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Insulator-to-Metal Transition and Isotropic Gigantic
Magnetoresistance in Layered Magnetic Semiconductors

Gokul Acharya,* Bimal Neupane, Chia-Hsiu Hsu, Xian P. Yang, David Graf,
Eun Sang Choi, Krishna Pandey, Md Rafique Un Nabi, Santosh Karki Chhetri,
Rabindra Basnet, Sumaya Rahman, Jian Wang, Zhengxin Hu, Bo Da,
Hugh O. H Churchill, Guoqing Chang, M. Zahid Hasan, Yuanxi Wang,* and Jin Hu*

Magnetotransport, the response of electrical conduction to external magnetic
field, acts as an important tool to reveal fundamental concepts behind exotic
phenomena and plays a key role in enabling spintronic applications.
Magnetotransport is generally sensitive to magnetic field orientations. In
contrast, efficient and isotropic modulation of electronic transport, which is
useful in technology applications such as omnidirectional sensing, is rarely
seen, especially for pristine crystals. Here a strategy is proposed to realize
extremely strong modulation of electron conduction by magnetic field which
is independent of field direction. GdPS, a layered antiferromagnetic
semiconductor with resistivity anisotropies, supports a field-driven
insulator-to-metal transition with a paradoxically isotropic gigantic negative
magnetoresistance insensitive to magnetic field orientations. This isotropic
magnetoresistance originates from the combined effects of a near-zero
spin–orbit coupling of Gd3+-based half-filling f-electron system and the strong
on-site f–d exchange coupling in Gd atoms. These results not only provide a
novel material system with extraordinary magnetotransport that offers a
missing block for antiferromagnet-based ultrafast and efficient spintronic
devices, but also demonstrate the key ingredients for designing magnetic
materials with desired transport properties for advanced functionalities.
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1. Introduction

Electronic transport is one of the most
widely adopted techniques to uncover phys-
ical properties of materials. Owing to its
sensitivity to density of states and car-
rier scatterings, applying a magnetic field
modulates electronic transport via various
mechanisms that are directly associated
with the fundamental properties of materi-
als. The competition of diverse contributing
mechanisms leads the electrical resistivity
to change with the direction and strength of
the appliedmagnetic field. A variety ofmag-
netotransport phenomena have been well-
explored, such as weak (anti)localization,[1]

quantum oscillations,[2] giant magnetore-
sistance (GMR),[3] and colossal magnetore-
sistance (CMR).[4] This venerable subject
remains rather vibrant in contemporary
condensed matter and materials physics re-
search, not only because it provides an ef-
fective approach to understand the elec-
tronic properties of materials, but also
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owing to emergence of novel phenomena, such as chiral mag-
netic effect[5–7] and extremely large positive magnetoresistance
(MR)[6–9] in topological quantum materials.
Efficient modulation of electron conduction by magnetic field,

which is manifested into resistance increase or decrease and
characterized by MR, is scientifically interesting and technolog-
ically useful. Generally, MR is sensitive to the direction of the
magnetic field with respect to the applied current. Examples in-
clude ordinary orbital MR due to Lorentz force that is sensitive
to the angle between field and current,[10] GMR caused by spin-
dependent scattering in magnetic multilayers and hence natu-
rally anisotropic,[11] and chiral magnetic effects induced by the
magnetic field component parallel to the current orientation.[5–7]

In contrast, strong MR independent of magnetic field direction
is much less common. Ferromagnetic metals and alloys show
small MR anisotropy of a few percent, but the amplitude of
MR is too small to be technologically useful.[12] The traditional
CMR effect in correlated materials is considered to be more
isotropic than GMR effects, but it generally varies by at least 30%
percent depending on magnetic field direction.[13,14] Recently,
a few non-oxide materials with strong negative MR have been
discovered, such as EuMnSb2,

[15,16] EuTe2,
[17,18] Mn3Si2Te6,

[19,20]

and EuCd2P2.
[21] These materials all display substantial field-

direction dependent MR.
Magnetotransport phenomena typically arise from modula-

tions in carrier density and/or scattering by the applied magnetic
field. Therefore, the dominance of anisotropic magnetotransport
is not surprising, given that both the magnetic field and electron
transport are directional. Anisotropic and strong MR has already
found applications in electronic compasses, position and mo-
tion sensing, and hard disk drives. On the other hand, isotropic
MR, if realized, can provide omnidirectional sensing capabilities,
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serving as a valuable complement to anisotropic MR-based de-
vices. This synergy allows for the acquisition of comprehensive
information for magnetic field sensing and magnetic imaging.
Here we propose a strategy to create isotropic colossal MR in-
dependent of magnetic field direction in compounds with van-
ishingmagnetic anisotropy, through an insulator-to-metal transi-
tion driven by the same-atom f–d exchange splitting. We present
a magnetic semiconductor GdPS as such a case, in which the
zero orbital angular momentum for f-electrons yields a near-zero
magnetic anisotropy. The substantial magnetization from half-
filled f-orbitals strongly splits the Gd d-bands through an on-site
exchange interaction, and results in a metallic state with well-
defined Fermi Surface with unprecedented negligible anisotropy
for MR.

