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Structural transition and anisotropic magnetism in disordered Zintl phase Eu7Ga6Sb8
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Single crystals of the Zintl compound Eu7Ga6Sb8 were synthesized using a Ga-Sb flux. We report the
temperature (T ) and magnetic field (H ) dependence of the magnetic susceptibility (χ ), magnetization (M),
resistivity (ρ), specific heat (C), and thermal expansion (α). We also report high-resolution powder x-ray
diffraction data that support a structural phase transition with accompanying signatures seen in C(T ), ρ(T ),
and α(T ). We find Eu7Ga6Sb8 exhibits antiferromagnetic ordering at TN1 = 9.0 K from anomalies seen in
χ (T ), C(T ), and α(T ), as well as a potential reorientation of Eu2+ spins at TN2 = 7.5 K and TN3 = 7.2 K.
Density functional theory calculations predict Eu7Ga6Sb8 to be semiconducting; however, electrical resistivity
measurements show bad-metal behavior that indicates the presence of disorder.
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I. INTRODUCTION

Zintl phases represent a large group of intermetallic com-
pounds that are generally composed of electropositive alkali
or alkaline-earth metals and electronegative post-transition
metals or metalloids (groups 13–16). A wide range of ternary
Zintl phases can also be formed with rare-earth elements
paired with group 12–14 elements as well as group 15 ele-
ments that have greater electronegativity [1–3]. A Zintl phase
consists of an electropositive network of cations that donate
electrons to the covalently bonded electronegative polyanions.
There is a complete electron transfer in order to fill the valence
states of the polyanions, thus satisfying the octet rule. As a
result, semiconducting behavior is expected in an electron-
precise Zintl compound [4].

Although the Zintl concept has proven to be a useful
interpretation of the bonding within particular compositions
of intermetallic materials, there are many examples of com-
pounds that are thought to follow the electron counting rules,
yet show metallic behavior [5–7]. This is commonly found
when there is a weak polarity of the covalent bonding, i.e., a
small difference in electronegativity between the polyanions
and cations. Thus, new properties within a diverse range of
Zintl compositions can be discovered through substitutions
that affect the electronegativity difference of the framework.

When one considers the different properties of constituent
atoms, such as valence electron configuration and atomic
radii, different structural motifs become energetically favor-
able [8]. A wide range of structures has been found to adhere
to the Zintl rule, wherein the anionic framework can have a
dimensionality of zero (molecular), one, two, or three [9].
Many of these structures are unstable to pressure, temperature,
and chemical doping. Structural phase transitions therefore
have been theorized and observed in several Zintl families
[10–13]. Low-dimensional layered structures in particular are
prone to structural phase transitions, with the most notable
examples being layered chalcogenides [14–18]. There is gen-
erally a competition of covalent and ionic bonding in these

materials, and different bonding configurations that are very
close in energy produce structural polymorphs. Layered Zintl
phases naturally fall into this reasoning; the competition of
ionic and covalent bonding is deterministic of the electronic
and structural properties.

Over the past two decades, Zintl phases have attracted
much interest for their thermoelectric properties, as their
particular structures and bonding result in phonon-glass
electron-crystal properties that give them a high thermo-
electric figure of merit. The cations in the Zintl framework
scatter heat-transferring phonons to give these materials low
lattice thermal conductivity, while the anions serve as the
electron crystal in providing a high-mobility semiconducting
electronic structure [19]. Other more recent applications of
these materials include optoelectronics, photovoltaics, catal-
ysis, and dark matter detection [20–25]. From a fundamental
standpoint Zintl phases have been found to host many exotic
states of matter, such as topological phases, superconductivity,
and anomalous Hall effect [26–32]. Additionally, rare-earth
cations within Zintl compounds generally display magnetic
ordering and offer a platform for emergent phenomena such as
colossal magnetoresistance and complex magnetic structures
[25,33–36].

The synthesis and characterization of Eu7Ga6Sb8 was first
reported in Ref. [1] wherein small crystals were obtained
from a solid-state reaction. Park et al. determined the crystal
structure at 173 K and found that this compound crystallizes
in the orthorhombic space group Pbca (No. 61). They also
determined the band gap of Eu7Ga6Sb8 to be 0.6 eV from
infrared spectroscopy, which is consistent with their electronic
structure calculations. Lastly antiferromagnetic ordering at
9 K was detected, in agreement with the divalent nature of
Eu ions in Eu7Ga6Sb8.

