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Tetragonal Kondo Insulator EuCd,Sb, Discovered via High

Pressure High Temperature Synthesis

Jose L. Gonzalez Jimenez, Corey Melnick, Krishna Prasad Koirala, Ran Adler, Fei Wang,
Meryem Berrada, Bin Chen, Le Wang, David Walker, Gabriel Kotliar, and Weiwei Xie*

Magnetic and electronic properties of quantum materials heavily rely on the
crystal structure even in the same chemical compositions. In this study, it is
demonstrated that a layered tetragonal EuCd,Sb, structure can be obtained by
treating bulk trigonal EuCd,Sb, under high pressure (6 GPa) and high
temperature (600 °C). Magnetization measurements of the newly formed
layered tetragonal EuCd,Sb, confirm an antiferromagnetic ordering with Neel
temperature (T) around 16 K, which is significantly higher than that

(Ty = 7 K) of trigonal EuCd,Sb,, consistent with heat capacity measurements.
Moreover, bad metal behavior is observed in the temperature dependence of
the electrical resistivity and the resistivity shows a dramatic increase around
the Neel temperature. Electronic structure calculations with local density
approximation dynamic mean—field theory (LDA+DMFT) show that this
material is strongly correlated with well-formed large magnetic moments, due
to Hund’s coupling, which is known to dramatically suppress the Kondo scale.

quantum phenomena, such as axion insula-
tors and anomalous Hall effects. Currently,
the study of such systems in bulk materi-
als primarily focuses on Mn-based and Eu-
based intrinsic magnetically ordered topo-
logical insulators that can directly affect
the topological properties by introducing
magnetic symmetries.'>) Among them,
YbMnBi,! was theoretically proposed and
experimentally confirmed to be a mag-
netic topological insulator in which band
topology from Bi square nets and mag-
netism from Mn?* interplay. Later the
family of compounds, (MnTe),,(Bi, Te;),, [+
with a natural heterostructure of MnTe and
Bi,Te, layers, was discovered and investi-
gated. The band topology is attributed to

1. Introduction

Magnetic semiconductors are characterized by lattices composed
of magnetic atoms. Recently, magnetic topological semiconduc-
tors, one kind of intrinsic magnetic semiconductor, have at-
tracted interest in condensed matter physics because of various

Bi,Te, layers, whereas magnetism is con-
tributed from MnTe layers. Meanwhile, an
increasing number of Eu-based intrinsic
magnetic compounds were identified and
investigated in search of band topology induced by broken time-
reversal symmetry. Such examples include the antiferromagnetic
topological insulators EuCd,As,®1% and Euln,As,.1"!] Recently,
a new family of compounds, trigonal EuM,Pn, (M = Mg?*,
Mn?*, Zn?*, and Cd**; Pn = P37, As®~, Sb*", and Bi*"), was
studied for the interplay of magnetism and band topology, such
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as EuMg,Bi, ['213] EuMn,P, "l and EuCd,Sb,.l'>1¢] Moreover,
breaking the spatial inversion symmetry (P), which can be tuned
through the distortion of the lattice by high pressure compres-
sion, or time-reversal symmetry (T) in the form of a paramag-
netic to antiferromagnetic state transition, can split the Dirac
point into a pair of Weyl points in topological materials.!**]
The P-breaking Weyl fermions can be realized by forming non-
centrosymmetric crystal structures, for example TaAs [17-2] and
(W/Mo)Te, 21261 T-breaking approach was proposed to occur
with a spontaneous magnetism to break T, for example, in trig-
onal 122-EuCd, Sb,.[%] In trigonal EuCd,Sb,, A-type AFM struc-
ture hosts in-plane magnetic moments on Eu atoms that form
FM layers stacking antiferromagnetically along the c-axis with the
antiferromagnetic transition temperature ~7 K.!%)

On the other hand, Eu-intermetallic compounds such as
EuPd, Si,!?’] are famous for bivalent and other strong correlated
system properties such as potential heavy fermions. However,
those 122-phases always adopt the tetragonal structures and their
derivates. Our previous high pressure work on trigonal 122-
type phases!?®! has indicated that the trigonal La,0O; structure
could undergo structural transition at high pressure, for exam-
ple, 73 GPa in CaMn,Bi,. The high pressure can be used to
tune the atomic distances and crystal structures to induce unex-
pected quantum phenomena such as superconductivity, metal-to-
insulator transition (MIT), and so on. Thus, we were inspired to
tune the magnetic topological materials into heavy fermion com-
pounds. To achieve this, we applied high pressure and high tem-
perature treatment to the rare-earth based magnetic topological
material, EuCd, Sb,.

