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Recent reports of colossal negative magnetoresistance (CMR) in a few magnetic semimetals and semiconduc-
tors have attracted attention because these materials are devoid of the conventional mechanisms of CMR such
as mixed valence, double-exchange interaction, and Jahn-Teller distortion. New mechanisms have thus been
proposed, including topological band structure, ferromagnetic clusters, orbital currents, and charge ordering.
The CMR in these compounds has been reported in two forms: either a resistivity peak or a resistivity upturn
suppressed by a magnetic field. Here we reveal both types of CMR in a single antiferromagnetic semiconductor
EusIn,Ase. Using the transport and thermodynamic measurements, we demonstrate that the peak-type CMR is
likely due to the percolation of magnetic polarons with increasing magnetic field, while the upturn-type CMR is
proposed to result from the melting of a charge order under the magnetic field. We argue that similar mechanisms
operate in other compounds, offering a unifying framework to understand CMR in seemingly different materials.

DOL: 10.1103/PhysRevB.111.115114

I. INTRODUCTION

Antiferromagnetic (AFM) materials with coupled charge,
spin, and lattice degrees of freedom are coming to the fore-
front of electronic, spintronic, and caloritronic applications
[1-3]. The Eu-based Zintl compounds are emerging as a
fascinating family of functional AFM semiconductors with
intertwined degrees of freedom. They exhibit exotic properties
such as fluctuating Weyl nodes in EuCd,As, [4,5], axion
insulator phase in Euln,As, [6,7], and colossal magnetore-
sistance (CMR) in EuCd,P, [8-10] and EusIn,Sbe [11-15].
Since CMR is particularly applicable in sensing and logic
devices, it has been sought in a variety of materials includ-
ing the chalcogenide Zintl phase Mn3Si,Teg [16] and Dirac
semimetals such as CeSbTe and EuAuSb [17,18]. The general
features of CMR in these materials are similar; they all exhibit
a peak in their zero-field resistivity curves po(T) which is
suppressed by an external magnetic field. In some cases, such
as EusIn,Sbg and Mn3Si, Teg, a sharp upturn is observed in
p(T) at low temperatures which is also suppressed by the
magnetic field. Different mechanisms have been proposed for
either type of CMR (peak or upturn), including ferromagnetic
(FM) clusters [9], band structure reconstruction [19], chiral
orbital currents [16], and interplay between Dirac fermions
and charge ordering [17].
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Here, we reveal both types of CMR in a single AFM semi-
conductor EusInyAsg and discuss the underlying mechanism
for each type. A few properties of the title compound make it
ideal for understanding CMR in the context of other related
materials mentioned above. First, EusIn,;Asg is topologically
trivial as shown by recent first-principles calculations [20], so
Dirac fermions are irrelevant to its CMR, unlike the proposals
for CeSbTe and EuAuSb [17,18]. Second, Eusln,Asg is a
semiconductor with a band gap of 35 meV corresponding
to temperature and field scales of about 400 K and 300 T.
Thus, its sharp resistivity upturn at 15.5 K which is com-
pletely suppressed by 9 T, as shown here, cannot be due to
a field- or temperature-induced transition from an insulator to
a metal. Third, Eu** ions in EusIn,Asg are not at the center of
high-symmetry anionic polyhedra, so they are not subjected
to orbital currents as proposed for Mn3Si, Teg [16].

In this work, we argue that the peaklike CMR in EusInyAsg
at high temperatures is related to polaron physics while the
upturnlike CMR at low temperatures is potentially related to
charge segregation or charge ordering. The extremely large
magnitudes of both effects indicate a strong coupling among
charge, spin, and lattice degrees of freedom, a property that
could be common among the Zintl compounds mentioned
above.

II. METHODS

Polycrystalline samples of EusIn,Asg have been pre-
viously synthesized [21,22] but single crystals were not