In this work we have synthesized single crystals of
Eu7Ga6Sb8 using the flux technique. We find evidence of
a structural transition near T = 250 K with powder x-ray
diffraction (PXRD), resistivity, specific heat, and thermal
expansion measurements. Antiferromagnetic ordering with
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transition temperature TN1 = 8.9 K is observed in magnetiza-
tion, resistivity, specific heat, and dilatometry measurements.
The anisotropy observed in χ (T ) and M(H ) suggests a com-
plex magnetic structure. There is a metamagnetic transition
revealed in the magnetization vs field measurements when
the field is applied in plane at approximately 1 T. Based on
our thermodynamic and electrical transport data, we build
a magnetic phase diagram that is consistent across these
experiments. The entropy associated with antiferromagnetic
order only reaches 80% of that expected for a divalent Eu
ion with S = 7/2, suggesting that magnetic frustration may
be present. Electrical resistivity measurements show weak
metallic behavior at high temperatures followed by a nonac-
tivated increase on cooling. Though density functional theory
predicts this material to have a semiconducting ground state,
disorder likely plays a large role in electrical transport.

II. EXPERIMENTAL METHODS

Single crystals of Eu7Ga6Sb8 were grown in a self-flux
with a molar ratio of 7:112:14 = Eu:Ga:Sb. These elements
were placed into an alumina crucible and then enclosed in a
quartz ampoule that was first flushed with argon gas and then
flame sealed under vacuum. The ampoule was then heated to
1050 ◦C and slowly cooled at 2 ◦C/h to 350 ◦C and subse-
quently heated back to 500 ◦C to decant the single crystals
from the molten flux. This growth method produces dark gray
hexagonal plates of up to 3 mm.

Phase purity at room temperature was confirmed through
powder x-ray diffraction using CuKα radiation with a Malvern
PANalytical Empyrean x-ray diffractometer. Rietveld refine-
ment was performed using the Highscore software suite
[37]. High-resolution synchrotron powder x-ray diffraction
data (λ = 0.457861 Å) were collected to 2θ = 28◦ at the
11-BM beamline at the Advanced Photon Source of Ar-
gonne National Laboratory. Discrete detectors collected data
points every 0.001◦ with a scan speed of 0.01◦ s−1 at room
temperature. Pawley refinements were carried out with the
TOPAS-Academic software. The elemental stoichiometry of
the samples was confirmed through energy-dispersive x-
ray spectroscopy (EDX). Our result, Eu7.0(2)Ga5.7(2)Sb8.2(3),
agrees well with the previously reported stoichiometry
Eu7.0(2)Ga5.8(2)Sb8.3(2) [1].

Magnetic measurements were performed in a commer-
cial MPMS SQUID magnetometer with fields up to 6.5 T.
Standard four-point electrical resistivity measurements were
performed in a commercial PPMS helium-4 cryostat using
a Lake Shore Cryotronics Model 372 AC resistance bridge.
25 µm platinum wires used attached to gold sputtered pads
with silver paint on clean crystal surfaces. Specific heat mea-
surements were performed in a commercial PPMS system
using a thermal relaxation technique. Thermal expansion and
magnetostriction data were taken with a capacitive dilatome-
ter as described in Ref. [38].

First-principles calculations were performed using den-
sity functional theory (DFT) with a plane-wave basis and
projector augmented wave pseudopotentials [39] as im-
plemented in the Vienna ab initio simulation package
(VASP) [40,41]. Electronic structure calculations were per-
formed in the generalized-gradient approximation (GGA) as

implemented by Perdew, Burke, and Ernzerhof [42]. A 500 eV
energy cutoff was used with a 5×5×5 �-centered k-point
grid. Structures were relaxed until forces were less than
1 meV/Å. Band structures were calculated with the Eu f
electrons confined to the core as well as treated explicitly with
a Hubbard-U correction (U = 6.0 eV) as implemented by
Dudarev et al. [43].

III. RESULTS

A. Structure

The crystal structure of Eu7Ga6Sb8 was previously de-
termined at 173 K [1]. Rietveld refinements of our low-
temperature (180 K), high-resolution powder x-ray diffraction
confirm that Eu7Ga6Sb8 crystallizes in the Pbca orthorhombic
space group (61) with lattice parameters of a = 15.645 Å,
b = 17.289 Å, and c = 17.916 Å. Previous work suggested
the room-temperature structure to be orthorhombic within
space group Cmcm (63). Thermodynamic evidence supports
a structural phase transition at T = 250 K and will be fur-
ther discussed in the following sections. Pawley refinements
of room-temperature high-resolution powder x-ray diffrac-
tion corroborate this claim. The extracted lattice parameters
are a = 8.997 Å, b = 15.618 Å, and c = 17.319 Å [44].
Figure 1 shows the refinements of both room-temperature
and low-temperature data sets. Figure 1(a) shows the room-
temperature data overlaid with a Pawley fit of the Cmcm
structure, and Fig. 1(b) shows the Rietveld refinement of the
180 K data with the Pbca structure. Figures 1(c) and 1(d)
show zoomed regions of the 300 K (c) and 180 K (d) data
to highlight the differences in the Cmcm and Pbca fits for
both data sets. We conclude that Cmcm is best suited to model
the high-temperature data and Pbca is a better fit to the low-
temperature data.

