the equation
H = H0[1 − TN(H )/TN(H = 0)]0.5.

of frustration is primarily attributed to the large difference
of exchange interactions even with different sign as well as
a large spin number (see Table II). Moreover, the obtained
negative, small Curie-Weiss constant indicates the presence of
moderate AFM interactions. Further, we stress that the orbital
moment in this compound is quenched (L = 0).

E. Magnetic phase diagrams

Figure 7 presents the T-H phase diagrams, which are con-
structed based on the χ (T,H) and CP(T,H) data for both the
H ||c and the H||ab directions. As evident from both χ (T,H)
and CP(T,H) data, TN shifts to lower temperatures with in-
creasing magnetic field. For H ||c, the applied field induces a
simple transition from an AFM to a paramagnetic (PM) phase.
However, for H||ab, the phase transition involves three distinct
phases: AFM phase, SF phase, and PM phase.

The shift of TN in both cases can be fitted to the equa-
tion H = H0[1 − TN(H )/TN(H = 0)]0.5 [4], where H0 is the

TABLE II. Total energies of the four magnetic arrangements in Fig. 10 obtained from PBE, PBE+U, PBE+SOC, and PBE + U + SOC
calculations. The total energy of the nonmagnetic state is much higher and hence is not listed here.

U = 6.7 (eV), J = 0.7 (eV) A-AFM AFM 1 AFM 2 FM

PBE (eV/cell) −106.40326 −106.40318 −106.39595 −106.39935
PBE+U (eV/cell) −105.47674 −105.47602 −105.43917 −105.43471
PBE+SOC (eV/cell) −108.89046 −108.89022 −108.88339 −108.88757
PBE + U + SOC (eV/cell) −108.19288 −108.19237 −108.17179 −108.16737
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FIG. 8. (a) Derivative of the ESR absorption spectra at selected temperatures for H||ab. The ESR spectra are fitted to a Dysonian profile
(solid lines). (c) Semilogarithmic plot of the g factor as a function of reduced temperature. (c) Log-log plot of the ESR linewidth 
H vs reduced
temperature. The solid line represents a power-law fit.

critical magnetic field. The fitting yields μ0H0 ∼ 17.2 T and
∼21.4 T for H||ab and H ||c, respectively. The lower value of
H0 along the ab plane supports the notion of an easy-plane
anisotropy along the H||ab direction. Further, we note that
the estimated critical fields are comparable to the anticipated
saturation fields extrapolated from the magnetization curves
shown in Fig. 5.

F. Electron spin resonance

To gain insights into the thermal evolution of spin corre-
lations, we employed an ESR technique. Figure 8(a) exhibits
the X-band ESR spectra measured over a temperature range of
T = 17−293 K. With decreasing temperature, the ESR signal
progressively broadens and shifts to lower fields. Below TN,
no ESR signal is detectable, indicating that a magnon gap
exceeds the X-band frequency. In the high-temperature para-
magnetic state, the ESR spectrum exhibits an asymmetrical
and broad profile that can be described by a Dyson function.
This Dysonian line profile comprises a Lorentzian compo-
nent broadened by a Gaussian distribution. The Lorentzian
contribution arises from intrinsic line broadening caused by
spin-spin interactions and relaxation processes. Conversely,
the Gaussian component originates from inhomogeneous
broadening due to spatial variations in the local environment
or magnetic field experienced by the paramagnetic ions. In
the case of low-resistivity semiconductors, such as the com-
pound under investigation, samples with dimensions larger
than the skin depth bring about a nonuniform distribution
of the microwave field within the sample. For GdAsSe, we

determined the asymmetry parameter, which quantifies the
ratio of dispersion to absorption, to be α = 0.4−0.6.

Shown in Figs. 8(b) and 8(c) are the temperature depen-
dencies of the g factor and the linewidth, 
H, respectively.
At room temperature, the in-plane effective g factor is de-
termined to be gab = 1.99(2). With decreasing temperature
from 1.6TN, gab decreases to a value of 1.88(9). The de-
crease in the in-plane g factor is associated with the increase
of a local staggered internal field. For temperatures below
∼3TN, we observe that 
H(T) follows a critical power law
(T/TN − 1)−0.35±0.02 for H||ab. This critical-like line broad-
ening arises from the development of in-plane short-range
spin correlations. We note that the onset temperature of the
short-range correlations corresponds to ∼(2–3)θ , as deduced
from the Curie-Weiss fits, suggesting the presence of some
degree of magnetic frustration, although it is not significantly
pronounced.