2. Results and Discussion

2.1. Strategy Toward Colossal Isotropic MR

Isotropic magnetotransport is challenging from the perspective
of electron dynamics as mentioned above. A more feasible ap-
proach is to couple magnetism with carrier scattering and/or
scattering density in an isotropicmanner. This approach requires
isotropic magnetization which is usually challenging in crys-
talline materials because magnetic orders are generally charac-
terized by magnetic easy and hard axes. Fortunately, this task
is addressable since the mechanism of magnetic anisotropy
has been well explored. Spin–orbital coupling (SOC) and crys-
tal field interactions play key roles in determining magnetic
anisotropy of bulk crystalline materials.[22] Electron orbitals are
oriented by the lattice due to electrostatic interaction, so that
the coupling between electron orbits and spins gives rise to
easy-axis or easy-plane anisotropy. Strong SOC and field angle-
dependent magnetization can be utilized to create anisotropic
MR.[20] Here, minimizing SOC and the crystal field effect may
lead to isotropic magnetism. Since this work aims to develop
a universal approach to create isotropic magnetotransport, we
look into the commonly seen magnetism arising from d- or
f-electrons. d-electrons are generally more sensitive to crystal
fields. Even though orbital angular momentum for d orbitals is
usually quenched or partially quenched, SOC still creates resid-
ual orbital moment and strong magnetic anisotropy.[22,23] For
f electrons that are well-screened from the crystal field, how-
ever, they are characterized by even stronger SOC and hence
significant magnetic anisotropy is expected, which has been
known to be a key enabling factor of rare earth-based per-
manent magnet.[22] An exception applies to the vanishing or-
bital angular momentum L for half-filled f-orbitals, where SOC
is effectively zero and the magnetic anisotropy is mainly at-
tributed to shape anisotropy.[22] Therefore, starting from the com-
mon +3 valence for rare earth ions, Gd3+ with a half-filled 4f7

configuration offers the opportunity to realize isotropic mag-
netism.
Indeed, small magnetic anisotropic energy (MAE) has been

found in some Gd compounds such as ferromagnetic GdN (0.45
μeV per Gd) and GeFe2 (9 μeV per Gd),[24] but strong isotropic
MR have yet been discovered. The next challenge is to estab-
lish an approach to couple transport with magnetism to real-
ize isotropic and strong MR. In magnetic materials, in addition
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Figure 1. Strategy for realization isotropic magnetoresistance. a) Schematic band structure for the ground state (zero magnetic field) of an AFM semi-
conductor insulator, showing a gap opening at the Fermi energy EF. Exchange energy Ex is zero due to the vanished net magnetic moment in AFM
state, as illustrated in the bottom. b) Applying magnetic field polarizes the moments to form an FM state, creating strong net moment and turn on
exchange interaction that split the band. Sufficiently strong exchange splitting drives a band to cross the EF, resulting in a metallic state. c) Isotropic
magnetization. The magnetization (M) of the sample is induced and parallel to the external magnetic field (H), rotating in-phase with the field rotation.

to CMR and GMR in a few materials that do not demonstrate
isotropic MR as mentioned above, weak MR due to the field-
modulation of spin scattering for charge carriers is more gener-
ally seen.[25,26] To realize strong and isotropic MR, field-induced
metal-to-insulator (or vice versa) transition originating from elec-
tronic band reconstruction provides an effective approach. This
can be realized via exchange splitting of electronic bands that re-
sults in gap closing or opening. Exchange interaction is sensi-
tive to the net moment but not the direction of the moments.
Therefore, as illustrated in Figure 1, starting from an antiferro-
magnetic (AFM) ground state with zero net moment, finite mag-
netization induced by magnetic field turns on exchange split-
ting and modulates electronic bands. For isotropic magnetiza-
tion, this band structure modulation would be isotropic with re-
spect to the direction of the applied magnetic field. Because f-
electrons are usually localized, here we pursue exchange inter-
action between f and orbitals near the Fermi energy (EF) from
the same Gd3+ ions to maximize exchange splitting.[27] Since
the exchange interaction splits spin up and down bands, it is
easier to start from a gapped system and close the bandgap by
splitting bands near the EF, as opposed to opening a gap for a
metallic systemwhichmay involve band structure complications.
With this approach, field driven insulator-to-metal transition is
expected.

