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Antiferromagnetic (AFM) spintronics, where magnetotransport is governed by an antiferromagnet
instead of a ferromagnet, opens fascinating new perspectives for both fundamental research and device
technology. This is because AFM spintronics have intrinsic appealing properties, such as rigidness to
magnetic field, absence of stray field, and ultrafast spin dynamics. One of the urgent challenges, hinder-
ing the realization of the full potential of AFM spintronics, is the performance gap between AFM metals
and insulators. Here, we demonstrate the insulator-metal transition and persistently large anisotropic mag-
netoresistance (AMR) in single crystals Sr2(Ir1−xGax)O4 (0 ≤ x ≤ 0.09), which host the same basal-plane
AFM lattice with strong spin-orbit coupling. The nondoped Sr2IrO4 shows the insulating transport with
AMR as large as approximately 16.8% at 50 K. The Ga substitution of Ir allows a gradual reduction of
electrical resistivity. A clear insulator-to-metal transition is identified in doped samples with x above 0.05,
while the AMR can still have approximately 1%, which is sizable in comparison with those in the AFM
metals reported so far. Our experiments reveal that all samples have similar fourfold AMR symmetry,
which can be well understood in the scenario of magnetocrystalline anisotropy. It is suggested that the
spin-orbit-coupled antiferromagnets Sr2(Ir1−xGax)O4 are promising candidate materials for AFM spin-
tronics, providing a rare opportunity to integrate the superior spintronic functionalities of AFM metals and
insulators.

DOI: 10.1103/PhysRevApplied.10.014025

I. INTRODUCTION

Antiferromagnets have generated increased interest in
the spintronics community, owing to their attractive prop-
erties and their technological potential to develop efficient
memory devices [1–8]. The appealing features, such as
rigidity to external magnetic field, absence of stray field,
and ultrafast spin dynamics, make the antiferromagnetic
(AFM) materials particularly favorable for ultrahigh den-
sity and high-speed spintronics [7]. A major breakthrough
in this emerging AFM spintronics field is the observation
of anisotropic magnetoresistance (AMR) in several anti-
ferromagnets recently [1,3,4,6,8,9], which confirmed the
viability of utilizing antiferromagnets in spintronic devices
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[10]. When the staggered spin orders in antiferromagnets
are manipulated by various approaches, the equilibrium
relativistic electronic structure is expected to be modified.
As a consequence, the AFM orders can be electrically
readout by the AMR effect, which is the magnetotransport
counterpart of the relativistic energy anisotropy.

Studies of AFM-based AMR (AFM AMR) have illus-
trated the leading role of strong spin-orbit coupling (SOC)
in the manipulation and detection of AFM orders well.
This has stimulated the search for new materials combin-
ing Néel orders and the strong SOC effect. A straightfor-
ward and efficient method using strong SOC is to alloy
3d magnetic species with heavier elements. For instance, a
spin-valve-like magnetoresistance (MR), as large as 160%,
was observed in a MnIr-based tunneling junction [1], and
room temperature (T) memory was revealed in a simple
resistor made of AFM FeRh [4]. Recently, the discovery of
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a J eff = 1/2 state in several 5d iridates has posed a funda-
mentally distinct scheme to build up a spin-orbit-coupled
AFM lattice, where the SOC and magnetic moment have
the same source, i.e., the Ir ions [11–15]. In fact, cases
of large SOC involved in building up the electronic and
magnetic structures have been widely seen in 4d/5d mag-
netic materials [16,17]. Because of the pronounced SOC
(scaled by a factor λ ∼ 0.5 eV) at the Ir site in iridates, the
t2g band of the Ir 5d state is split into half-filled J eff = 1/2
and fully occupied J eff = 3/2 bands. Further, the J eff = 1/2
band can be split by a moderate Hubbard repulsion, lead-
ing to a Mott transition [11]. Interestingly, the J eff = 1/2
moment, entangling both spin and orbital momenta, was
found to be a very efficient ingredient for AFM spintronics.
In the prototypical J eff = 1/2 AFM insulator Sr2IrO4, giant
relativistic energy anisotropy was predicted upon the AFM
spin-axis rotation [3], and a remarkable AMR of approx-
imately 14% was experimentally evidenced [5]. Although
fascinating functionalities have been identified in the AFM
metallic alloys and insulating oxides separately, it remains
a significant challenge to integrate these superior prop-
erties properly, which hinders the realization of the full
potential of AFM spintronics. For instance, the AFM met-
als are suitable for electrical writing of information, while
the AFM insulators are more compatible with transistors.