B. Magnetization

The crystal structure of Eu7Ga6Sb8 contains 7 unique Eu2+

sites that result in complex and anisotropic magnetic ordering
at low temperatures. The temperature dependence of the mag-
netic susceptibility given by χ = M/H is shown in Fig. 2(a).

A magnetic field of μ0H = 0.1 T was applied parallel
(χc) and perpendicular (χab) to the c axis of the crystal. A
fit of inverse susceptibility to the Curie-Weiss model gives
an effective moment of μeff = 7.88(1) μB/Eu and μeff =
8.14(1) μB/Eu for χab and χc, respectively. These values
are consistent with the Hund’s rule moment of a bare Eu2+

ion. The slightly positive Curie-Weiss temperatures of θc =
0.16(8) K and θab = 0.4(1) K are indicative of ferromagnetic
(FM) exchange interactions at high temperatures, which is in
contrast with the low-temperature antiferromagnetic (AFM)
transitions seen in the magnetic susceptibility. There are
many examples of divalent europium compounds that have a
positive Curie-Weiss temperature while also showing antifer-
romagnetic ordering at low temperatures [25,33,45–50]. This
has generally been attributed to competing magnetic exchange
interactions.

With H ⊥ c there are three clear transitions in the χab(T )
plot shown in the inset of Fig. 2(a) at TN1 = 9.0 K, TN2 =
7.5 K, and TN3 = 7.2 K, determined by the intercepts in the
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FIG. 1. Panels (a) and (b) show observed (black), calculated (red), and difference (blue, bottom) synchrotron powder x-ray diffraction
patterns for Eu7Ga6Sb8 at both 300 K and 180 K. Panel (a) shows the room-temperature data overlain with the calculated Cmcm structure.
Panel (b) shows the data at 180 K with the Pbca structure overlain. The difference pattern is plotted at the same scale as the other data. Panels
(c) and (d) compare Cmcm and Pbca for both 300 K (c) and 180 K (d) data sets highlighting regions indicating why Cmcm is a better model
for the room-temperature data and Pbca is a better model for the low-temperature data. The collected data are shown in black, the Cmcm fit is
in blue, and the Pbca fit is in red.

jumps of dχ/dT . These transitions correspond to peaks ob-
served in the specific heat. The lower two transitions, TN2 and
TN3, are likely due to spin reorientation of the Eu moments, as
was suggested for several divalent Eu compounds [47,51,52].
When H ‖ c there is only one obvious cusp in the magnetic
susceptibility. Upon closer inspection, two similar features
that correspond to TN2 and TN3 appear as a peak in the deriva-
tive of χc(T ) which is plotted in the inset of Fig. 2(b). These
lower transitions have a very small effect on the susceptibility
when H ‖ c, which may suggest that the spin reorientation
happens in the ab plane; however, peaks in the specific heat
for the same field direction confirm their existence.

The anisotropy of the magnetic susceptibility along both
field directions is useful for inferring the possible spin struc-
ture of this compound. The magnitude of χab trends toward
0 as T → 0, while χc has a weak dependence on temper-
ature with a slightly negative slope. This suggests that the
AFM easy axis lies within the ab plane. The anisotropic low-
temperature χ (T ) for different H is shown in Figs. 2(b) and
2(c). The transition TN1 is pushed to lower temperatures with
increasing field in both directions; however, for H ⊥ c there
is a slightly faster suppression. The lower transitions TN2 and
TN3 become broad with increasing field and are suppressed by
2 T.

The isothermal M vs H plots in Figs. 2(e) and 2(f) provide
supporting information of the possible magnetic structure of
Eu7Ga6Sb8.

When H ‖ c, the magnetization is linear in field at low
fields and tends toward saturation at higher fields. No evidence
of a field-induced transition is observed. These data, along
with the anisotropy of the magnetic susceptibility shown in
Fig. 2(a), suggest that the magnetic structure is likely copla-
nar, with the easy axis residing in the ab plane. A noncollinear
structure cannot yet be ruled out with the information pre-
sented here.

In contrast to M(H ) for H ‖ c-axis, Fig. 2(d) shows a field-
induced transition for H ⊥ c at approximately H = 1.6 T for
T = 1.8 K, which would again suggest that the AFM easy axis
is parallel to the basal plane. This metamagnetic transition has
a weak temperature dependence, and its critical field varies
by less than 0.6 T as the temperature is lowered below TN1.
Metamagnetic transitions have been previously observed in
several other antiferromagnetic Eu-based Zintl compounds
[25,34,53].