2.2. Isotropic Magnetism in GdPS

To realize the above scenario, the bandgap of the candidate ma-
terial should be within the band shifts achievable by reasonable
exchange splitting, while sufficiently large to minimize the ef-
fect of inevitable defects, self-doping, and thermally excited car-
riers. Therefore, the candidate material should be an AFM semi-
conductor possessing amoderate bandgap, f-electronmagnetism
and d-bands near EF. GdPS is a system meeting all the above
needs with Gd3+ to ensure isotropic magnetism. GdPS was dis-
covered decades ago[28] but only the electronic structure has been
explored theoretically.[29] This material adopts a layered crystal
structure consisting of flat phosphorus planes sandwiched by
Gd-S layers (Figure 2a). It is structurally similar to the tetrag-
onal ZrSiS[29] with Si square-net planes,[30,31] with the differ-
ence that GdPS undergoes an orthorhombic structure distortion
where the P plane fragments into an arm-chair chain-like struc-
ture, as shown in Figure 2b. More details on structure deter-
mination are provided in Supporting Information. Earlier the-
oretical studies[29] have shown that such a structural distortion
plays a vital role in modulating the electronic phase. As shown in
Figure 2c, in tetragonal structure (such as ZrSiS), theC2v symme-
try leads to aDirac nodal-line state that is characterized by linearly
dispersed bands crossing near the EF.

[29–31] In GdPS (Figure 2d),
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Figure 2. Electronic structure of GdPS. a) The orthorhombic crystal structure of GdPS. b) Arm-chair chain structure of the P layers. c) The tetragonal
structure with square-net layer leads to Dirac crossings. d) the orthorhombic distorted arm-chair chain-type P layer opens a gap at the Dirac point
(see Figure S4 in Supporting Information for detailed band structures). e) Electronic band structure of GdPS in the AFM ground state. The right panel
shows the checkerboard (Néel)-type AFM magnetic structure for the ground state determined by calculations (see Figure S6, Supporting Information).
While the magnetic structure is determined, the Gd moments’ orientations are schematic, which is difficult to determine owing to the very weak MAE.
f) Electronic band structure of GdPS in the polarized FM state. Magnetic structure for the FM state shows the polarization of Gd moments along the
direction of magnetic field. g) Exchange splitting between spin up and down bands for the Gd d-band near Γ, which can be seen by overlaying the
electronic structures of the AFM state (solid line) and the FM state (dashed line). The comparison of the entire electronic band structure is shown in
Figure S5 in Supporting Information.

however, the arm-chair chain configuration of P atoms loses one
mirror plane as compared to the square lattice, which strongly
gaps the Dirac crossing[29] (see Figure S4 in Supporting Infor-
mation for more details) and eventually leads GdPS to be a semi-
conductor.
DFT calculations (Figure S6, Supporting Information) reveal

that GdPS adopts an AFM ground state with a checkerboard
(Néel)-type magnetic structure. Though the predicted magnetic
structure is difficult to verify by neutron scattering due to the
strong neutron absorption of Gd, the AFM ground state is con-
sistent with our magnetization measurements that reveal the
absence of irreversibility between zero-field-cooling and field-
cooling susceptibility (Figure 3a. More data shown in Figure
S7 in Supporting Information), and the linear field dependence
of isothermal magnetization at low fields (Figure 3b). At high
field around 15 T, isothermal magnetization saturates quickly
(Figure 3b), which should be attributed to a spin-flip transition
to a polarized ferromagnetic (FM) state, as will be discussed be-
low. The AFM transition temperature TN displays a slight sam-
ple variation between 7 and 7.5 K, which should be ascribed to
the light P vacancies (see Experimental Section). At the AFM
ground state, DFT calculations estimate a moderate bandgap of
≈0.5 eV (Figure 2e), which is promising for realizing the desired
insulator-to-metal transition as will be shown below.
The vanishing SOC of Gd3+, as well as the very weak lig-

and SOC from the light elements P and S, leads to the needed
isotropic magnetism. As shown in Figure 3b, despite the lay-
ered crystal structure, magnetizations measured under in-plane
(H//ab) and out-of-plane (H//c) magnetic fields are almost iden-
tical for the temperature below (1.5 K) and above (10 K) TN. The

isotropic magnetization persists to higher magnetic fields and
saturates above≈15 T for both field orientations, implying a tran-
sition from an AFM to a polarized FM state. The saturation mo-
ment of ≈7.2 μB per Gd is consistent with the

8S7/2 multiplet for
Gd3+. The moment polarization persists even above TN, with a
nearly unchanged saturation moment at 10 K, as shown in the
lower panel of Figure 3b. The large magnetization is important
for the desired exchange splitting. Because sample rotation is
difficult during high field magnetization measurements, tunnel
diode oscillator (TDO) was adopted to examine the moment po-
larization with field orientations (Figure 3c), from which the mo-
ment polarization fieldHp at various magnetic field orientations
can be extracted. As shown in Figure 3d,Hp at 0.5 K displays very
weak angular dependence. The observed isotropic magnetism in
GdPS is consistent with the calculated small MAE of 30 μeV per
Gd for the AFM ground state (see Experimental Section). The
MAE can be further reduced to only 2 μeV per Gd in the polar-
ized FMstate. The combined experimental and theoretical results
indicate that the Gdmoments rotate freely with the external mag-
netic field, which is important for the isotropic MR as shown be-
low.