Herein, we report the synthesis and characterization of the
new magnetic semiconductor, EuCd, Sb,, with a tetragonal lay-
ered structure. EuCd, Sb, adopted a tetragonal structure from the
original trigonal structure, as determined by both X-ray diffrac-
tion and electron diffraction in the transmission electron mi-
croscope (TEM), following treatment at high pressure of 6 GPa
and high temperature of 600 °C for 24 h. We observed an anti-
ferromagnetic transition around 16 K. The electrical resistance
measurement shows an increase in resistance with decreasing
temperature, consistent with bad metal properties. At low tem-
peratures around AFM transition temperature, the resistance in-
creases dramatically. To confirm this, the low—temperature heat
capacity on tetragonal EuCd, Sb, was measured with Sommerfeld
parameter, y, over 0.33(2) ] mol~'-K=2, which indicates EuCd, Sb,
is potentially a heavy-fermion Kondo insulator candidate. Such
kind of changes can be induced by the interplay between Kondo
effects and magnetic contribution.

2. Results and Discussion

A new tetragonal EuCd, Sb, structure was detected in the product
synthesized at 6 GPa and 600 °C. The space group and lattice pa-
rameters were determined by indexing the powder X-ray diffrac-
tion pattern. The high pressure and high temperature product
of EuCd,Sb, crystallized in tetragonal structure type with the
space group P4/mmm. However, the reflections from EuCd, Sb,
by single crystal X-ray diffraction are weak enough to require in-
dependent confirmation. To confirm the phase information, we
combined powder X-ray diffraction and selected area electron
diffraction to assist the structural determination based on the
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space group and lattice parameters generated from single crys-
tal X-ray diffraction. The powder diffraction pattern (Figure 1a)
can be successfully indexed, and cell parameters were refined
using the ones obtained from single crystal X-ray diffraction ex-
periments. The refinement based on powder diffraction shows
tetragonal lattice parameters for EuCd,Sb, (Figure 1b) adopts
the CeMg, Si, structure type, a derivative of the more commonly
known ThCr,Si, structure,?’) as opposed to the reported ambi-
ent pressure precursor, which adopts the CaAl, Si, structure. To
confirm the lattice parameters and unit cells, the high pressure
EuCd, Sb, was investigated by electron microcopy. The experi-
mental and simulated electron diffraction patterns taken along
[100] zone axis (Figure 1c,1d) allow the determination of the d-
spacing (~5.67 A) of the crystallographic c-axis with errors. Ad-
ditional information on the chemical composition and structural
analysis can be found in Figures S1,S2 (Supporting Information).

To get insight into the magnetic properties and compare them
to the reported trigonal EuCd,Sb,, we performed temperature-
dependent magnetization measurements on the high pressure
polycrystalline sample of tetragonal EuCd,Sb, at a low applied
field (0.1 T) from 2 to 300 K. The results are shown in Figure 2
(a). A magnetic transition to an antiferromagnetic state (Ty) is
observed at around 16 K. The reported trigonal EuCd, Sb, shows
an antiferromagnetic order only around7 K.[**] The magnetic sus-
ceptibility decreases below the Ty slightly, which is much smaller
than the regular antiferromagnetic ordering. Similar magnetic
properties were detected in other Eu-based compounds, such
as Euln,As,, which also indicates helical magnetic ordering in
tetragonal EuCd, Sb,.['!l At temperatures higher than 16 K, clas-
sic Curie—Weiss behavior is observed. The effective moment and
Curie-Weiss (CW) temperature were fitted from 25 to 50 K by
using Curie-Weiss law in Figure S3. The Curie-Weiss temper-
ature fitted ranging from 25 K to 300 K is —7.5 (5)(7 K, while
the average effective moment is 8.05 (2) p /Eu, which is slightly
larger than the theoretical effective moment of Eu* (7.94 uy).
The magnetic characteristics above Ty are essentially isotropic.
The temperature below 10 K, where the field-cooled (FC) and
zero-field-cooled (ZFC) curves differ, is usually associated with
a blocking temperature (T}) related to the domain of larger par-
ticle size in the sample. Usually, the whole sample becomes
super-paramagnetic/ferromagnetic above the blocking temper-
ature. The peak in the ZFC curve at around 6 K is usually as-
cribed to an average T associated with the average particle size
in the distribution. The field-dependent behavior is character-
istic of an antiferromagnetic material with a mixture of ferro-
magnetic or super-paramagnetic components. The magnetic mo-
ment of tetragonal EuCd,Sb, reaches about4.84 uy/Eu for ap-
plied fields up to 9 T at 2 K, as shown in Figure Figure 3. More-
over, the non-linear field-dependent magnetization at 2 K is also
consistent with the other magnetic interactions, possibly a super-
paramagnetic/ferromagnetic ordering and antiferromagnetic or-
dering.