Difficulties for closing the performance gap between
AFM metals and insulators lie mostly in finding appropri-
ate materials in which the electric transport can be tuned
over a broad range, i.e., from metallic to insulating, with-
out breaking the inherent AFM lattice and especially the
related spintronic functionalities, e.g., the AMR effect.
This has actually been one of the main obstacles to the
advancement of AFM spintronics. In comparison with
AFM alloys showing robust metallicity, the J eff = 1/2 Mott
state in iridates, i.e., in Sr2IrO4, is found to be rather tun-
able, such as the insulator-metal transition induced by dop-
ing [18–21]. In particular, hidden orders like pseudogap
and Fermi arcs were experimentally identified in doped
Sr2IrO4, in analogy to those found in the high-temperature
cuprate superconductors [22–24].

To realize an AFM AMR effect in Sr2IrO4 and its
derivate, a robust AFM lattice is strongly desired and has to
be maintained in the doping-induced metallic state. So far,
the AFM AMR has already been identified in the nondoped
Sr2IrO4, which was understood as a consequence of mag-
netocrystalline anisotropy [3,5]. However, previous works
focusing on the insulator-metal transition in doped Sr2IrO4
have commonly found that the basal-plane AFM lattice
is prone to collapse upon the presence of metallic state
[18–21]. This is intriguing indeed, since a signature char-
acter of Sr2IrO4 is the absence of anomaly in the elec-
tric transport corresponding to the AFM transition at
TN ∼ 240 K [19]. In fact, several recent theoretical cal-
culations predicted the coexistence of AFM order with
metallic state in Sr2IrO4 upon pure carrier doping [25–27].

To achieve this, nonmagnetic species doping, which can
exclude possible additional magnetic perturbations being
brought into the system, should be preferential. In addi-
tion, substituting Ir with nonmagnetic ions in Sr2IrO4 may
further enhance the local Ir(Ga)-p/O-d hybridization and
thereby the structure distortion, which usually favors the
AFM interaction. Indeed, Liu et al. theoretically revealed a
vital role of the p-d hybridization in tuning structure distor-
tion in doped Sr2IrO4 [28]. Therefore, doping the J eff = 1/2
Mott state with nonmagnetic species in Sr2IrO4, in com-
parison with those magnetic doping, provides a promising
route to solve the urgent issue of the apparent incompati-
bility of robust AFM order with metallic transport.

In the present work, we demonstrate successive mod-
ulation of the electric transport from insulating state to
metallic state in nonmagnetic Ga-doped Sr2IrO4 single
crystals, while the robust AFM orders and persistently
large crystalline AMR can be retained. For Sr2IrO4, the
AMR is found to be as big as approximately 16.8% at
T = 50 K, while the doped samples show not only metallic
transport but also AMR larger than approximately 1%. All
samples show the same fourfold AMR symmetry, arising
from the magnetocrystalline anisotropy.

II. EXPERIMENTS

Sr2(Ir1−xGax)O4 (0 ≤ x ≤ 0.09) single crystals are syn-
thesized from off-stoichiometric quantities of SrCl2,
Sr2CO3, IrO2, and Ga2O3 using self-flux techniques.
In order to determine the crystalline structure, select
crystals are crashed thoroughly and then powder XRD
measurements are performed at room temperature. The
ionic oxidation state of Ir is determined by performing
x-ray photoelectron spectroscopy (XPS) measurements.
Atomic force microscopy characterizations are performed
to capture the surface morphology of the crystals after
cleaving.