©2025 American Physical Society
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FIG. 1. (a) Orthorhombic unit cell of EusIn, Asg in the space group Pbam. (b) Total, electronic, and lattice heat capacity shown in magenta,
blue, and black colors. The lattice background is modeled assuming anharmonic Debye model [23,24] with ®p = 196 K. Inset shows the
electronic heat capacity (blue) and entropy (red). (¢) AC magnetic susceptibility curves suggest AFM ordering with in-plane moments and
alternating direction along the ¢ axis. The hysteresis loop at 7 < T\ in the inset suggests FM ordering along the a axis. (d) Three steps in the
M(H) curve when H || a suggest spin flops on different Eu sites. (¢) The AFM spin structure determined by neutron diffraction in Sec. Il E
at T < Ty;. The ordered moments are FM aligned along the a axis and AFM aligned along the ¢ axis. The AFM-1 structure persists to zero
temperature. (f) At T < Tx,, new magnetic domains with k, = (0, 0, 0) emerge in separate regions of the sample. According to the analysis
of (b), these domains (AFM-0) constitute less than 20% of the sample volume. The diagram on the right shows the phase separation scenario

where the k, domains nucleate from the domain walls of the k; order.

available until now. We report the first crystal growth of this
compound here (see Supplemental Material [24]). Powder
x-ray diffraction was performed using a Bruker D8 ECO in-
strument. The FULLPROF suite [25] and VESTA software [26]
were used for the Rietveld refinement and crystal visual-
ization. Physical properties were measured using Quantum
Design Dynacool-PPMS and MPMS-3.

Neutron diffraction data were collected using the thermal
neutron triple-axis spectrometer VERITAS at the High Flux
Isotope Reactor (HFIR) in Oak Ridge National Laboratory.
A few crystals were mounted on an Al plate with either
the ¢ axis or b axis perpendicular to the scattering plane to
probe the (H, K, 0) or (H, 0, L) Bragg peaks, respectively.
Representation analysis was performed using SARAH [27].
The Cooper-Nathans formalism was used to calculate the
resolution function of VERITAS [28], and the Wuesch-Prewitt
algorithm [29] was used to calculate the angle-dependent neu-
tron transmission of the sample. The statistical error for each
intensity point corresponds to 1 standard deviation.

The ©SR data were taken on the general purpose surface-
muon spectrometer at the 7M3 beam line of the Swiss Muon
Source at the Paul Scherrer Institute [30].

III. RESULTS AND DISCUSSION

A. Structural analysis

From a chemical standpoint, EusIn,Asg is considered a
Zintl compound, i.e., it is an intermetallic material that ex-
hibits semiconducting behavior due to the charge balance
between large cationic and anionic complexes that make up
its lattice structure [31]. In this compound, the positive charge
of [Eus]'** is balanced by the negative charges of [In;As4]%~
and [As,]*~ complexes [32].

EusIn,Asg has an orthorhombic unit cell with three in-
equivalent Eu sites and a characteristic chain stacking of
atoms as shown in Fig. 1(a). Details of the x-ray refinement
are presented in the Supplemental Material Fig. S1 and Tables
S1 and S2 [24]. The crystal structure of EusIn,Asg belongs
to the same nonsymmorphic space group Pbam (No. 55) as
its sister compounds BasIn;Sbg and Eusln,Sbg, which are
predicted to be topological hourglass and axion insulators,
respectively [11,33].

A recent density functional theory (DFT) calculation
shows that while EusIn,Sbg and EusIn,;Big could be topologi-
cal, EusIn,Asg is a trivial semiconductor [20]. We specifically
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chose this compound to demonstrate that a large CMR does
not rely on topological aspects of the band structure. This is
important because the salient features of CMR in the trivial
semiconductor EusIn,Asg are similar to those in topological
systems such as the Dirac semimetals CeSbTe and EuAuSb
[17,18], Weyl semimetal EuCd;As; [4], and axion insulator
Eu5In2Sb6 [15]

Another exotic mechanism proposed for CMR is the mod-
ification of chiral orbital currents (COC) in Mn3Si, Teg with
applied field [16]. Central to this mechanism is the octahedral
coordination of six Te atoms around each Mn** ion, enabling
the interaction between the COC and Mn’* spin. As seen
in Fig. 1(a), the Eu®* ions in EuslnyAsg are not directly
surrounded by a high-symmetry polyhedron of In and As.
Therefore, COC is not a viable mechanism for the CMR in
Eu5ln2A86.

The above structural analysis dismisses topology and COC
as the source of CMR in EusIn,Ase. Next, we will discuss
its magnetic structure and phase diagram, before a detailed
analysis of CMR.