The temperature-dependent resistivity for a piece of tetrago-
nal EuCd,Sb,, measured from 2 to 300 K, is shown in Figure 4
(main panel). The resistivity increases with decreasing the tem-
perature (semiconducting behavior). The temperature decreases
from 300 to 100 K while the resistivity starts increasing because
covalent bonds start breaking and the majority carrier decreases.
Arrhenius line fitting of the resistivity data at high temperature
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Figure 1. a) Powder X-ray diffraction pattern of synthesized EuCd,Sb,. b) The crystal structure of high pressure EuCd,Sb, determined by a combination
of X-ray diffraction and TEM (Eu: purple, Cd: green, Sb: orange). c). Experimental and d) simulated electron diffraction patterns of EuCd,Sb, along [100]

zone axis.
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Figure 2. a) Magnetic susceptibility as a function of temperature measured in an external field of yH = 1000 Oe, zero-field cooling (ZFC) mode (blue)
and field cooling (FC) mode (orange). b) Curie-Weiss fitting of the magnetic susceptibility from 25 to 300 K.
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Figure 3. The field-dependent magnetization for the sample measured at
various temperatures from 2-300 K with the applied field up to 9 T. (Inset)
The field-dependent magnetization from —3 to 3 T with the emphasis of
the non-linear field-dependent magnetization at 2 K.

range (190-200 K) further reveals the bandgap of approximately
0.06 eV with an activation energy of 23 meV. Usually, the charge
transport is sensitive to the magnetic state of the system: the re-
sistivity shows a dramatic increase below the Neel temperature
(~16 K). Such a dramatic increase in resistivity might indicate
the possibility of a Kondo insulator of tetragonal EuCd,Sb,. To
test the possibility of Kondo insulating occurring in the resistiv-
ity around16 K, the electronic structures of EuCd,Sb, and hypo-
thetical “SrCd,Sb,” in the same structure were calculated. For
EuCd, Sb,, the calculation includes the effects of on-site Coulomb

R(Q)

v v T T T T T T v

0 50 100 150 200 250 300
T(K)

Figure 4. (Main Panel) Temperature-dependent resistance measured be-

tween 1.8 and 300 K in the applied magnetic field of 1T. (Inset) Field-

dependence of the resistance at various temperatures (2, 10, and 20 K)

with applied field from —9 to +9 T normalized to the values at 0 applied
magnetic field.
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interaction (U) with U = 4.5 eV applied on Eu 4f electrons.
The relativistic spin-orbit coupling (SOC) was considered in both
compounds. It is clearly shown that SrCd,Sb, and EuCd,Sb,
share similar band structures around Fermi level (see Figures
S7 Supporting Information), which indicates the semiconductor-
insulator transition observed in EuCd, Sb,may relate to the mag-
netic transition, instead of being induced from Kondo effects.
The bandgap opens up ~16 K which likely results from hy-
bridization of localized felectrons in Eu atoms with conduc-
tion electrons. As a consequence, a transition from semiconduct-
ing behavior to insulating behavior at 16 K is seen in resistiv-
ity measurements. Moreover, the magnetoresistance of tetrago-
nal EuCd,Sb, was measured at various temperatures from —9
to +9 T. At low temperatures (2 K), the material’s resistance
slightly increases and then decreases, eventually forms a dome-
like magneto-resistance feature when the magnetic field is ap-
plied. At 2 K, it decreases by ~14% when the field increased
from 0 to 9 T. This behavior is consistent with the anomalous
magnetoresistance seen in magnetic spin-flop systems. How-
ever, compared to the magneto-resistivity in trigonal EuCd,Sb,
at ambient pressure that shows the chiral magnetic effect at
the low field range (—0.5-+0.5 T),'®) the magneto-resistivity in
tetragonal EuCd, Sb, doesnot show similar electrical phenomena
(Figure 4 Inset).