Electric transport measurements for all samples are car-
ried out using a four-probe method in a Quantum Design
(QD) physical property measurement system equipped
with a rotator module. With regard to the AMR mea-
surements, exciting current I is applied along the [001]
direction, and the magnetic field H is always rotated within
the basal plane of the crystals. Therefore, AMR refers to
the (I, H ) behaviors. Magnetization (M ) as a function of T
and H is measured using a QD superconducting quantum-
interference device. During the M (T) measurements in
both the in-plane and out-of-plane geometries, the mea-
suring field is fixed at H = 0.1 T. All M (H ) curves are
measured after the zero-field-cooled (ZFC) sequence.

III. RESULTS

All samples with different Ga-doping content x show
the pure phase with a tetragonal crystalline structure,
evidenced by the measured XRD patterns presented in Fig.
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S1 of the Supplemental Material [29]. To check the crystal
quality, the sample with x = 0.07 is cleaved, and then the
surface morphology is mapped out through atomic force
microscopy characterization, from which the layered struc-
ture can be clearly seen (see Fig. S2 of the Supplemental
Material [29]). To obtain more details on the structure vari-
ation upon Ga doping, Rietveld-profile refining of the XRD
data is performed, and the refined details for the sam-
ple with x = 0.05 are presented in Fig. 1. The difference
between the measured and refined spectra is small with
reliability parameter Rwp = 6.78%. For all other samples,
Rwp values are at similar levels. The lattice parameters,
including a and c values, and Ir-O-Ir bending angle ϕ

and IrO6 octahedron rotation angle φ [= (180°−ϕ)/2] are
shown in Figs. 1(b) and 1(c), respectively. Both a and c
values just show a tiny variation upon doping, as small
as approximately 0.1% and approximately −0.2%, respec-
tively, over the x range from 0.0 to 0.09. This behavior is
expected because of the approximate ionic radius of Ga3+
(0.620 Å) and Ir4+ (0.625 Å) [30]. In contrast, both ϕ and
φ values show non-negligible variations upon Ga doping,
e.g., ϕ is enhanced by approximately 4° while φ is reduced
by approximately 2° as x is up to 0.05. As revealed by pre-
vious works, both ϕ and φ are important to the electronic
and magnetic properties of Sr2IrO4 [31,32], as evidenced
hereafter.

The Ga substituting for Ir in Sr2IrO4 is expected to
introduce holes to the system, owing to the lower valance
state of Ga3+ than Ir4+. This is confirmed by our XPS
measurements with data in Fig. S3 of the Supplemen-
tal Material [29]. By fitting the XPS data with multiple
valance states of Ir ions, the presence of Ir5+ in the doped
samples is identified, and the content of Ir5+ is increased
with increasing x. The hole doping in Sr2Ir1−xGaxO4 single
crystals is further confirmed by Hall effect measurements
(See Fig. S4 in the Supplemental Material [29]). The posi-
tive slope of all Hall resistivity curves obtained at various
temperatures demonstrates the p-type characteristic in the
samples. Furthermore, the hole-carrier density in the sam-
ple with x = 0.05 is estimated to be about one order of
magnitude higher than that in the nondoped sample (x = 0).
The charge accumulation surrounding Ir ions promotes the
local Coulomb repulsion, and thus suppresses the Ir-p/O-d
hybridization and the structure distortion [28]. In contrast,
the introduction of nonmagnetic Ga ions is expected to
enhance local p-d hybridization and therefore the structure
distortion because of the empty d orbit of Ga3+. The two
factors compete with each other and determine the struc-
ture distortion in the samples. It seems that as x < 0.05 the
sudden enhancement of hole-carrier density in the samples
lets the first factor stand out, giving rise to the enhanced
Ir-O-Ir bond angle ϕ. Further increasing Ga content over
0.05 allows the second factor to be dominant, and as a con-
sequence the structure distortion in the samples becomes
more problematic, i.e., ϕ is reduced at x > 0.05.