C. Resistivity

The temperature dependence of the electrical resistivity
during cooling and heating is shown in Fig. 3(a). In the high-
temperature region there is a sudden increase in the resistivity
around 250 K. We attribute this anomaly to a structural tran-
sition based on powder x-ray diffraction data. There is also a
noticeable effect in the resistivity above this transition with
thermal cycling. The differences in resistivity after thermal
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FIG. 2. (a) Left axis: Magnetic susceptibility versus temperature with the field aligned perpendicular and parallel to the c direction for
μ0H = 0.1 T. Right axis: Inverse magnetic susceptibility versus temperature for μ0H = 0.1 T. For H ⊥ c, χ0 = 0, but χ0 is about 0.005%
of the total χ for H ‖ c. The small χ0 in the latter case is due to a background signal from the sample-holder configuration. Inset: Low-
temperature magnetic susceptibility versus field that shows two magnetic transitions, where TN1 = 9.0 K and TN2 = 7.3 K. (b), (c) Low-
temperature magnetic susceptibility for H ‖ c and H ⊥ c, respectively, at various fields. Inset: Derivative of magnetic susceptibility χ with
respect to temperature T for H ‖ c showing two magnetic transitions. (d) Metamagnetic transition seen in the magnetization for H ⊥ c for
T = 1.8 K. (e), (f) Magnetization versus field for H ‖ c and H ⊥ c, respectively, at various temperatures near and below the magnetic transition.

cycling can be attributed to two parameters. First, there is
hysteresis present from the structural change that is presum-
ably a first-order phase transition. Second, as the sample is
brought to liquid-helium temperatures and back, the resistivity
values increase by about 25% between successive cycles. This
is indicative of irreversible structural damage to the material.

In the low-temperature resistivity there is an anomaly as-
sociated with the antiferromagnetic ordering, as shown in the
inset of Fig. 3(a). Slightly below TN1 there is a maximum
in the resistivity which is preceded by a minimum in the
proximity of TN2.

In general, the resistivity has a weak temperature depen-
dence with metallic behavior below the structural transition.
At approximately 20 K the temperature dependence changes
and there is an increase in the resistivity. An attempt to
model this upturn by Kondo scattering behavior is shown in
Fig. 3(b), where ρ ∝ ln(T ). The poor agreement (solid line)
indicates that Kondo scattering is unlikely the cause of the
low-temperature upturn. In addition, there are no obvious
Kondo scattering centers in this purely divalent europium
lattice. As DFT calculations predict this material to be an
insulator, it is possible that this rise is due to the intrinsic band
structure of Eu7Ga6Sb8.

Intrinsic semiconductors should show activated behavior
where the band gap can be estimated with an Arrhenius plot,
as shown in Fig. 3(c). This plot does not contain any regions
that are strictly linear, while the lowest temperature range
shows a saturation behavior that is typical of semiconductors

with impurity bands. Conduction in disordered semiconduc-
tors has been previously modeled through Mott variable range
hopping (VRH). In this model carriers hop between localized
impurity states whose energy levels are close to the Fermi
energy, which is assumed to be constant. The expression for
n-dimensional VRH conduction is given by

ρ(T ) = ρ0 exp

(
T0

T

) 1
n+1

, (1)

where T0 is the characteristic hopping temperature and ρ0

is the pre-exponential factor [54]. Efros and Shklovskii later
found that long-range Coulomb correlations of localized elec-
trons can lead to a gap in the density of states at the Fermi
level [55]. In this case the conduction can also be described
by Eq. (1) with n = 1. As shown in the inset of Fig. 3(b),
attempts to fit the low-temperature resistivity to the various
VRH models were unsuccessful.

One potential explanation for this temperature dependence
is that the charge carriers responsible for weak metallic be-
havior are frozen out at low temperatures. For doped samples
with low impurity concentrations, an impurity band can be
well separated from the conduction band such that the carri-
ers exhibit freeze-out at low enough temperatures [56]. This
picture agrees with DFT if one considers that Eu7Ga6Sb8

likely exhibits self-doping from defect sites in this disordered
structure.
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FIG. 3. (a) Resistivity versus temperature for the initial cool-
down and subsequent warm-up of the sample. There is a large
anomaly at T = 250 K that signals a structural phase transition.
Inset: Anomaly in the low-temperature resistivity due to magnetic
ordering of Eu2+ moments. (b) Attempts at a linear fit of ρ vs
ln(T), the temperature dependence expected for Kondo scattering.
(c) Arrhenius plot of the low-temperature resistivity. Inset: Attempts
at fitting the resistivity to the various types of variable range hopping
conduction mechanisms, as described in the text.

An important caveat to this discussion of transport mecha-
nisms is sample degradation as the temperature of the sample
is cycled through the structural phase transition. These tem-
perature cycles resulted in cracks forming throughout the
singe crystals, with the sample eventually breaking into

several pieces. This results in extrinsic scattering channels
with varying temperature dependence. In-gap states as well as
conduction across grain boundaries likely mask the intrinsic
resistive behavior of this material.