B. Magnetic transitions

The heat-capacity data in Fig. 1(b) reveal two AFM tran-
sitions in zero field at Ty = 16.0(2) K and Ty, = 5.4(3) K.
Magnetism is driven by Eu* ions in the half-filled 47 con-
figuration (3S7,2) with L =0 and S = % consistent with the
saturated entropy R In(8) Jmol~' K~! in the inset of Fig. 1(b),
saturated magnetization 7.2ug in Fig. 1(d), and effective mo-
ment e = 7.8(6)up from a Curie-Weiss analysis in Fig. S2
[24].

The inset of Fig. 1(b) shows that approximately 10% of
the full entropy is released by Tnz, 70% is released between
Tz and Ty, and 20% is released above Ty . For comparison,
EusIn,Sbe also exhibits two transitions at Ty; = 14 K and
Tn2 = 7 K but it releases about 40% of entropy at each transi-
tion and 20% above Ty; [13]. In both materials, 20% of total
entropy is released above Ty, suggesting short-range mag-
netic correlations (polarons) that survive up to 3 Ty; [34,35].

Temperature dependence of the in-plane and out-of-plane
magnetic susceptibility in Fig. 1(c) suggests an AFM order
with the moments in the ab plane but alternating along the
c axis. The inset of Fig. 1(c) shows the absence of a hys-
teresis loop at Tny < T < Tni, so the order is purely AFM
in this temperature range. However, a small hysteresis loop
opens below Ty, when H || a, suggesting a finite in-plane FM
component when 7 < Typ.

The behavior of M(H) curves along three different crys-
tallographic directions is shown in Fig. 1(d). When H | c,
the M(H) curve is strictly linear, indicating a continuous
rotation of spins from ab plane toward c¢ axis with increasing
field. In contrast, the M (H) curve exhibits three steps when
H || a, indicating consecutive spin flops on different Eu sites
within the ab planes. The steps are less apparent when H || b,
suggesting that the a axis is the easy axis. A positive Curie-
Weiss temperature (Ocw = +15 K) in Fig. S2 [24] indicates
FM correlations despite an AFM order, consistent with FM
correlations within the ab planes in spite of AFM ordering
along the c axis.

The spin structure at zero field is discussed in Sec. IITE.
While we cannot rule out the possibility that both magnetic or-
dering at Ty; and Ty, form within the same magnetic domain,
we suggest an alternative scenario where spatially separated
magnetic domains form below each transition temperature.
In this scenario, an AFM-1 spin structure [Fig. 1(e)] appears
below Ty; and occupies the entire sample volume according
to our Supplemental Material ©SR data (Fig. S6 [24]). The
AFM-1 spin structure is obtained from neutron diffraction
analysis explained in Sec. IIIE. It has FM spins within the
ab planes with an easy a axis and alternating spin direction
between adjacent planes along the c¢ axis. This structure is
consistent with the x (7)) and M (H ) curves shown in Figs. 1(c)
and 1(d). Then, at T < Ty, a different ordered structure
[AFM-0 in Fig. 1(f)] appears in less than 20% of the sample
volume, consistent with our entropy analysis in the inset of
Fig. 1(b). Most likely, AFM-0 nucleates from the domain
walls of AFM-1. This spin structure has an FM component
along the a axis, which explains the hysteresis observed in the
inset of Fig. 1(c) at 2 K. Ferromagnetism along the a axis was
also observed in the sister compound EusIn;Sbg, but is only
stabilized for Tno < T < Tnp [11,13,15].

C. Phase diagrams

We used detailed measurements of the AC susceptibil-
ity and nanocalorimetry to map the temperature-field phase
diagram of EusInyAsg. Figure 2(a) shows three characteris-
tic fields (H;, H», and H3) in the AC susceptibility data at
T = 2 K. They coincide with the three steps in the M(H || a)
curve in Fig. 1(d). With increasing temperature, these charac-
teristic fields become smaller and merge as shown in the phase
diagram of Fig. 2(c). The triangular data points that define
the outer boundary of the H || a phase diagram indicate the
field dependence of 7y; in the heat-capacity data [Fig. 2(b)].
The T, phase boundary is determined via a low-temperature
nanocalorimetry technique [36] shown in Fig. S3 (see also
the Supplemental Material tunnel diode oscillation data in
Figs. S4 and S5 [24]). The striped region on the phase di-
agrams of Fig. 2(c) indicates the phase separation between
AFM-0 and AFM-1 spin structures in different regions of the
sample with AFM-1 being the majority domain.