FIG. 1. (a) Rietveld refinement for the sample with x = 0.05.
(b) Evaluated lattice parameters a and c, and (c) Ir-O-Ir bond
angle ϕ and IrO6 rotation angle φ as a function of Ga content x.

Another effect of the charge-transfer process by Ga dop-
ing is the drastic reduction in resistivity (ρ), as shown in
Figs. 2(a) and 2(b), which is seen to be more than six orders
of magnitude at low T. The massive variation in electric
transport in Sr2(Ir1−xGax)O4 crystals evidences the signifi-
cant effect of hole doping in tuning the J eff = 1/2 state. As
anticipated, the nondoped Sr2IrO4 exhibits the insulating
transport in the entire T range, owing to the J eff = 1/2 Mott
state [11]. Increasing x causes the continuous suppression
of ρ(T) curves, and finally triggers a metallic transport
in samples with higher x ≥ 0.05, evidenced by the posi-
tive slope of ρ(T) curves shown in the insets of Figs. 2(a)
and 2(b). The electric transport of the c axis and the ab
plane show the similar transition from insulating to metal-
lic, although the ρab(T) and ρc(T) curves exhibit some
differences in a quantitative sense. More details of the slope
change of ρ(T) can be seen in Fig. S5 of the Supplemental
Material [29]. It is noted that in Sr2(Ir1−xRhx)O4, qualita-
tively different transport behavior between the c axis and
the ab plane, i.e., dρab/dT > 0 but dρc/dT < 0, are revealed
as 0.07 < x ≤ 0.24, which may due to the vanishing mag-
netic state in this doping range [33]. This is different from
the present situation, and we show that the AFM orders
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are robust against Ga doping in Sr2(Ir1−xGax)O4 single
crystals. Certainly, one observes the upturn in ρ(T) in the
low-T range (<50 K), which is due to the doping-induced
disorder effect commonly seen in doped Sr2IrO4 [18,33].

For the tremendous modulation of electric transport and
insulator-metal transition, it is critical to check whether the
basal-plane AFM order remains robust against Ga doping
or not. Figs. 2(c) and 2(d) show the measured magne-
tization data collected under H = 0.1 T along the [100]
and [001] directions, respectively, noting the very differ-
ent M axis scales for the two cases. All samples uniformly
show the sharp AFM transition, and the Néel temperature
TN just presents the modest decrease from approximately
240 to approximately 180 K upon increasing x to 0.09.
In particular, striking magnetic anisotropy with approx-
imate Mab/Mc ∼ 10 can be seen for all samples. These
features suggest that the basal-plane AFM configuration
can be reserved for all samples, which is supported by
further magnetic characterizations shown below. Magnetic
and transport properties are summarized in the phase dia-
gram plotted in Fig. 2(e), where we see the coexistence of
AFM orders with different electronic states (insulator and
metal).

In Sr2IrO4, a unique character of the basal-plane AFM
order is the collective canting of Ir isospins due to the
Dzyaloshinsky-Moriya (DM) interaction, which induces
net magnetic moment in each IrO2 plane [32,34,35]. As
schematically shown in Fig. 3(a), within the ab plane,
the AFM-ordered isospins deviate from the b axis with a
certain angle α. It is revealed that the canted Ir isospins
rigidly track the IrO6 rotation φ relative to the c axis, lead-
ing to a locking effect of α ∼φ [32]. This isospin canting
leads to a net magnetic moment along the a axis with
Ma = M Ir·sinα ≈ M Ir·sinφ in the IrO2 plane [35]. In the
ground state, Ma is aligned antiferromagnetically along
the c axis without showing macroscopic magnetization.
Upon a sufficient magnetic field H higher than the critical
field H flip for isospin flip within the ab plane, an isospin-
flip transition is triggered, and thus a weak ferromagnetic
(FM) phase arises below TN [36,37]. This is responsible
for the sudden M enhancement at TN of the M (T) curves
[Figs. 2(c) and 2(d)]. The induced weak FM phase can
also be identified by the well-shaped M (H ) curve with
clear magnetic saturation, such as the one measured at
T = 10 K in Sr2IrO4 shown in Fig. 3(b). A closer look at the
M (H ) curve reveals a steplike anomaly at approximately
0.2 T, which is obviously the flipping field H flip, as shown
in Fig. 3(c), owing to the H -driven isospin-flop transi-
tion. The complementary initial M (H ) curves after the
ZFC sequence are shown in Fig. S6 of the Supplemental
Material [29].