D. Specific heat

Figure 4(a) shows the zero-field specific heat divided by
temperature (C/T ) of Eu7Ga6Sb8 from 2 K to 300 K with
the measured lattice contribution from the nonmagnetic ana-
log Ba7Ga8Sb8 plotted as a solid red line. The inset of this
figure shows an anomaly near 250 K that is attributed to a
structural transition in the material.

Figure 4(b) shows C/T at multiple field values for 2 K �
T � 15 K. A sharp λ-like anomaly can be seen at the ordering
temperature TN1 = 9.0 K, consistent with the antiferromag-
netic ordering inferred from magnetization measurements.
There are also two smaller peaks that correspond to the
spin-reorientation transitions in χ (T ) at TN2 and TN3, which
disappear when μ0H � 2 T. The sharp anomaly at TN as well
as the broad magnon-like feature below TN are reminiscent
of other Eu2+ antiferromagnetic compounds [25,35,50]. The
specific heat due to spin excitations within AFM Eu2+ and
Gd3+ (S = 7/2) systems has been fitted using various ex-
change interactions as well as phenomenological spin wave
models [57–59]. Precise modeling of the possible spin ex-
citations within Eu7Ga6Sb8 is not yet feasible without more
information on the magnetic structure of this compound.

In order to subtract a phonon contribution from the specific
heat, we grew single crystals of a nonmagnetic analog with
a closely related structure Ba7Ga8Sb8. Though the structures
are similar, they are not identical, and thus do not offer a per-
fect representation of the phonon contribution. The resulting
subtraction Cmag/T was integrated to calculate the entropy
associated with magnetic order in this compound. The results
of this analysis are shown in Fig. 4(c). The entropy recovered
at TN1 = 9.0 K is only 80% of R ln(8), which suggests the
presence of magnetic frustration. The magnetic entropy then
saturates at approximately 90% of the expected value for a di-
valent Eu ion. The slight reduction from the expected entropy
is likely due to the limitation of the phononic background.

E. Dilatometry

Thermal expansion measurements were performed to in-
vestigate the structural transition and to help map out the
phase diagram. The relative change in length of the sample
along the c axis �Lc/Lc is presented in Fig. 5(a), where L is
the length of the sample at room temperature. The thermal ex-
pansion was measured from 2 K < T < 300 K while cooling
and heating the sample. There are clear anomalies present
near 250 K that agree with the anomalies found in resistivity
and specific heat data, and point to a structural transition. The
observed drops in �Lc/Lc reflect a sudden contraction of the c
axis due to the change in structure. As thermal cycling seems
to have a measurable effect on the structural transition, these
peaks also shift from the initial cool-down of the sample to
the subsequent warming. Such behavior is also observed in
the resistivity through thermal cycles and is indicative of a
first-order phase transition as well as structural damage.

094601-5



MATTHEW S. COOK et al. PHYSICAL REVIEW MATERIALS 7, 094601 (2023)

FIG. 4. (a) Specific heat over temperature of Eu7Ga6Sb8. The red
line represents C/T of the nonmagnetic analog Ba7Ga8Sb8, which
was used to subtract the lattice contribution. Inset: Anomaly in the
high-temperature specific heat from a structural phase transition.
(b) Magnetic field dependence of C(T )/T . The sharp transition is
due to AFM order. (c) Left axis: Magnetic specific heat divided
by temperature versus temperature. Right axis: Magnetic entropy
versus temperature from the integration of the magnetic specific heat.
The dashed line corresponds to the entropy expected for divalent Eu
system with S = 7/2.

Figure 5(b) is a plot of the temperature dependence of the
thermal expansion coefficient α at various magnetic fields.
The extrema of peaks in the derivative of α(T ) are plotted
on the magnetic phase diagram in Fig. 6, as well as points
taken from χ (T ) and C(T )/T . The AFM phase boundary is
consistent across these three experiments.

FIG. 5. (a) Anomaly in the high-temperature �Lc/Lc upon initial
cool-down and warm-up of sample which signals a structural phase
transition. (b) Anomalies in the thermal expansion coefficient α at
various magnetic field values due to an AFM phase transition.

F. Theoretical calculations

DFT electronic structure calculations of the band struc-
ture and density of states, shown in Figs. 7(a) and 7(b),
respectively, were performed using the experimental low-
temperature Pbca crystal structure, shown in Fig. 7(c), as well
as a geometrically optimized crystal structure. The relaxed
lattice parameters were a = 15.689 Å, b = 17.267 Å, and c =
17.969 Å, in good agreement with the experimental lattice
parameters a = 15.647 Å, b = 17.288 Å, and c = 17.920 Å
[1]. Structural relaxation caused only a small reduction in
the band gap relative to the experimental crystal structure,
from 0.47 eV to 0.40 eV, and did not qualitatively change
the band structure. The element-projected density of states
indicates that the valence band and conduction band are highly
hybridized between Eu, Ga, and Sb, with a slight dominance
by Eu and Sb in the valence band and conduction band,
respectively.