2.3. Isotropic Gigantic MR and Insulator-to-Metal Transition in
GdPS

Given the large Gd3+ moment, the field-driven spin-polarization
leads to strong exchange splitting that modifies the electronic
structure. As shown in Figure 2e, in the AFM ground state, the
conduction band edge of the semiconducting GdPS consists of

Adv. Mater. 2024, 36, 2410655 2410655 (4 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Magnetic properties of GdPS. a) Zero-field-cooling (ZFC) and field-cooling (FC) temperature dependent magnetic susceptibility for GdPS
measured with out-of-plane (H//c) magnetic fields of 1 T. Data taken under in-plane field is provided in Figure S7 in Supporting Information. b) Field-
dependent magnetization of GdPS at (top) 1.5 K and (bottom) 10 K, measured with field along the c-axis (perpendicular to the P plane) and within the
ab-plane (parallel to the P plane). Magnetization exhibits saturation behavior at high field, indicating a polarized FM state. c) TDO measured at various
magnetic field orientations. The transition-like feature near 15 T (indicated by the black arrow) signatures the moment polarization to an FM state. At
high field, dHvA oscillation in TDO can be observed. d) Critical field for moment polarization, as a function of the magnetic field orientation, extracted
from TDO measurement. The polarization field Hp is essentially field-orientation-independent.

Gd d-bands around Γ and P p-bands around Y and T points of
the Brillouin zone. In the polarized FM state, the strong net mo-
ment from Gd sublattice leads to exchange interactions that split
both bands, where theGd d-band splitting at the conduction band
edge is as large as 0.5 eV (Figure 2f,g, and Figure S5 in Supporting
Information) owing to the same-atom f–d exchange, as compared
to a much smaller band splitting of 0.1 eV for the P p-bands. The
strong Gd d-band splitting at Γ lowers the energy of the spin-
polarized band, replacing the P p-band edge at Y as the new con-
duction bandminimum that approaches theEF. In realmaterials,
when P vacancies increase EF, a Fermi surface from Gd d-band
centered at Γ can emerge, leading to an insulator-to-metal tran-
sition which has indeed been observed in our magnetotransport
experiments described below. Such a process is only determined
by the strength of the exchange splitting, thus it is isotropic with
respect tomagnetic field due to isotropic magnetization of GdPS.
As shown in Figure 4a, the in-plane resistivity (𝜌xx) measured

with current following parallel to the phosphorus plane of GdPS
(I // ab) increases with cooling, a typical non-metallic behavior
for the gapped electronic structure in the AFM ground state. Ap-
plying a perpendicular magnetic field (H⊥ab) changes resistivity
drastically, and eventually leads to a metallic-like temperature de-
pendencewith decreased resistivity upon cooling. Themetal state
is further verified by quantum oscillations under high magnetic
fields as will be discussed later. Such an insulator-to-metal transi-
tion is accompanied by gigantic negative MR. At T = 2 K, resistiv-

ity drops drastically up on increasing field as shown in Figure 4b.
The corresponding MR, quantified by the field-induced resis-
tivity change normalized to its zero-field value, reaches 97.3%.
When normalized to the 9T resistivity value following previous
reports,[15,17,32] the MR is as high as 3659%. The gigantic nega-
tive MR is reproducible in all samples we measured, reaching
up to 99%. Transport data and summary on more samples are
provided in Figure S8 and Table S3 in Supporting Information.
The strong negative MR occurs in a wide temperature and field
region. As shown in Figure 4b, at 2K, 50% reduction of resis-
tivity is easily achievable under a magnetic field of 3 T, which is
much lower than the spin polarization field of 15 T. Also, heating
up to 100 K which is well above the magnetic ordering tempera-
ture, MR remains as high as nearly 50% at 9 T. This further con-
firms the exchange splitting scenario that is driven by net mag-
netization without a need for magnetic ordering or full moment
polarization. As shown in Figure 3a, magnetic susceptibility at
50 K remains as significant as 1/3 of the maximum value at low
temperatures. In addition, as shown in Figure 3b, at 10 K which
is already above TN, magnetization still displays polarization be-
havior with saturation magnetization almost identical to that at
1.5 K. Therefore, exchange splitting remains significant due to
the strong magnetization at escalated temperatures, leading to
strong MR at high temperatures and making GdPS useful for
practical applications where operations at high temperature and
low field are preferable.