Increasing x to 0.09 does not cause apparent impact
onto the magnetic saturation of all the samples, while the
maximum magnetization M s derived at H = 5 T decreases
from approximately 0.093 to approximately 0.06 μB/Ir,

mainly ascribed to the hole-doping-induced Ir4+ to Ir5+
conversion. Another visible effect of the Ga doping is the
appearance of FM-like hysteresis in samples with x ≥ 0.05,
as shown in Fig. 3(c). As revealed by previous neutron
scattering experiments and theoretical calculations, hole
doping in Sr2IrO4 is expected to reverse Ma alternatively,
resembling the H -induced isospin-flop transition [38,39].
Nevertheless, the flopping of Ma driven by the hole doping
is found to be irreversible, which explains the FM-like hys-
teresis in the samples with relatively high-doping content
well. Here it is noteworthy that the basal-plane AFM orders
seen in the parent material Sr2IrO4 are expected to be pre-
served in all samples, although Ga doping has modified the
alignment of Ma.

As aforementioned, Ma arises from the isospin cant-
ing, and is simply determined by the canting angle α (or
the octahedral rotation angle φ) and the Ir moment M Ir
with the equation Ma = M Ir·sinα ≈ M Ir·sinφ. This there-
fore provides a quantitative measure to verify the basal-
plane AFM lattice in the doped samples. In Fig. 3(d), the
calculated Ma = M Ir·sinφ are in good agreement with the
experimental values M s for all samples. This demonstrates
the basal-plane AFM lattice exists in all samples. Here, φ

is obtained through the structural refinement shown above,
and M Ir is derived from the Curie-Weiss fitting of the mag-
netization data (see Fig. S7 of the Supplemental Material
[29]).

To this stage, we have revealed continuous tuning of the
electric transport from insulating state to metallic state and
robust basal-plane AFM orders in Ga-doped Sr2IrO4 single
crystals. This is also a quite unusual and emergent phe-
nomenon, demonstrating that the nonmagnetic substitution
of Ir in Sr2IrO4 could be an appreciated route to accom-
modate the coexistence of AFM order and metallic state.
Then we turn our focus to track the spintronics functional-
ity, i.e., the AMR effect, which is the main motivation of
the present work, noting that a realization of AMR rep-
resents an important step towards the manipulation and
detection of AFM orders, in analogy to the traditional FM
spintronics. As shown in Figs. 4(a) and 4(b), all samples
with either insulating or metallic transport show the same
fourfold AMR = [R(�) − R(0)]/R(0) symmetry, while the
AMR amplitude is gradually reduced upon Ga doping. The
device geometry of the AMR measurements is shown in
the inset of Fig. 4(c), where the electric current is applied
along the [001] direction, and H is rotated within the basal
plane during the measurements. The AMR amplitude as
a function of x derived at T = 50 and 90 K is summa-
rized in Fig. 4(d). In Sr2IrO4, the AMR is found to be
as huge as approximately 16.8% at T = 50 K, in agree-
ment with a previous report [5]. Doping Ga at the Ir site
up to x = 0.05 reduces the AMR amplitude from 16.8 to
1%. For samples with x ≥ 0.05 where the metallic trans-
port emerges, the AMR amplitude evolves with x steadily
at a level of approximately 1%, which is indeed among the
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FIG. 2. Measured resistivity as a function of temperature (a) ρab(T) and (b) ρc(T) for the samples with x = 0, 0.01, 0.03, 0.05, 0.07,
0.09. The inset highlights the metallic transport of the samples with x ≥ 0.05. (c),(d) The temperature dependence of magnetization
measured with H //ab plane and H //c axis for all samples, respectively. (e) Summarized magnetic and transport properties. The TN were
obtained from the in plane (magenta dots) and out-of-plane (green cross) magnetization data, respectively. The resistivity measurements
of the ab plane are used to construct the phase diagram.

largest values reported so far in metallic AFM materials.
The same fourfold AMR symmetry can be generally seen
below TN in all samples, while their magnitude show a
gradual decrease with increasing T, as shown in Fig. 4(d).