To determine the sensitivity of the band gap to the presence
of f electrons, the band structures were first calculated in a
nonmagnetic state with the Eu f electrons localized within the
core. As shown in Fig. 7(d), the spin-polarized band structure
was calculated while explicitly including the Eu f electrons
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FIG. 6. H-T phase diagram that has been determined for
(a) H ⊥ c and (b) H ‖ c.

with a Hubbard-U correction as suggested and implemented
by Dudarev et al. [43] to account for the localized nature of f
electrons using U = 6.0 eV for Eu. As a first approximation
to the actual magnetic structure, collinear antiferromagnetic
ordering was applied to the Eu f electrons with alternating
layers of Eu ions in the ac plane adopting alternating spin
states. Incorporation of the f electrons into the band structure
calculation decreased the band gap slightly to 0.31 eV. The
calculated magnetic moments were 6.98 μB per Eu ion. The
GGA+U band structure was very similar to the GGA band
structure near the band gap, with the localized f electron bands
appearing −1.5 eV below the valence band maximum. As
increasing the Hubbard-U value to more accurately capture
the larger experimentally measured magnetic moment per Eu
ion would be expected to shift the Eu f bands further from the
Fermi energy, it is reasonable to assume the Eu f electrons do
not substantially affect the band gap. It should be noted that
while spin-orbit coupling (SOC) is expected to be relevant due
to the large atomic number of Eu, the 168 atoms in the unit
cell rendered calculations including SOC intractable. As SOC
would not be expected to substantially change the qualitative
electronic structure, such as by closing the band gap entirely,
the conclusions drawn from the calculations without SOC

remain valid. These calculations indicate that the intrinsic
ground state of Eu7Ga6Sb8 is a charge-balanced insulator with
a direct band gap of � ≈ 0.4 eV.

IV. DISCUSSION AND SUMMARY

The structure of Eu7Ga6Sb8 features 2D layers of Eu
ions arranged in a distorted triangular lattice. These layers
are separated by anionic chains of hexagonally close packed
[Ga6Sb8]14− units with Eu ions occupying the interstitial
spaces [1]. A structural phase transition is observed at approx-
imately 250 K, with signatures present in resistivity, specific
heat, and thermal expansion. High-resolution PXRD data also
confirm this transition. Pawley refinements of the data at room
temperature suggest the structure to crystallize in space group
Cmcm. At 180 K, Rietveld refinements of the data were in-
dicative of the space group Pbca, which has a lower symmetry.
This is not surprising when considering the layered structure
of this material, where the details of interlayer bonding states
can be crucial to the resulting crystalline symmetry [15].

The magnetism in Eu7Ga6Sb8 shows complex behavior
that is a result of the orthorhombic symmetry of the lattice as
well as a disordered structure with 7 unique Eu2+ sites. Both
specific heat and magnetization measurements are indicative
of long-range AFM ordering of Eu2+ moments (S = 7/2) at
Tn1 = 9.0 K, with two spin-reorientation transitions at Tn2 =
7.5 K and Tn3 = 7.2 K. The positive high-temperature Weiss
temperature is in contrast with the AFM phase at low temper-
atures, suggesting a competition of FM and AFM interactions.
Magnetic anisotropy is observed in the low-temperature χ (T )
and M(H ) data and is expected from the complex exchange
interactions. The analysis of χ (T ) and M(H ) reveals that the
AFM easy axis lies within the ab plane and that the magnetic
structure is likely coplanar.

DFT calculations that were performed under several differ-
ent assumptions all show a direct band gap of approximately
0.4 eV at the � point. This is in contrast with electrical re-
sistivity data that show a weak metallic behavior in the range
25 K < T < 200 K. There are many instances in which semi-
conductors have been observed to have metallic conduction
[60–62]. This is usually attributed to doping and disorder,
where an impurity band forms within the gap. Disorder in the
form of vacancies or antisite defects has been shown to be the
origin of metallic conduction in GeTe, which is predicted to
be a semiconductor with a band gap of at least 0.4 eV [63]. In
the case of Eu7Ga6Sb8, previous work as well as this report
have found that the crystals form with excess Sb as well as a
deficient amount of Ga. These defect sites likely contribute to
the thermodynamic stability of the room-temperature phase,
as EDX measurements are consistent across multiple experi-
ments. This is also the likely origin of the observed metallic
conduction in this compound. The rise in electrical resistivity
below 20 K can be explained under the same picture, as im-
purity carriers in a lightly doped semiconductor can be frozen
out at low temperatures. This can result in nonactivated behav-
ior, as these trapped carriers can be re-excited with sufficient
electric field [64].