G. Electrical resistivity

Figures 9(a) and 9(b) show the electrical resistivity as a
function of temperature from T = 2 to 300 K at μ0H = 0
T and selected magnetic fields, respectively. At μ0H = 0 T,
the residual resistivity ρ0 at 2 K is 1.08 m� cm, and the
residual resistivity ratio is ρ(300 K)/ρ0 ∼ 1.52. The ρ(T)
reveals metallic behavior in the measured temperature range,
decreasing linearly with decreasing temperature up to 75 K.
Below T = 75 K, the decreasing rate is slowly reduced and
nearly saturates around 13 K. A sharp drop in ρ(T) occurs at
the antiferromagnetic transition TN ∼ 12 K on further cooling.
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FIG. 9. Electrical resistivity ρ of GdAsSe as a function of tem-
perature without an external magnetic field (a) and measured in
selected magnetic fields (b). The inset of shows the field dependence
of TN.

This behavior is observed in both heating and cooling modes
of measurements with no discernible hysteresis, indicative of
a second-order transition. The obtained resistivity values of
ρ∼1.08–1.64 m� cm suggest a semimetallic nature, com-
pared to the order of μ� cm in normal metals. The abrupt
drop in ρ(T) is attributed to the magnetic origin, signifying a
reduction in spin-disorder scattering below TN.

Above TN, the ρ(T) data are fitted by the Bloch-Grüneisen
(BG) model where the resistivity arises from electron-phonon
scattering, as given by [4]

ρBG = ρ0 + F

(
T

θR

)5 ∫ θR/T

0

x5dx

(1 − e−x )(ex − 1)
,

where F is a numerical constant and θR is the resistively
determined Debye temperature. The red solid line in Fig. 9(a)
illustrates the best fit to the data, with the fit yielding θR ∼
365 K. We also measured the ρ(T) under various applied mag-
netic fields. As observed in χ (T) and CP(T) measurements,
the TN in ρ(T) shifts to lower temperatures with increasing
magnetic fields. The magnitude of resistivity experiences an
increase proportional to the applied magnetic field.

H. Computational results

In this work, we examined four magnetic structures of
GdAsSe, including A-AFM, AFM 1, AFM 2, and ferromag-
netic (FM) states, as shown in Fig. 10. The A-AFM state is
characterized by antiparallel spins in alternate Gd layers. In
the AFM 1 state, the Gd bilayer exhibits FM spin alignment,
while the Gd bilayers on the opposite side of the As layer
are coupled antiferromagnetically. Similarly, in the AFM 2

FIG. 10. (a) Illustration of four possible magnetic states: A-
AFM, AFM 1, AFM 2, and FM studied in this work. The purple
arrows indicate the spin direction of Gd ions.

state, spins are arranged ferromagnetically within the Gd-As-
Gd trilayer and antiferromagnetically to the next Gd-As-Gd
trilayer.

For the four magnetic configurations, we performed PBE,
PBE+U, PBE+SOC, and PBE + U + SOC self-consistent
total energy calculations, as listed in Table II for comparison.
The nonmagnetic state consistently shows significantly higher
total energy, which can be understood by considering the pres-
ence of a Gd f orbital in GdAsSe and thus is not listed here.
The obtained magnetic moments of Gd ions in all magnetic
calculations are close to 7 μB as expected for the approxi-
mately half-filled Gd f orbital. As evident from the Table II,
A-AFM and AFM 1 belong to the lower-energy group with
nearly degenerate total energies. Without the inclusion of
the on-site U, PBE, and PBE+SOC give nearly degenerate
total energies for A-AFM and AFM 1. With U included in
PBE+U and PBE + U + SOC calculations, A-AFM shows
slightly lower total energy, leading to the magnetic ground
state of GdAsSe. On the other hand, for AFM 2 and FM with
higher total energy, PBE and PBE+SOC favor the FM state,
while calculations with on-site U prefer the AFM 2 state. The
relatively higher total energy group, AFM 2 and FM con-
figurations, implies strong superexchange antiferromagnetic
coupling within the Gd-As-Gd trilayer. For the lower-energy
group, A-AFM and AFM 1, the total energy difference is in
sub-meV order. The most accurate PBE + U + SOC calcula-
tions reveal that A-AFM constitutes the magnetic ground state
with its total energy 0.5 meV lower than that of the AFM
1 state, indicating a very weak antiferromagnetic preference
in the Gd-Se-Se-Gd quadlayer. Overall, we conclude that the
magnetic ground state of GdAsSe is the A-AFM state with the
nearly degenerate AFM 1 state. This tendency toward AFM
coupling in the c axis and FM coupling in the ab plane is
consistent with the easy-plane-type magnetic anisotropy.