The phase diagram of Fig. 2(c) shows that the AFM-1
phase transitions into AFM-2 and AFM-3 with increasing
field when H || a. Given that EusIn,Asg has three Eu sites
in the unit cell [Fig. 1(a)], and considering the three meta-
magnetic steps in the M (H) curve when H || a [Fig. 1(d)], we
conclude that the AFM-2 and AFM-3 phases correspond to
consecutive spin flips on the Eul and Eu?2 sites, respectively.
This is schematically presented in Fig. S5. Since the spins are
oriented along the +a axis in the AFM-1 phase [Fig. 1(e)],
an applied field along the ¢ axis will continuously rotate them
out of the ab plane without spin flips. This explains the linear
M (H) behavior when H || ¢ in Fig. 1(d) and the absence of
AFM-2 and AFM-3 phases in the phase diagram of Fig. 2(f)
with H || c.

The AC susceptibility and heat-capacity data for H || ¢
in Figs. 2(d) and 2(e) are used to map the phase diagram
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FIG. 2. (a) Field dependence of the real part of the AC susceptibility x'(H) at several temperatures. The H,, H,, and H; features imply
spin-flop transitions. They correspond to the three steps in DC magnetization in the red curve on Fig. 1(d). (b) Temperature dependence of the
heat capacity at several magnetic fields. The sharp peak marks 7y;. (c) The magnetic phase diagram when H || a. The area marked by striped
lines indicates the coexistence of AFM-0 and AFM-1 domains [Figs. 1(e) and 1(f)] in separate regions of the sample. (d)—(f) Similar data and

phase diagram to (a)—(c) when H || c.

with out-of-plane field in Fig. 2(f). Supplemental Mate-
rial nanocalorimetry data in Fig. S3 are used to define
the 7n, boundary when H | ¢. The rich phase diagrams
of Figs. 2(c) and 2(f) suggest that EusInyAse is a multi-
critical system [37] with several magnetic states accessible
by modest magnetic fields. This is the result of having three
inequivalent Eu sites in a nonsymmorphic crystal structure
[Figs. 1(a), 1(e), and 1(f)] that enables asymmetric exchange
interactions [37].

D. Colossal magnetoresistance (CMR)

The resistivity data reveal two types of CMR in EusIn, Asg,
one at low temperatures near Ty; associated with a sharp
upturn in the resistivity, and another at high temperatures
well above Ty associated with a broad peak in the resistivity.
The resistivity upturn and resistivity peak are affected differ-
ently by the magnetic field, leading to two distinct types of
CMR. Figure 3(a) shows the p.,(T") curves obtained with both
current and voltage leads along the crystallographic ¢ axis.
The pink curve is measured at zero field, and the rest of the
curves are obtained under different magnetic fields labeled by
different colors in the legend of Fig. 3(b). For consistency, we

follow the same color code to specify the magnetic field in
Figs. 3(a), 3(b), 3(d), and 3(e).

The blue curve in Fig. 3(a) shows that at 1.5 T, p,.(T)
increases as the temperature is decreased from 300 K and
forms a broad peak at around 27 K, before it exhibits a
sharp upturn at 15.5 K. Looking closely at the blue curve
[inset of Fig. 3(a)], one could identify a shallow trough near
24 K between the peak at 27 K and the upturn at 15.5 K.
The shallow trough becomes deeper with increasing field
but its characteristic temperature does not change. These
three features in the resistivity curves, namely, the broad
peak at %ﬁak’ the trough at Tlr’;ugh, and the upturn at Ty,
evolve with increasing magnetic field as shown in the inset of
Fig. 3(e).

The suppression of the resistivity peak and resistivity up-
turn in Fig. 3(a) leads to two distinct types of CMR as the
field is increased from zero to 9 T. The high-temperature
peak-type CMR at 7;’231( spans 3 orders of magnitude while its

characteristic temperature Tp’;ak increases with increasing field
[inset of Fig. 3(e)]. The low-temperature upturn-type CMR
is even larger, spanning 7 orders of magnitude. Changing
the magnetic field direction from H || a [Fig. 3(a)] to H || ¢
[Fig. 3(b)] does not affect either type of CMR. Changing the
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FIG. 3. (a) Resistivity curves measured with current and voltage leads along the c axis (p,,) at different fields with H || a. At zero field, p,,

exceeds the detection limit of our instrument below 20 K. The inset magnifies p,,

(T) to indicate T” ,, T.”