IV. DISCUSSION

We now discuss the observed insulator-metal transi-
tion, robust basal-plane AFM orders, and persistently large
fourfold AMR in Sr2(Ir1−xGax)O4 (0 ≤ x ≤ 0.09) single
crystals. The insulator-metal transition has been frequently
observed in electron- or hole-doped Sr2IrO4. Regarding the
electron doping in Sr2IrO4, the Mott gap collapses as a
result of band filling, which is identified through optical
spectroscopy characterizations [40]. However, the hole-
doping-induced transition to metallic state is a little more
complicated. First, the hole doping can move down the
chemical potential to or near the top of the lower Hub-
bard band [41]. Second, doping with 3d or 4d species at
the Ir site is expected to reduce the effective SOC; thus
shrinking the bandgap in the J eff = 1/2 state [20]. In the
present work, the Ga doping at the Ir site in Sr2IrO4 ful-
fills the two factors simultaneously, i.e., introduces holes

to the Ir site and reduces the effective SOC. Therefore, the
downshift of chemical potential assisted by the reduction
of effective SOC should be the origin of the metallic trans-
port in Sr2(Ir1−xGax)O4 crystals. In addition, our structural
analysis reveals a small increase (approximately 2%) of the
Ir-O-Ir bond angle ϕ, which contributes to the conduction
as well, according to density-functional calculations [31].

Previous studies revealed that the basal-plane AFM lat-
tice of Sr2IrO4 is easy to break upon doping [15,18,20,21].
However, it is noted that magnetic species were generally
used for the substitution in these works, which would cer-
tainly bring in additional magnetic disturbance along with
the carrier doping. In a recent work, it was experimen-
tally found that a tiny 3% of isovalent Tb4+ substituting
for Ir4+ completely suppressed the long-range AFM orders
in Sr2IrO4 [42]. Upon Mn doping in Sr2IrO4, the isospins
were reordered from the basal plane to the c axis, although
typical insulating transport behavior was seen simultane-
ously [15]. These works demonstrated the significant role
of magnetic perturbation in tuning the AFM coupling in
Sr2IrO4. According to recent theoretical calculations, the
basal-plane AFM lattice behaves indeed robustly against
pure carrier doping in Sr2IrO4 [25–27]. Therefore, it is
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FIG. 3. (a) Sketch of the mag-
netic structure of Sr2IrO4. (b)
Magnetization as a function of
H measured at T = 10 K for all
samples. (c) The M (H ) curves at
low-field range for samples with
x = 0, 0.01, 0.05. (d) Plotted x
dependence of magnetic moment
M Ir obtained from Curie-Weiss
fitting, M s derived from the M (H )
curves, and M cal calculated using
the equation of M cal = M Ir•sinφ.

physically reasonable to anticipate the preservation of the
basal-plane AFM lattice in the nonmagnetic Ga-doped
Sr2IrO4, where only the hole-carrier density is enhanced.