Adv. Mater. 2024, 36, 2410655 2410655 (5 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Gigantic, isotropic negative MR in GdPS. a) Temperature dependence for in-plane resistivity 𝜌xx, measured under various magnetic field from 0
to 9 T. Inset: measurement setup. b)Magnetic field dependence for 𝜌xx, measured at various temperatures from 2 to 300 K. c) Angular dependence forMR
at T = 5 K for in-plane resistivity 𝜌xx, measured by rotating field perpendicular to (𝜃-dependence, left) and within (𝜑-dependence, right) the phosphorus
plane. Inset: schematic of magnetic field rotation. d) Temperature dependence for out-of-plane resistivity 𝜌zz, measured under various magnetic field
from 0 to 9 T. Inset: measurement setup. e) Magnetic field dependence of 𝜌zz, measured at various temperatures from 2 to 300 K. f) Angular dependence
for MR at T = 5 K for out-of-plane resistivity 𝜌zz, measured by rotating field perpendicular to (𝜃-dependence, left) and within (𝜑-dependence, right) the
phosphorus plane. Inset: schematic of magnetic field rotation.

As expected, MR in GdPS is isotropic. Figure 4c depicts the
angular dependent MR at T = 5 K measured by rotating mag-
netic field both perpendicular to (𝜃-dependence) and within (𝜑-
dependence) the phosphorus plane, which reveals that MR is es-
sentially independent of the field orientation. This isotropic MR
is reproducible and persists at high temperatures beyond TN, as
shown in Figure S9 in Supporting Information. To better quan-
tify the isotropy of MR, we define the isotropic index by the differ-
ence of MR maximum and minimum in the angular dependent
measurements, normalized to the averageMR (see Experimental
Section). Such definition takes the strength of MR into account
so that it characterizes both isotropy and amplitude of MR. The
calculated isotropic index is as small as 0.8% and 0.2% at 9 T for
out-of-plane (𝜃-) and in-plane (𝜑-) field rotation, respectively.
Similar isotropic and gigantic MR is also present in out-

of-plane electronic transport, where the electrical current fol-
lowing perpendicularly to the phosphorus plane, as shown in
Figure 4d,e. Compared to in-plane transport, the zero-field out-
of-plane resistivity 𝜌zz at low temperatures is much larger than
𝜌xx by a factor of 35 (Figure 4d), consistent with the layered crys-
tals structure of GdPS. However, 𝜌zz is much more sensitive to
magnetic field and drops strongly under a small magnetic field.
As shown in Figure 4e, at 2 K, negative MR up to 90% for 𝜌zz can
be induced by a small field of 1 T. Further increasing field to 9
T boosts MR to 99.99%, which converts to 740167% when nor-
malizing to the 9 T resistivity value. Similar to 𝜌xx, strong nega-
tive MR in 𝜌zz persists to high temperatures with a much greater
value of 93.8% at 100 K and 9 T (Figure 4e), and displays isotropic
field orientation dependence with isotropic index < 0.01% for

both out-of-plane and in-plane rotations (Figure 4f). The isotropic
MR in 𝜌zz is reproducible and also persists at high temperatures,
as shown in the Figure S10 in Supporting Information. Such ex-
tremely strongmodulation of the out-of-plane transport is associ-
atedwith the evolution of the electronic structure due to exchange
splitting, as will be discussed later.
The isotropic and gigantic MR in both in-plane and out-of-

plane magnetotransport drastically differs from other strong but
anisotropic MR compounds such as EuMnSb2,

[15,16] EuTe2,
[17,18]

Mn3Si2Te6,
[19,20] and EuCd2P2.

[21] The only known example of
large, isotropic MR material is a disordered topological insula-
tor with delicate composition tuning to allow a formation of a
percolation of the current paths under field, and hence the MR
isotropy is sample dependent.[33] Therefore, GdPS represents
the first example of isotropic gigantic MR in pristine crystals
which is driven by a well-defined insulator-to-metal transition
from exchange splitting. The isotropic magnetism of GdPS en-
sures isotropic MR at various temperatures (above or below TN)
and magnetic fields, which is distinct from other known mate-
rials showing strong negative MR as summarized in Figure S11
in Supporting Information. Such a unique property again high-
lights the potential of GdPS for applications.
Quantitatively comparing in-plane and out-of-plane transport

at low temperatures, one can find that 𝜌zz is much larger at 0 T
but becomes comparable with 𝜌xx at 9 T. This suggests that elec-
tronic transport becomes more isotropic under a magnetic field,
which can be understood by the evolution of electronic struc-
ture during the insulator-to-metal transition. Electronic struc-
ture at zero magnetic field can be probed by angle-resolved
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Figure 5. Electronic structure of GdPS. a–d) Electronic structure at zero field. APRES observation of the electronic band dispersion at 90 K along a) Γ-X
and b) Γ-Y directions. An electron band slightly crosses the EF at Y, leading to a small Fermi surface at Y point as shown in (c). d) Brillouin zone for
GdPS. The black dotted square in c marks the surface Brillouin zone. e) Angular dependence for MR for in-plane resistivity 𝜌xx, measured by rotating
field perpendicular to (𝜃-dependence, left) and within (𝜑-dependence, right) the phosphorus plane. Inset: schematic of magnetic field rotation. e–i)
Electronic structure of the polarized FM state probed by quantum oscillations. e) High field MR at T = 0.5 K for GdPS, measured at various magnetic
field orientations. Upper inset shows the measurement schematic. Lower inset shows the SdH oscillation at high field. f) Field-angular dependence for
SdH oscillation frequency obtained from data in (e) (see Figure S12, Supporting Information). The observed angular dependence matches well with the
calculated Fermi surface formed from the exchange-split Gd d-band at Γ, assuming shifted EF by 0.245 eV (see Experimental Section). g) Contour plot
showing the dependence of the SdH oscillatory component 𝜌xx