A final consideration is that there may be multiple par-
allel conduction channels within the single crystals which
appear as the sample is brought through the structural phase
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FIG. 7. (a) Electronic band structure and (b) element projected density of states of Eu7Ga6Sb8 using the experimentally determined lattice
parameters. (c) Unit cell of the crystal structure of Eu7Ga6Sb8 containing 168 ions, with Eu in magenta, Ga in green, and Sb in bronze.
(d) Electronic band structure of Eu7Ga6Sb8 including Eu f electrons with a Hubbard-U correction, where U = 6.0 eV. The zero of the energy
axis for plots (a), (b), and (d) have been shifted to the valence band maximum.

transition. As stated earlier, temperature cycling of this com-
pound usually results in cracks forming, with the sample
eventually breaking into many pieces after several cycles. This
will result in a masking of the intrinsic conduction mechanism
at low temperatures.

Our work highlights the role of disorder in electrical trans-
port properties of complex structures that adhere to the Zintl
concept and the possible disconnect between DFT predictions
and experimental results. Here we postulate that disorder in
Eu7Ga6Sb8 is caused by several different parameters. First,
off-stoichiometry of this material contributes to impurity band
conduction, which manifests in weak metallic resistivity over
a large temperature range. Second, irreversible structural dam-
age occurs when cycling temperature from room temperature
to liquid-helium temperatures. This damage likely occurs as
cracks in the crystal through the structural phase transition
where the crystal structure goes from a higher-symmetry
space group to a more disordered and lower-symmetry ar-
rangement. These features result in electrical transport that
does not follow the expected semiconducting behavior from
DFT calculations. Future work could lead to further ex-
ploration of disordered Zintl phase compounds for their
thermoelectric properties, as one would expect a low thermal

conductivity intrinsic to this type of complex structure which
may be paired with good electrical conductivity from in-gap
states.
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[46] M. Marshall, I. Pletikosić, M. Yahyavi, H.-J. Tien, T.-R. Chang,
H. Cao, and W. Xie, Magnetic and electronic structures of

antiferromagnetic topological material candidate EuMg2Bi2,
J. Appl. Phys. 129, 035106 (2021).

[47] V. K. Anand and D. C. Johnston, Metallic behavior induced
by potassium doping of the trigonal antiferromagnetic insulator
EuMn2As2, Phys. Rev. B 94, 014431 (2016).

[48] J. Blawat, M. Marshall, J. Singleton, E. Feng, H. Cao, W.
Xie, and R. Jin, Unusual electrical and magnetic proper-
ties in layered EuZn2As2, Adv. Quantum Tech. 5, 2200012
(2022).

[49] J.-Z. Ma, S. M. Nie, C. J. Yi, J. Jandke, T. Shang, M. Y. Yao,
M. Naamneh, L. Q. Yan, Y. Sun, A. Chikina, V. N. Strocov,
M. Medarde, M. Song, Y.-M. Xiong, G. Xu, W. Wulfhekel,
J. Mesot, M. Reticcioli, C. Franchini, C. Mudry et al., Spin
fluctuation induced Weyl semimetal state in the paramagnetic
phase of EuCd2As2, Sci. Adv. 5, eaaw4718 (2019).

[50] T. Berry, V. J. Stewart, B. W. Y. Redemann, C. Lygouras, N.
Varnava, D. Vanderbilt, and T. M. McQueen, A-type antiferro-
magnetic order in the Zintl phase insulator EuZn2P2, Phys. Rev.
B 106, 054420 (2022).

[51] P. Rosa, C. de Jesus, Z. Fisk, and P. Pagliuso, Physical proper-
ties of EuPtIn4 intermetallic antiferromagnet, J. Magn. Magn.
Mater. 371, 5 (2014).

[52] S. Pakhira, F. Islam, E. O’Leary, M. A. Tanatar, T. Heitmann,
L.-L. Wang, R. Prozorov, A. Kaminski, D. Vaknin, and
D. C. Johnston, A-type antiferromagnetic order in semicon-
ducting EuMg2Sb2 single crystals, Phys. Rev. B 106, 024418
(2022).

[53] T. Berry, S. R. Parkin, and T. M. McQueen, Antiferro- and
metamagnetism in the S = 7/2 hollandite analog EuGa2Sb2,
Phys. Rev. Mater. 5, 114401 (2021).

[54] K. G. Raj and P. A. Joy, Cross over from 3D variable range
hopping to the 2D weak localization conduction mechanism
in disordered carbon with the extent of graphitization, Phys.
Chem. Chem. Phys. 17, 16178 (2015).