To gain a deeper insight into the magnetism in GdAsSe,
we further employed PBE + U + SOC to investigate the
exchange parameters between Gd ions: J1 for the near-
est neighbor, J2 for the next-nearest neighbor, J3 for the
next-next-nearest neighbor, J4 for the next-next-next-nearest
neighbor, and J5 for the next-next-next-next-nearest neighbor
interaction, as illustrated in Fig. 11. J1 and J2 are lateral
nearest Gd-Gd exchange interactions along the lattice b and a
directions, respectively. J3 represents the interlayer exchange
interaction within the Gd-Se-Se-Gd quadlayer sandwiched by
As layers. J4 is the interlayer exchange interaction between
Gd-Gd layers spanning across As layers. J5 denotes the ex-
change parameter between the lateral next-nearest Gd-Gd.
The resultant crucial exchange parameters are J3 = −0.032
(meV/cell) and J4 = −1.318 (meV/cell). The tiny negative
J3 indicates a very weak antiferromagnetic tendency within
the Gd-Se-Se-Gd quadlayer, while the significantly larger
negative J4 shows a strong antiferromagnetic coupling in the
Gd-As-Gd trilayer. These quantitative results are consistent
with the qualitative discussion in the previous paragraph and
further provide a solid basis for understanding the magnetism
in GdAsSe, thereby supporting our experimental results.

To demonstrate the s, p, d , and f contributions to the elec-
tronic structures, we also calculated the atom-decomposed
density of state (DOS) of GdAsSe and the orbital-decomposed
DOS of the Gd ion from PBE + U + SOC. As shown in
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FIG. 11. The exchange parameters J1, J2, J3, J4, and J5 are the nearest neighbor, next-nearest neighbor, next-next-nearest neighbor, next-
next-next-nearest neighbor, and next-next-next-next-nearest neighbor for Gd-Gd atoms, respectively. Magenta and green spheres indicate Gd
and As ions, respectively. The Se ions between Gd layers are neglected for a clear view to J3.

Fig. 12(a), the spin-up f band of Gd spans from −7 to −8 eV
with a high intensity and a narrow bandwidth of about 1 eV,
while the spin-down counterpart ranges from 2.5 to 4 eV,
indicating the high-spin state of the Gd ion (∼6.9 μB) induced
by the half-filling f band. Gd also exhibits a spin-up narrow
d band from 2.5 to 3.5 eV. All the Gd, As, and Se ions
develop a strongly hybridized band from −5 up to 2 eV with
approximately the same shape and intensity in both the spin-
up and the spin-down channels, demonstrating nonmagnetic
behavior in this energy interval. The orbital-decomposed DOS
of Gd in Fig. 12(b) illustrates that the aforementioned two
sharp narrow bands of Gd are the occupied spin-up and empty
spin-down f bands with an exchange splitting of about 12 eV,
as can be expected for the f bands with strong magnetism.
This Mott gap between the spin-up and spin-down f bands
increases to ∼12.5 eV with a slightly larger U value of 8.0 eV,

FIG. 12. Atom-decomposed density of state (a) and orbital-
decomposed Gd density of state of GdAsSe in the magnetic ground
state A-AFM from PBE + U + SOC (b).

and decreases to ∼10.5 eV with a slightly smaller U of 6.0
eV. In comparison with the experimental Mott gap of ∼12.5
eV [45], the U value of 6.7 eV [45] might be slightly underes-
timated. The Gd d bands also exhibit spin splitting, with the
spin-up d band around 3 eV above the Fermi level and the
spin-down d band beyond 4 eV. Since both the spin-up and
the spin-down Gd d bands are empty, we thus will not discuss
further details here.

IV. CONCLUSION

We have grown successfully high-quality single crys-
tals of GdAsSe and characterized their structural, magnetic,
and thermodynamic properties. The magnetic susceptibility
and specific heat measurements exhibit an antiferromagnetic
phase transition at TN = 11.9 K. The χ (T,H) and CP(T,H)
measurements reveal that the TN shifts to lower temperatures
with increasing magnetic fields. Moreover, the single-crystal
magnetization curve shows a field-induced spin-flop mag-
netic phase in the ab plane, demonstrating easy-plane-type
anisotropy. The entropy reaches 83% of R ln8 at TN and the
in-plane ESR linewidth shows the development of spin-range
magnetic correlations, suggesting some degree of magnetic
frustration or low-dimensional behavior in the system. The
electrical resistivity data reveal metallic behavior and is
fitted above TN using the Bloch-Grüneisen model, which ac-
counts for electron-phonon scattering. The strongest AFM
exchange-coupling interaction occurs between Gd atoms via
the superexchange path Gd-As-Gd. Our DFT band-structure
calculations suggest that GdAsSe is a nodal-line semimetal
with an A-type AFM magnetic ground state, compatible with
our experimental findings.
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