osc with temperature and inverse magnetic field, constructed from SdH effect at various
temperatures shown in Figure S13a in Supporting Information. Inset: Oscillation pattern at 2 and 12 K. h) Temperature- and i) field-dependence for SdH
oscillation frequency of the same sample (see Experimental Section for extracting frequencies). Results in (e–i) are from the identical sample measured
using e,f) a 41 T magnet and g–i) a 31 T magnet.

photoemission spectroscopy (ARPES). As shown in Figure 5a–d,
ARPES observations are qualitatively consistent with the calcu-
lated band dispersions in Figure 2e. At the Y point, a small elec-
tron pocket is seen, which can be attributed to P vacancies that
electron-dopes GdPS. Despite its presence, this electron pocket is
not large enough to support full metallicity, as the non-metallic
transport up to room temperature at zero field (Figure 4a) implies
our GdPS is a lightly doped semiconductor.
The electronic structure under magnetic fields, though

unattainable by ARPES, can be resolved by quantum oscillations.
Both Shubnikov-de Haas (SdH) oscillations in magnetotransport
(Figure 5e) and de Haas-van Alphen (dHvA) oscillations in TDO
measurements (Figure 3c and Figure S14d–f in Supporting Infor-
mation) have been observed in our high field experiments. One
typical example is shown in Figure 5e, fromwhich SdH effects in
MRdata can be clearly seen above≈17 T atT= 0.5 K. Importantly,
SdH oscillation is observed for any magnetic field orientations
ranging from out-of-plane (𝜃 = 0°) to nearly in-plane (𝜃 = 82.6°)
directions, which indicates awell-defined three-dimensional (3D)
Fermi surface and rule out the possibility of quantum oscillation
from surface states in insulators[34,35] The oscillation frequency
does not vary strongly with field orientations, growing by only
16% from 500 T for 𝜃 = 0° to 580 T for 𝜃 = 82.6°, as shown in
Figure 5f. Since the oscillation frequency is proportional to the
extremal Fermi surface cross-sectional area perpendicular to the

magnetic field orientation, such angular dependence implies a
nearly spherical Fermi surface, which is consistent with the 3D
Fermi surface at Γ from the DFT band structure. As discussed
above (Figure 2f), in the polarized FM state, the strong f–d ex-
change splitting may lead to a Fermi surface at Γ from the spin-
polarized Gd d-band. Indeed, assuming a shifted EF by 0.245 eV
attributed to self-doping from the P vacancies, a nearly spheri-
cal Fermi surface at Γ has been discovered by our DFT calcula-
tions. The calculated angular dependence of oscillation frequency
based on that Fermi surface matches well with the experimental
observations, as shown in Figure 5f. Aside from the Gd d-band,
other possible bands such as the P p-band are not resolvable by
quantum oscillations.
The nearly spherical Fermi surface at Γ emerging with in-

creasing magnetic fields is further supported by the surprising
quantum oscillation anomalies. Figure 5g depicts the contour
plot showing the temperature and field dependencies of the SdH
effect under an in-plane magnetic field. Interestingly, the loca-
tions of the oscillation maxima and minima shift systematically
with varying temperature, as illustrated by the bent stripes in
Figure 5g. Typical data taken at 2 K and 12 K are shown in the
inset, where misaligned oscillations are clearly seen. This be-
havior is observed in multiple samples and occurs in both SdH
and dHvA effects (Figure S14, Supporting Information). Such
strong shift of oscillation pattern with temperature has not been

Adv. Mater. 2024, 36, 2410655 2410655 (7 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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observed in other materials. Further analysis reveals that it is
caused by the temperature dependent oscillation frequency that
drops from 560 T at 1.5 K to 450 T at 18 K, as shown in Figure 5h.
This appears inconsistent with the standard quantum oscilla-
tion theory based on Landau quantization of electronic systems
with unchanged charge densities, but agrees well with the sce-
nario of exchange splitting-driven insulator-to-metal transition:
The emergence of Fermi surface is due to the exchange-split Gd
d-bands that crosses the EF, so the size of the Fermi surface is
determined by the strength of the sample magnetization which
reduces upon warming. Hence, quantum oscillation frequency
also evolves with magnetic field in the same manner as magne-
tization. As shown Figure 5h, the oscillation frequency at 1.5 K
grows with field with a saturation behavior. At elevated temper-
atures (6 and 10 K), the frequency is lower but the field depen-
dence becomes even stronger. All of these match well with the
magnetization of GdPS that display saturation behavior at low
temperatures and weakens at higher temperatures (Figure 3b).
With the electronic structures revealed by ARPES and quan-