The lambda-shape anomaly observed in the heat capacity mea-
surement presented in Figure 5 at Ty ~#16 K without applying an
external magnetic field indicates a second-order phase transition
in tetragonal EuCd, Sb,, which is in good agreement with the an-
tiferromagnetic transition observed in the magnetic susceptibil-
ity and entropy curve found in Figures S1,S7 (Supporting Infor-
mation). Without including the magnetic contribution, the elec-
tronic contribution (yT), and phonon contribution (fT?) are the
major parts of the specific heat. To further confirm the possibility
of heavy fermion properties in tetragonal EuCd, Sb,, the specific
heat was fitted with the equation: C/T=r+ pT%. The Sommer-
feld coefficient (y) is 0.33(2) ] mol~!-K=2, which is smaller than
that of reported heavy fermion compound CeColng,*% but signif-
icantly larger than that of regular metals for which heavy fermion
theory was first used for (Figure 5 Inset).

There are two limiting cases for the behavior of Kondo sys-
tems, in one limit the Kondo effect takes place, in the other limit,
the RKKY effect dominates, the Kondo effect does not take place,
and the system orders magnetically. The atomic physics of the Eu-
ropium also has two limits: 1) The spin-orbit coupling dominates
over the Hund’s coupling, such that the ] = 5/2 subshell is filled
with six electrons and the remaining electron fluctuates between
(or selects one of) the remaining eight | = 7/2 electron states;
2) the Hund’s coupling dominates the spin orbit coupling and
Hund’s physics emerges.’! That is, the felectron spins align,
the electrons half-fill the fshell, the correlated electrons experi-
ence a very large effective Hubbard interaction, U, and, in the
paramagnetic state, the felectrons form upper and lower Hub-
bard bands. In case (1), the Kondo physics emerges at reason-
able temperatures. In case (2), the Kondo scale is miniscule. Here
we perform DFT+DMFT calculations of tetragonal EuCd,Sb, at
300 K within Portobellol3?] with a 2.5 eV Hubbard interaction
(U), 20.5 eV Hund'’s coupling (J), and the nominal double count-
ing with half-filling of the fshell (N = 7). The results are consis-
tent with case (2), as shown in Figure 6, and remain consistent
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Figure 5. (Main Panel) Temperature-dependent heat capacity C,(T) in

tetragonal EuCd,Sb, without applied field. (Inset) The specific heat fitting
includes the electron and phonon contributions.

provided the Hund’s coupling is greater than ~0.2 eV. Indeed,
the gap between the upper and lower Hubbard band is approxi-
mately U= U+ (N-1) J = U+ 6/, exactly as expected in case (2)
.31 DFT, in contrast, cannot include the many-bodied physics of
the Hund’s coupling and therefore defaults to case (1), as shown
in Figure 6. This is also consistent with the experimental results,
the large magnetic moment of slightly of over 8 u;, suggests that
the Eu-f shell is completely spin-polarized (with the remaining
moment comes from a very small contribution of the conduction
electrons). The presence of magnetic moments at high temper-
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Figure 6. Spectral functions, A(w), of tetragonal paramagnetic EuCd,Sb,
as predicted by DFT and DFT+DMFT. DFT places the Eu-f shell very near
the chemical potential, with the j = 7/2 states lying on the Fermi surface
and the J = 5/2 split (by the spin-orbit coupling) 0.6 eV below the chem-
ical potential. DFT+DMFT, in contrast, predicts that the Hund's coupling
aligns spins in the half-filled Eu-f shell and are driven far from the Fermi
surface by a large effective Hubbard interaction. This behavior is insensi-
tive to the choice of U and J, provided J > 0.2 eV and Uy > 5 eV.

Adv. Funct. Mater. 2023, 2303612 2303612 (5 Of7)

www.afm-journal.de

atures accounts for the bad metal behavior observed in the re-
sistivity, which is different from the Weyl semimetal behavior in
trigonal EuCd, Sb,. Below the magnetic transition, the resistivity
increases as the magnetism reconstructs the Fermi surface.

3. Conclusion

In summary, we reported the high pressure and high temper-
ature synthesis, structural characterization, and magnetic and
specific heat measurements on EuCd, Sb,. The crystal structure
changes from trigonal to tetragonal symmetry after being treated
under high pressure and high temperature. The antiferromag-
netic transition temperature increases from ~7 Kin trigonal sym-
metry to 16 K in tetragonal symmetry. Susceptibility measure-
ments and the Lambda-shaped anomalies in the specific heat
are consistent with a magnetic transition. Charge self-consistent
DFT+DMEFT simulations predict that the Kondo scale is dramat-
ically suppressed by the Hund’s coupling and therefore supports
the picture of the phase transition due to a magnetic transition.