peak® ~trough?

and Tu/l;. (b) p..(T) measured with

H || ¢ shows similar behavior as with H || a. The inset highlights the different field dependence between the two types of CMR, namely, the
peak-type CMR [p(Tp" )] and upturn-type CMR [p(2 K)]. The p..(T') data from which this plot is constructed are shown in Fig. S10. (c) The

C

broad peak in the AC susceptibility data at 7 > 7y is evidence of polarons. The sharp peak is due to magnetic ordering. (d) Resistivity curves
measured with current and field along the a axis (p,,) with H || b. The inset shows a crystal of EusIn,Ases with the longest dimension being

along the ¢ axis. (e) p.(T") curves with H || c¢. The inset compares the field dependence of
H || a shows similar behavior as with H || ¢. The inset compares the field dependence of

electric current direction also leaves both types of CMR qual-
itatively unchanged as seen in the p,,(7T') curves with H || b
[Fig. 3(d)] and H || ¢ [Fig. 3(e)]. Inset of Fig. 3(b) reveals a
gradual suppression of the resistivity peak at Tppeak in contrast
to the rapid drop in the resistivity upturn at 2 K. Note that the
drop in the resistivity upturn is complete by 5.5 T, the field
at which the AFM order is fully suppressed [Figs. 2(c) and
2(f)], whereas the suppression of resistivity peak extends to
9 T. Since the peak-type and upturn-type CMRs are marked by
different resistivity features, different temperature scales, and
different field dependencies, they must have different origins.
Below, we will discuss each type in more detail.

Peak-type CMR. The broad peak in the resistivity curves

at Tp’;ak could be attributed to magnetic polarons, which are

nanometer-size FM clusters of Eu’* moments coupled via
conduction electrons [38-42]. When the sample is cooled
from room temperature to Tp’;ak, polarons proliferate and grow
in size, so they scatter electrons at a higher rate and increase
the resistivity. With further decreasing temperature below
Tp’é&k, polarons overlap and provide percolation paths for con-
duction electrons, so the resistivity decreases. Increasing the

Tp’zak, Tu’;, and Ty;. (f) AC susceptibility data with
T2 (circles), T, (squares), and Ty, (triangles).

magnetic field makes it easier to polarize the FM clusters, so
the polaron peak at 72 shifts to higher temperatures with
increasing field, as seen in Figs. 3(a), 3(b), 3(d), and 3(e).

The inset of Fig. 3(e) highlights the opposite effect of the
magnetic field on magnetic polarons and magnetic order. The
red circles mark T;;ak in p(T) curves at different fields,
while the green triangles mark 7y; from heat capacity data
in Fig. 2(e). With increasing field, Tp’;ak is shifted to higher
temperatures because local moments polarize more easily and
fluctuate less under an external field. In contrast, Ty is shifted
to lower temperatures since the AFM order is suppressed by
the field.

We also find evidence of magnetic polarons in the AC
susceptibility data in Figs. 3(c) and 3(f) for H || c and H || a,
respectively. Since Eu f moments are localized, a Curie-
Weiss behavior (x’ o< 1/T) is expected at T > Ty;. However,
Figs. 3(c) and 3(f) show a deviation from the 1/7 behavior
with a broad peak at Tp)éak [inset of Fig. 3(c)]. The broad peak
at Tp)éak suggests a reduction of the magnetic susceptibility
due to short-range magnetic correlations developing within
magnetic polarons.
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In both susceptibility and resistivity data, the broad pola-
ronic peaks are shifted to higher temperatures with increasing
magnetic field, as shown in the inset of Fig. 3(f). However, the
susceptibility peaks occur at lower temperatures compared to
the resistivity peaks [Tp)éak < Tpﬁak in Fig. 3(f)]. This is because
the susceptibility and resistivity reveal two different aspects of
polarons. Susceptibility measures the spin correlations within
polarons that develop at lower temperatures, while resistivity
measures the scattering of conduction electrons by polarons
that starts from higher temperatures. Such a difference be-
tween transport and thermodynamic quantities has also been
reported in EuBg, the archetypal polaronic material [43,44].