tum oscillation, the much stronger MR in out-of-plane trans-
port can now be understood. At zero magnetic field, transport
is governed by P layers as revealed by ARPES observations, so
that the transport is more two-dimensional-like and 𝜌zz is much
greater than 𝜌xx. In addition, the out-of-plane transport through
P and Gd-S layers occurs in a manner like tunneling because the
P-layer is more conductive than Gd-S. Applying magnetic field
reduces bandgap efficiently as discussed above, which strongly
enhances out-of-plane transport. When the field is sufficiently
strong, the exchange splitting induces a 3D spherical-like Fermi
surface from Gd d-bands. Because carrier scattering is relatively
less important in this insulator-to-metal transition process, elec-
tronic transport reflects the evolution of the dimensionality of
electronic structure, leading 𝜌zz to drops more strongly than 𝜌xx
and eventually becomes comparable with 𝜌xx.
The layered crystal structure of GdPS allows exfoliation down

to thin flakes (Figure S15, Supporting Information). Thus, this
material offers an excellent platform for device integration, es-
pecially for novel omnidirectional sensing that is complemen-
tary to the established directional sensing based on materials
with strong anisotropy. In addition to isotropy, compared to
other materials showing transition between insulator and metal
and even superconductor such as cuprates, some of which also
present metal/superconductor-insulator crossover at relatively
low field,[36] GdPS still present certain advantages. The AFM
ground state with vanishing stray fields further enables ultra-
fast and high-efficient device response.[37,38] In addition, in the
field-induced metallic state, the Fermi surface formed from the
exchange-split Gd d-band is spin polarized. Therefore, control-
ling EF by chemical or electrostatic doping to remove possible
contribution from the phosphorus bands may lead to a fully spin
polarized Fermi surface that is highly desired for spintronics de-
velopment. The above properties, together with the fact that the
gigantic, isotropic MR occurs in pristine GdPS without the need
for fine composition control, may open vast opportunities for
its applications. Our finding highlights the effectiveness of uti-
lizing exchange splitting-driven insulator-to-metal transition to
realize isotropic and gigantic modulation of transport by mag-
netic field, which is enabled by suppressed crystal field effect in f-
electron systems and near-zero SOC in half-filled f-orbitals to cre-

ate isotropic magnetism, as well as an AFM and semiconducting
ground state. Such a strategy can be generalized to discover more
candidate materials by computational high-throughput screen-
ing followed by experimental optimization of material parame-
ters by doping or strain, to ensure band edge states by d-orbitals
experiencing strong f–d exchange, as well as appropriate spin po-
larization fields and magnetizations at elevated temperatures to
extend the phenomena towards high temperatures and low fields
for technology applications.

3. Experimental Section
Sample Preparation: Single crystals of GdPS were grown by a direct

chemical vapor transport with a stoichiometric ratio of Gd, P, and S as
source materials and TeCl4 as the transport agent. The growths were per-
formed in a dual heating zone furnace with a temperature gradient from
1075 to 975 °C for 3 weeks. The produced crystals typically have either
needle-like or plate-like structures (Figure S1, Supporting Information),
both of which were confirmed to be the GdPS phase by the composi-
tion analysis using energy-dispersive X-ray spectroscopy and the structure
analysis using X-ray diffraction.

The structure of the GdPS single crystal was determined by single crys-
tal XRD. The structure parameters obtained from single crystal XRD refine-
ment were given in Table S1 in Supporting Information. A careful structure
investigation found that the atomic displacement parameter of P atoms
(0.0116(10) Å2) is greater than other atoms including Gd1 (0.0065(5) Å2),
Gd2 (0.0070(5) Å2), S1 (0.0060(12) Å2), and S2 (0.0050(12) Å2) under the
same refinement conditions, which indicated the possible presence of va-
cancy at P atomic sites. The refinement of atomic occupancy of P atoms
revealed the occupancy of 0.95, which indicates the presence of P vacancy
that is consistent with the electron doping scenario revealed by ARPES.

Angle-Resolved Photoemission Spectroscopy: ARPES measurements
were conducted out at Beamline 10.0.1 of the Advanced Light Source (ALS)
in Berkeley, California, USA. The energy resolution was better than 30 meV
and the temperature for measurement was 90 K. The incident photon en-
ergy was 55 eV. Samples were cleaved in situ andmeasured under vacuum
better than 5 × 10−11 Torr.