[55] B. I. Shklovskii and A. L. Efros, Variable-range hopping con-
duction, in Electronic Properties of Doped Semiconductors,
edited by M. Cardona, P. Fulde, and H.-J. Queisser (Springer,
Berlin, 1984), pp. 202–227.

[56] T. C. Harman, H. L. Goering, and A. C. Beer, Elec-
trical properties of n-type InAs, Phys. Rev. 104, 1562
(1956).

[57] R. Radwanski, D. Nalecz, S. Fedyk, and Z. Ropka, EuTiO3: The
low-energy electronic structure of Eu2+ from the specific heat,
Mater. Chem. Phys. 186, 426 (2017).

[58] Y. Misawa, Y. Doi, and Y. Hinatsu, Magnetic ordering of di-
valent europium in double perovskites Eu2LnTaO6 (Ln = rare
earths), J. Solid State Chem. 184, 1478 (2011).

[59] J. A. Quilliam, K. A. Ross, A. G. Del Maestro, M. J. P.
Gingras, L. R. Corruccini, and J. B. Kycia, Evidence for
Gapped Spin-Wave Excitations in the Frustrated Gd2Sn2O7

Pyrochlore Antiferromagnet from Low-Temperature Spe-
cific Heat Measurements, Phys. Rev. Lett. 99, 097201
(2007).

[60] S. I. Kim, S. Hwang, S. Y. Kim, W.-J. Lee, D. W. Jung, K.-S.
Moon, H. J. Park, Y.-J. Cho, Y.-H. Cho, J.-H. Kim, D.-J. Yun,
K. H. Lee, I.-t. Han, K. Lee, and Y. Sohn, Metallic conduction
induced by direct anion site doping in layered SnSe2, Sci. Rep.
6, 19733 (2016).

[61] A. Jaoui, G. Seyfarth, C. W. Rischau, S. Wiedmann, S.
Benhabib, C. Proust, K. Behnia, and B. Fauqué, Giant Seebeck

094601-10

https://doi.org/10.1103/PhysRevResearch.1.012001
https://doi.org/10.1103/PhysRevB.94.155121
http://arxiv.org/abs/arXiv:2111.11319
https://doi.org/10.1016/S0925-8388(02)00216-5
https://doi.org/10.1143/JPSJS.77SA.48
https://doi.org/10.1021/ic801290u
https://doi.org/10.1039/C4DT01620C
https://doi.org/10.1021/ic048507o
https://doi.org/10.1021/cm0520362
https://doi.org/10.1017/S0885715614000840
https://doi.org/10.1063/1.2403088
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1107/S0021889881009618
https://doi.org/10.1021/cm970219l
https://doi.org/10.1063/5.0035703
https://doi.org/10.1103/PhysRevB.94.014431
https://doi.org/10.1002/qute.202200012
https://doi.org/10.1126/sciadv.aaw4718
https://doi.org/10.1103/PhysRevB.106.054420
https://doi.org/10.1016/j.jmmm.2014.07.001
https://doi.org/10.1103/PhysRevB.106.024418
https://doi.org/10.1103/PhysRevMaterials.5.114401
https://doi.org/10.1039/C5CP00329F
https://doi.org/10.1103/PhysRev.104.1562
https://doi.org/10.1016/j.matchemphys.2016.11.014
https://doi.org/10.1016/j.jssc.2011.04.017
https://doi.org/10.1103/PhysRevLett.99.097201
https://doi.org/10.1038/srep19733


STRUCTURAL TRANSITION AND ANISOTROPIC … PHYSICAL REVIEW MATERIALS 7, 094601 (2023)

effect across the field-induced metal-insulator transition of
InAs, npj Quantum Mater. 5, 94 (2020).

[62] M. Benzaquen, D. Walsh, and K. Mazuruk, Conductivity of
n-type GaAs near the Mott transition, Phys. Rev. B 36, 4748
(1987).

[63] A. H. Edwards, A. C. Pineda, P. A. Schultz, M. G. Martin, A. P.
Thompson, and H. P. Hjalmarson, Theory of persistent, p-type,

metallic conduction in c-GeTe, J. Phys.: Condens. Matter 17,
L329 (2005).

[64] Z. Q. Liu, D. P. Leusink, X. Wang, W. M. Lu, K. Gopinadhan,
A. Annadi, Y. L. Zhao, X. H. Huang, S. W. Zeng, Z.
Huang, A. Srivastava, S. Dhar, T. Venkatesan, and Ariando,
Metal-Insulator Transition in SrTiO3−x Thin Films Induced by
Frozen-Out Carriers, Phys. Rev. Lett. 107, 146802 (2011).

094601-11

https://doi.org/10.1038/s41535-020-00296-0
https://doi.org/10.1103/PhysRevB.36.4748
https://doi.org/10.1088/0953-8984/17/32/L01
https://doi.org/10.1103/PhysRevLett.107.146802