Upturn-type CMR. The second type of CMR is marked
by the 7 orders-of-magnitude suppression of the resistivity
upturn at the lowest measured temperature (2 K) as the field
increases from zero to 9 T. The inset of Fig. 3(a) shows that

the resistivity upturn initiates at Ttﬁmgh but then it accelerates

by the onset of magnetic ordering at 7;;, which coincides with
T [inset of Fig. 3(e)]. At T < Tu%, resistivity continues to
increase down to the lowest measured temperatures. As the
magnetic order becomes weaker with increasing field, the
resistivity upturn also attenuates [Figs. 3(a), 3(b), 3(d), and
3(e)]. Specifically, the inset of Fig. 3(b) shows a near complete
suppression of the resistivity upturn by 5.5 T, where the AFM
order is fully suppressed. This is consistent with the parallel
suppression of 7., and Ty with increasing field from zero to
5.5 T in the inset of Fig. 3(e).

The parallel suppression of the upturn-type CMR and
magnetic ordering with increasing field may suggest that the
upturn-type CMR is caused by magnetic ordering. However,
magnetic ordering typically reduces electrical resistance by
removing spin fluctuations as a source of scattering. Thus,
we can propose two potential mechanisms for the observed
upturn-type CMR. The first possibility is a reconstruction
of the electronic structure by the AFM order, i.e., a metal-
insulator transition induced by the Slater mechanism [45].
The second possibility is a charge ordering concomitant with
AFM ordering, a scenario which is well established in man-
ganite perovoskites with CMR [46—48]. The first scenario is
challenged by DFT calculations that suggest EusIn,Asg is
a narrow gap semiconductor, so it already has a small gap
before entering the AFM phase [20]. The second scenario is
challenged by the fact that unlike manganites, EusIn, Asg is
not a Mott insulator, so its physics could be different from
those materials. Future ARPES experiments could reveal the
band reconstruction [19,49] while x-ray scattering [46] and
microwave impedance microscopy [50] could reveal charge
ordering.

It is worth noting that the temperature scale Tu'iugh, where
the resistivity upturn initiates, is field independent as shown in
the inset of Fig. 3(e). Notably, this feature in resistivity shows
no corresponding thermodynamic signature either in magneti-
zation or heat-capacity measurements. Thus, the origin of this
feature remains unclear and requires further investigation.

E. Neutron diffraction

We used neutron diffraction data to resolve the spin struc-
ture of the ordered state below Ty; and Ty in Eusln,Asg at
zero field. Figure 4(a) shows the onset of magnetic diffraction
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FIG. 4. (a) Temperature dependence of the neutron magnetic
Bragg peak intensities at Q = (0, 0, %) and (1,0,0) in the top panel
is compared to the temperature dependence of heat capacity in the
bottom panel. (b) The top panel shows the intensity of Q = (6, 0, %)
peak at both 7 = 1.5 and 20 K. The inset shows Q = (0, 0, %) peak
at T = 1.5 K with much larger intensity than Q = (6, 0, %) peak
while both of them correspond to ky. The bottom panel shows that
magnetic Bragg scattering is present for Q = (1, 0, 0) (triangles)
but absent for Q = (0, 1, 0) (squares) at T = 1.5 K. Note that the
intensity of Q = (1, 0, 0) corresponding to k; is about 10 times less
than that of Q = (0, 0, %) corresponding to K;.

peaks indexed by a propagation vector k; = (0, 0, %) below
Tn1 and another set of peaks indexed by k, = (0, 0, 0) below
Tx>. Given the likelihood of a charge ordering in EusInyAsg,
we associated this phenomenology to a magnetic phase seg-
regation scenario where k; and k, magnetic domains form
separately within the sample. This is consistent with the lack
of intensity changes observed at Q = (0, 0, %) when the k,
peak onsets below Ty,. The ky wave vector corresponds to
an interlayer AFM order along the ¢ axis, which persists to
zero temperature, while ky corresponds to the development
of a spin structure with an FM interlayer coupling arising
below Tn;. Note that the peak intensity of kj is about 10
times smaller than Kk;, indicating that the k; domains form the
majority of the sample volume. This can also be appreciated
by comparing the rocking scans for Q = (0, 0, %) [inset in
the top panel of Fig. 4(b)] and Q = (0, 0, 1) [bottom panel of
Fig. 4(b)]. For comparison, EusIn,Sbg shows a reverse order
of wave vectors, such that k, and k; appear with comparable
intensities below Ty; and Ty, respectively [13].