Our structural analysis reveals clear variation in the Ir-
O-Ir bond angle ϕ and the octahedral rotation φ upon Ga
doping, which may be related to the Ga-doping-induced
charge transfer as discussed above. In particular, it is
found that ϕ decreases again as x > 0.05, evidencing the

enhancement of structure distortion in the samples. This is
expected to stabilize the AFM orders. As shown in Fig.
S8 of the Supplemental Material [29], TN evolves with
x in a more modest manner at x > 0.05 indeed, as com-
pared with the case at x < 0.05. This is consistent with the
structural analysis. In addition, topological defects accom-
panying with the Ga doping will surely impact the Ir AFM
network and thus contribute to the continuous decrease in

FIG. 4. (a),(b) Measured AMR
data at T = 50 K and H = 3 T
for all samples. (c) AMR magni-
tude obtained at T = 50 K (black
squares) and 90 K (green dots) as
a function of Ga content x. The
inset shows the device geometry
of the AMR measurements. (d)
Temperature dependence of AMR
magnitude for all samples.
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TN within the entire doping range. We note that a similar
transition from insulating to metallic was reported in poly-
crystalline Sr2−xGaxIrO4 recently [43]. However, this Ga
replacement of Sr gives rise to the electron-doping effect in
the samples, and rather complicated magnetic states were
revealed in this work, different from our results.

The key experimental observation of the present work
is the large fourfold AMR effect in all samples hosting
remarkably different transport properties. This has not been
reported in previous studies focusing on the AFM spin-
tronics. The realization of the AFM AMR effect is crucial
for the manipulation and detection of AFM orders. The
above magnetization data reveal that the weak FM phase
can be induced by either magnetic field or hole doping.
This provides a natural handle to manipulate the basal-
plane AFM orders, and thus trigger the AMR effect in the
samples. During the AMR measurements, H and thereby
M is always perpendicular to the applied electric current,
which means that the AMR is determined solely by the
varying angle between M and crystal axes, fulfilling the
scheme of magnetocrystalline anisotropy. Previous neu-
tron scattering and optical microscopy characterizations
have demonstrated that the magnetic easy axis of Sr2IrO4
is along the crystal axis, i.e., the b axis [32,35]. This should
be the same case in all doped samples, since they have
the same basal-plane AFM configuration as evidenced by
our magnetic characterizations. As shown in Figs. 4(a) and
4(b), the AMR minima of all samples has a periodicity of
π /2, and appears right at the crystal axes, matching well
with the tetragonal symmetry of the crystals. This clearly
demonstrates the magnetocrystalline anisotropy origin of
the observed persistent large AMR in all samples.

It is known that the crystalline AMR is determined by
the anisotropy of the DOS and the corresponding position
of the chemical potential. In the present work, the Ga dop-
ing is revealed to modify the J eff = 1/2 state significantly.
Therefore, the observation of different AMR magnitudes in
the samples with different Ga content is expected. More-
over, it was theoretically revealed that the DOS anisotropy
of the AFM insulator Sr2IrO4 is far larger than that of
AFM metals, i.e., MnIr and Mn2Au [3,10]. This indicates
that the AFM insulators are better for obtaining a sizable
AMR effect, as compared with the AFM metals. In Figs.
4(c) and 4(d), the AMR magnitude of the samples showing
insulating transport (x < 0.05) is much larger overall than
that of the samples with x ≥ 0.05, where metallic trans-
port appears, which is in agreement with the theoretical
revealing [3,10].

V. CONCLUSION

To conclude, we report the observation of per-
sistent large AMR effects and insulator-metal transi-
tion in the J eff = 1/2 antiferromagnets Sr2(Ir1−xGax)O4
(0 ≤ x ≤ 0.09). Our results reveal that the Ga doping to the

J eff = 1/2 Mott state in Sr2IrO4 can continuously suppress
the insulating transport, and eventually lead to a metallic
behavior. Meanwhile, the basal-plane AFM orders exhibit
robustness against the Ga doping and exists in all samples
well. Importantly, the fourfold AMR is generally evi-
denced in all samples with remarkably different transport
properties, which can be understood as a consequence of
magnetocrystalline anisotropy. It is noted that the AMR in
these samples with metallic transport can still be as large as
approximately 1%, which is yet among the largest values
reported in AFM metals. These findings suggest that the
spin-orbit-coupled antiferromagnets Sr2(Ir1−xGax)O4 are
favorable candidates for exploiting emergent phenomena
and functionalities within the concept of AFM spintroncis.
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