Band Structure Calculations: The band structure was calculated us-
ing density-functional theory (DFT) as implemented in VASP[39] using
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional[40] and
projector augmented wave (PAW) pseudo-potentials. The cut-off for the
kinetic energy of plane was to be 520 eV and a 4×4×1 k-point mesh was
used in the Brillouin zone. The Hubbard U parameter was used for the
Gd-4f electron (Ueff

Gd,5f = 7 eV). The total energy was converged at least
10−6 eV (10−7 eV for MAE) during electron configuration relaxation. Spin–
orbit coupling (SOC) was included in all calculations unless otherwise
stated. To model the paramagnetic state for GdPS (Figure S4, Support-
ing Information), the calculation was performed by using a non-magnetic
state.

Magnetic Anisotropy Energy Calculations: The calculation of the vari-
ation of MEA with polar angle 𝜃 and azimuthal angle 𝜑 provides stable
structures as references for MAE calculations. As shown in Table S2 in
Supporting Information, it is observed that in the case of AFM GdPS, the
configuration with the magnetic moment oriented at 𝜃 = 45° and 𝜑 = 45°

is slightly more stable than other AFM configurations. Similarly, in the case
of FM GdPS, the configuration with the magnetic moment oriented at 𝜃 =
0° and 𝜑 = 0° is slightly more stable than other FM configurations. These
stable structures are considered as references for MAE calculations.

Extremal Fermi Surface Cross-Section Area and Associated Quantum Os-
cillation Frequency: To calculate the Fermi surface with the interpolation
of the energy bands, the maximally localized Wannier functions (MLWF)
for the ferromagnetic state of GdPS were obtained using the Wannier90
package.[41] Moreover, the dHvA frequencies were calculated by the SKEAF
code[42] with the Fermi surface information.

Measurements: The magnetization and magnetotransport up to 9
T were measured using a physical property measurement system

Adv. Mater. 2024, 36, 2410655 2410655 (8 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 48, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202410655 by Pennsylvania State U
niversity, W

iley O
nline Library on [10/02/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

(PPMSDynaCool, QuantumDesign). The standard 4-probemeasurement
was used for magnetotransport. The high field magnetization measured
with VSM (up to 35 T), magnetotransport measurements (up to 31 T and
45 T), and TDO measurements (up to 45 T) were performed at the Na-
tional High Magnetic Field Laboratory (NHMFL) at Tallahassee.

Anisotropic Index: Anisotropic index characterizes the degree of
anisotropy. It is defined as the difference between the maximal and mini-
mal MR at different magnetic field orientations [MR(𝜃)max − MR(𝜃)min ],
normalized by the averageMR [MR(𝜃)avg] calculated by averaging themax-
imal and minimal MR:

Anisotropic index ≡

MR(𝜃)max −MR(𝜃)min

MR(𝜃)avg
=

MR(𝜃)max −MR(𝜃)min

[MR(𝜃)max +MR(𝜃)min ] ∕2
(1)

Therefore, anisotropic index takes a value between 0 and 2. A value of
0 means perfect isotropic when MR(𝜃)max = MR(𝜃)min, and a value of 2
refers to completely anisotropic when MR(𝜃)min = 0.

MR changes with temperature and magnetic field, which allows for
extracting the anisotropic index as a function of the amplitude of MR,
as shown in Figure S11 in Supporting Information. Other materials with
strong negative MR, including EuMnSb2,

[15] EuTe2,
[18] Mn3Si2Te6,

[19]

EuCd2P2,
[21] disordered topological insulator TlBi0.15Sb0.85Te2,

[33] and
CeCuAs2

[43] are provided in Figure S11 in Supporting Information for com-
parison.

Extracting Temperature- and Field-Dependent Quantum Oscillation Fre-
quency: Because the Fermi surface of the polarized FM state is formed
from the exchange-split Gd d-bands, it evolves with magnetization and
thus temperature- and field-dependent. Therefore, the corresponding
quantum oscillation frequency, which is proportional to the extremal Fermi
surface cross-section area perpendicular to magnetic field direction, also
changes with temperature and magnetic field. For field dependence pre-
sented in Figure 5i, the oscillation frequency cannot be extracted from the
conventional Fourier transform because the oscillation data is in the field
domain. Therefore, to determine oscillation frequency at variousmagnetic
fields, the distance between neighboring oscillation peaks is evaluated,
which is the oscillation period. The inverse of the period yields frequency
for that field range, as shown in Figure S13c in Supporting Information.

For temperature dependence, the oscillation frequency is obtained from
the Fourier transform of the oscillation pattern, as shown in Figure S13b in
Supporting Information, which is the convention method for quantum os-
cillation analysis. For temperature-dependent Fermi surface in GdPS, this
method bears small errors. That is because Fourier transform is applied
to a certain field range containing multiple oscillation periods, but the fre-
quency changes with field in GdPS. Nevertheless, given that the oscilla-
tion amplitude damps with reducing magnetic field, the peak position in
Fourier spectrum is mainly determined by the oscillation in the high field
range. Indeed, frequency extracted from Fourier transform in Figure 5h
agrees with the high field (29– 31T) frequency obtained by the distance
between neighboring oscillation peaks in Figure 5i.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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