Following the symmetry analysis of Refs. [13,15] for
EusIn,Sbg, we find eight irreducible representations (ir-
reps) for the EusIn, Asg space group Pbam compatible with
the propagation vectors ky = (0, 0, %) and k; = (0,0, 0).
However, only four irreps (I';,I'3,I's,T'7) can produce
magnetization on all three Eu Wyckoff sites, a condition
imposed by the full entropy of R In8 in Fig. 1(b). These
four irreps correspond to an AFM or FM arrangement of
Eu?t spins within each ab plane oriented along either the
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a (I's, T's), b (T'3, I's), or ¢ (I'y, I'7) directions. The second-
order phase transitions revealed by heat-capacity [Fig. 1(b)]
and order-parameter measurements [Fig. 4(a)] require a single
irrep to explain the magnetic structure.

We first analyze the ky magnetic domains that onset below
Tn1 and persist to zero temperature with at least 80% volume
fraction according to the entropy analysis in Fig. 1(b). As
determined by the order-parameter curve collected at Q =
0,0, %) [Fig. 4(a)], magnetic Bragg peaks for these domains
are observed at Q = (0, 0, L). Since neutron scattering only
probes magnetization perpendicular to the momentum transfer
Q, any irrep with spins strictly along the ¢ direction (I'; and
I'7) are excluded. This leaves I'; and I's as the only viable
choices.

I'; has an FM basis vector with the spins pointing along
the a axis [["3(¢1)], and an AFM basis vector with the spins
pointing along the b axis [['3(y2)]. I's has the opposite spin
arrangement, i.e., it has an FM basis vector with spins along
the b axis [['5(y, )], and an AFM basis vector with spins along
the a axis [I's(¥)]. An FM order within the ab plane produces
magnetic Bragg peaks at Q = (even, O, %), while an AFM
order produces them at Q = (odd, 0, £). The top panel of
Fig. 4(b) shows magnetic Bragg scattering at even positions,
indicating an FM arrangement within the ab plane. Therefore,
the spin structure can be represented by either I';(y;) or
I's(y,). We show the Q = (0,0, %) rocking scan as inset
since its peak intensity is an order of magnitude larger than
the Q = (6,0, 3) peak in the main panel.

A quantitative refinement of the Bragg peak intensities
could distinguish between I';(1/) and I's(y,), but this con-
trast disappears due to the large neutron absorption cross
sections of Eu. However, the [';3(1;) basis vector is consis-
tent with the low-temperature magnetization of EusIn,Asg
[Fig. 1(d)], which shows spin-flop transitions for field ap-
plied along the a axis. This contrasts with the magnetization
for a field applied along the b axis where such spin-flop
transitions are not observed and would be expected to oc-
cur for the I's(y,) structure. Therefore, we conclude that
I's(y) is the appropriate irrep to describe the magnetic
domains forming below 7Ty; in EusInyAse. This irrep also
describes the low-temperature magnetic phase of EusIn,Sbg
[13,15]. We depict the resulting ki magnetic domains in
Fig. 1(e).

We next turn our attention to the details of the k, magnetic
domains. Our bulk magnetization data in Fig. 1(c) shows a
hysteresis loop opening below 7x;, indicating a net FM com-
ponent along the a axis. We also detected magnetic Bragg
peaks at structurally nonallowed Bragg positions, such as
Q = (1, 0, 0) plotted in the bottom panel of Fig. 4(b). This
indicates that the k, = (0, 0, 0) domains also have an AFM
component within the ab plane. Since no magnetic Bragg
peaks were found at Q = (0, H, 0) positions [Fig. 4(b), bot-
tom panel], the spin polarization of this AFM component
is along the b axis. Thus, the magnetic structure below Typ
must have a net FM component along the a axis and an
AFM component along the b axis. This means the irrep
for the k, = (0, 0, 0) domains are identical to the ones for
k; = (0,0, %), but the spins do not reverse going along the

¢ direction [13,15]. The spin structure for the k, domains is
represented in Fig. 1(f).

Finally, we note that our neutron diffraction data cannot
distinguish a multi-k structure from our proposed magnetic
phase segregation scenario as they both lead to identical zero-
field neutron diffraction patterns. A magnetic phase separation
between the same AFM-1 and AFM-0 domains was also sug-
gested for EusIn,Sbg [15], but in this latter compound the
AFM-0 state forms the majority domains. Furthermore, we
propose that a phase separation is quite likely if charge or-
dering or segregation is responsible for the upturn-type CMR.
The competition between charge order and AFM order over
the same carriers leads to enhanced scattering of conduction
electrons, giving rise to the resistivity upturn. With increas-
ing field, both charge and AFM order are suppressed, giving
rise to the upturn-type CMR. Future studies using magnetic
imaging techniques may reveal magnetic and charge phase
separation in EusIn,Asg.