4. Experimental Section

Synthesis:  Ambient pressure EuCd,Sb, was obtained by mixing a sto-
ichiometric ratio (1:2:2) of europium pieces (Alfa Aesar, sublimed den-
dric, 99.9%), cadmium shot (Alfa Aesar, 99.999%), and powdered anti-
mony (Alfa Aesar, 99.5%). The mixture with the total mass 300 mg was
pressed into an Y4-inch diameter pellet, put into an alumina crucible, and
then sealed inside the evacuated quartz tube (<10~° Torr). The tubes were
heated to 1000 °C at the speed of 60 °C h~', heated at 1000 °C for 24 h,
followed by cooling to room temperature at a rate of 100 °C h~". The high-
pressure sample was obtained by grinding crystals of the ambient condi-
tion EuCd,Sb, product into a powder and placing it inside an Al,O; cru-
cible that was inserted into an 8 mm Cermacast 646 octahedral pressure
medium lined with a steel foil heater. The sealed sample was then com-
pressed to 6 GPa (290 tons)[33] in a Walker-type multi-anvil press. After-
ward, the sample was heated to 600 °C and kept for 25 h. The sample,
indexed as TT-1447, was quenched at pressure by cutting heater power
and depressurizing overnight.

Structure Determination and Phase Analysis: To determine the struc-
ture of the high pressure EuCd,Sb, product, single crystals were exam-
ined at room temperature via a Bruker D8 Quest Eco single-crystal X-ray
diffractometer using Mo radiation (4, = 0.71073 A). Measurement pa-
rameters include a scan width(w) of 1.0° and an exposure time of 10 s
per frame. The SMART software was used for data acquisition. Intensities
were extracted and corrected for Lorentz and polarization effects using the
SAINT program. The unit cell and space group information was obtained
from the single crystal X-ray diffraction. The high-pressure product was
also ground for powder diffraction using Bruker D2 Phaser powder X-ray
diffractometer with Cu Ka radiation (4 = 1.5460 A). A step size of 0.004 °
at a scan speed of 0.55 °min~! was used to measure a spectrum over a
Bragg angle (26) range of 10-90° using a Bruker silicon low background
sample holder. Powder data was refined through the LeBail method using
the FullProf software according to the unit cell and space group obtained
from single crystal X-ray diffraction data. To confirm the lattice parame-
ters in the unit cell, thin samples were examined for selected area electron
diffraction (SAED) by using a JEOL 7500F scanning transmission electron
microscope (STEM).

Chemical Compositions Characterization: Elemental composition
within the samples was determined by energy dispersive X-ray spec-
troscopy (EDS) in scanning electron microscope (SEM) [JEOL Ltd.,
Tokyo, Japan]. The EDS data were acquired and analyzed in an Oxford
Instruments AZtec system (Oxford Instruments, High Wycomb, Bucks,
England), software version 3.1 using a 20 mm? Silicon Drift Detector

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

ASULOIT suowwo)) Ianea1) d[qedtdde ay) £q pauIdA03 dIv SIONIE YO 2SN JO SN 10] AIRIGIT SUIUQ AJ[IAN UO (SUONIPUOI-PUB-SWLIDY/ WO AI[1Av' ATRIqI[QUI[U0//:sdny) SUonIpuo) pue SWIdT, 3y 39S *[£70z/80/ST] U0 AreIqry auruQ Ad[IM ‘T19€0£Z0T WIPR/Z001" 01/10p/wod 3] K1eiqijaurfuo//:sdny woiy papeojumod ‘0 ‘870€9191



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

(JEOL 6610LV SEM) and an ultra-thin window. Samples were mounted
in epoxy, polished and then sputter coated with thin layer of carbon prior
to loading into the SEM chamber. The samples were examined using an
electron beam with an accelerating voltage of 20 kV and a beam current of
0.1 nA. Spectra were collected with an optimized period. Multiple points
were examined in each phase within the sample. Compositional estimates
were calculated using SEM Quant software to correct intensities for matrix
effects.

Magnetic Measurements: The magnetization measurements were per-
formed using a physical property measurement system (PPMS) Dynacool
manufactured by Quantum Design, Inc., on pieces of EuCd,Sb, obtained
under high pressure. The PPMS operates over a temperature range of
1.8—300 K and in applied fields of up to 90 kOe.

Resistance and Specific Heat Measurements: A four-probe method us-
ing platinum wires was applied for the resistance measurements on a
piece of the high pressure sample. The aforementioned PPMS was used,
employing the standard resistivity puck. The temperature and field depen-
dent resistance was measured over a temperature range of 1.8-300 K and
applied magnetic fields up to 9 T. Heat capacity measurements were done
over temperatures of 2-80 K using Apiezon N-type grease without an ap-
plied magnetic field.

Supporting Information

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