In the Supplemental Material, we provide uSR data
(Fig. S6) that are also consistent with a phase separation
scenario. 1SR is a sensitive probe of the local magnetic envi-
ronment and local field distribution, so it provides additional
insight into the magnetic state of EusIn,Asg. However, for
completeness, we also discuss the multi-k scenario in the
Supplemental Material (Fig. S7) [24].

IV. SUMMARY AND OUTLOOK

The two types of CMR discussed here have been observed
in different Zintl compounds but they were not explained
in a unifying manner. For example, CeSbg ;Te; 9, EuAuSb,
and EuCd,As; show the peak-type CMR [4,17,18] whereas
EuCd,P,, Mn3Si,Teg, and EusIn,Sbg show both the peak-
type CMR and the upturn-type CMR [8,11,16]. Based on the
similarity of transport data across different Zintl compounds,
we argue that similar mechanisms are at work to produce
the two types of CMR in these materials. Specifically, we
attribute the peak-type CMR to percolation of magnetic po-
larons and the upturn-type CMR to either melting of a charge
ordered state or band structure reconstruction by the AFM
order (Slater mechanism).

The relationship between polarons and CMR has been
well established in metallic systems such as EuBg [44]. Our
work demonstrates that polaron formation is not limited to
the metallic regime and can be found in the semiconducting
regime as well. Similarly, charge ordering in manganites hap-
pens in the metallic regime [47], but our work extends it to the
semiconducting regime with small concentration of extrinsic
carriers, which is the case in EusIny Asg. Charge ordering has
recently been reported in EuTey, another semiconductor with
comparable carrier concentration and band gap to EusIn, Asg
[51,52].

The resistivity of EusInyAsg shows similar trends to those
observed in EuX (X = O, S, Se, Te) [53-59]. In EuSe, it
has been argued that the low-temperature upturn is due to
the trapping of electrons caused by strong s-f hybridization.
This charge trapping can be suppressed by a magnetic field, as
the field polarizes the f electrons [55]. We observe a similar
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influence of the magnetic field on charge ordering, as depicted
in the inset of Fig. 3(e). It is worth noting that our use of
the term “charge order” is somewhat broad and may also
encompass ‘“charge segregation,” in the sense that different
magnetic domains could have varying charge densities. As the
magnetic field increases, the magnetic domains align, and the
charge segregation weakens.

The CMR induced by magnetic polarons implies a cou-
pling between short-range FM ordering and charge transport,
while the CMR associated with charge ordering reflects a cou-
pling between long-range AFM ordering and charge transport.
Such an intricate interplay between magnetism (both long
and short range) and the charge transport is a key feature
of many Eu-based Zintl phases [9,15,60], potentially driven
by the large spin of Eu?" and considerable magnetoelastic
coupling. It is noteworthy that a strong influence of the 4f
states of europium, through their coupling to valence and
conduction states, on the band structure and charge transport
of EuCd,X, (X = P,As,Sb) systems has already been demon-
strated [49,61].

An indirect manifestation of magnetoelastic coupling is
the dependence of the magnetic state of Eu-based Zintl com-
pounds on the choice of flux in crystal growth [5,62]. These
characteristics position Eu-based CMR materials as promising
candidates for magnetic sensing, spin valve, and piezoresistive
technologies [12].

In the Supplemental Material Fig. S8 [24], we present
an Arrhenius analysis on the zero-field resistivity data from
two samples of EusInpAsg revealing significantly different
activation gaps of 35 and 125 meV in samples S1 and S2,
respectively. Hall effect data in Fig. S8 reveal different n-
type carrier concentrations in samples S1 (10'® cm~3) and
S2 (10" cm™3), so the sample with a larger gap (S1) shows
a smaller carrier concentration. The different gap values
and carrier concentrations in different samples suggest that
EusIn, Asg is a self-doped semiconductor. Remarkably, all the
interesting transport phenomena in this material, and possibly

other Eu-based CMR materials, seem to originate from a small
density of extrinsic carriers.
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