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Quantum spin liquid states have garnered significant attention as potential precursors for high-temperature
superconductors. Researchers are aiming to achieve high-temperature superconductivity through regulation.
However, previous studies have indicated that candidate materials with honeycomb structures, such as Na,IrO;
and o —Li,IrO;, remain in a magnetically ordered and insulating state. Pressure serves as an effective regulatory
tool by adjusting atomic interactions through interatomic spacing manipulation, thereby influencing the band
structure near the Fermi surface and consequently tuning quantum-state evolution. In this study, interlayer Li
were substituted by Ag atoms in « —Li,IrO; to obtain the Ag;Lilr,Os, and its transitions in structure and physical
properties as functions of temperature and pressure were investigated. It has been observed that Ag;Lilr,O¢
remains stable between —190 and 300° C without undergoing any structural phase transitions. High-pressure
phase transitions occur at 3.0-7.5 and 12.0-16.1 GPa. The first structural phase transition, as deduced from
high-pressure x-ray diffraction and Raman spectroscopy, is associated with Ir-Ir dimerization and IrOg octahedral
distortion. Corresponding resistance measurements indicate a decreasing rate reduction in resistance near 5.2
GPa due to dimerization. Further compression leads to the existence of a minimum room-temperature resistance
at ~19.5 GPa. A transition from negative to positive magnetoresistance occurs at 12.4 GPa under 2 K. Further
analysis suggests that the transition from negative to positive magnetoresistance may be connected to the valence
change of Ag from +1 to 0. Although the desired insulator-to-metal transition was not achieved, we have
explored the correlation between structural and physical property transitions under high pressure, laying the
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groundwork for future investigations.
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I. INTRODUCTION

Recently, intensive research, both theoretical and experi-
mental, has been conducted on layered honeycomb-structured
4d/5d transition-metal oxides [1-7]. These materials have
been predicted as potential candidates for the Kitaev quantum
spin liquid (QSL), which is believed to be a precursor to high-
temperature superconductors [8,9]. Achieving a metallic state
through regulation is a primary objective. In the Kitaev model,
the honeycomb lattice exhibits anisotropic Ising-type bonding
interactions, resulting in strong exchange frustration [9-11].
However, typical 5d honeycomb-structured QSL candidates,
such as Na,IrO; and a—LiIrO;3, exhibit a Jer = 1/2 Mott
insulating ground state with spin-orbit coupling [6,12,13], and
demonstrate magnetic ordering: zigzag structure for NaIrO;

“These authors contributed equally to this work.
Tshimizu.katsuya.es @osaka-u.ac.jp
fygw@pku.edu.cn

$zhujl @sustech.edu.cn

2469-9950/2024/109(9)/094411(10)

094411-1

and incommensurate spiral structure for o« —LiyIrO3 [14,15].
To suppress magnetic ordering and achieve a metallic state,
one possible approach is applying pressure to modulate the
crystal structure, destabilize the magnetic interactions, and
adjust the band structure with carrier density at the Fermi
surface [16-19]. Upon compression, o—LiyIrO3 undergoes
Ir-Ir dimerization accompanied by a collapse of antiferromag-
netism [5,7,20], while Na,IrO3; does not undergo dimerization
or magnetic collapse under pressure [3,21]. Both Na,IrO;
and o —Li,IrO; maintain robust insulating behavior up to 80
and 55 GPa, respectively [3,21]. Therefore, it is necessary
to explore new QSL candidates by altering external condi-
tions, such as ionic substitution. In this work, AgsLilr,Og
is synthesized by topochemical exchange of interlayer Li
atoms in a—LiyIrO; with Ag [22]. Compared to the parent
compound «—Li,[rO3, AgsLilr, Og exhibits dumbbell-shaped
0-Ag—0 bonds between layers and is closer to the QSL phase
with the absence of magnetic ordering [22,23]. Moreover,
Ag;Lilr,Og demonstrates lower resistance than Na,IrO3; and
a—LiyIrO5 [24]. Therefore, Ag;Lilr,Og¢ is expected to be a
more ideal QSL candidate material and easier to be regulated

©2024 American Physical Society


https://orcid.org/0000-0002-7685-7428
https://orcid.org/0000-0003-0925-5221
https://orcid.org/0000-0003-0560-8325
https://orcid.org/0000-0002-7314-8394
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.094411&domain=pdf&date_stamp=2024-03-11
https://doi.org/10.1103/PhysRevB.109.094411

CHENG JIN et al.

PHYSICAL REVIEW B 109, 094411 (2024)

(@)

FIG. 1. Crystal structure of Ag;Lilr,O¢. (a) Honeycomb layer is formed by IrOg and LiOg octahedron, linked by O-Ag-O in the interlayer;
(b) IrOg and LiOg octahedron is connected in the form of edge by edge; Ir atoms in-plane forms a hexagon.

to achieve a metallic state. Previous studies on similar mate-
rial Cu,IrOs, which is synthesized by topochemical exchange
from Na to Cu in NayIrO; [25], have shown that it exhibits
dimerization and an insulator-to-metal transition (IMT) under
pressure [26]. The IMT is induced by a reduction in interlayer
distance. However, Cu,IrO; may still maintain an insulating
state due to the presence of different levels of Cu*/Cu’*
disorder in the sample [27]. Nonetheless, investigations into
the structure and physical properties of Ag;Lilr,O¢ under
high pressure are currently lacking.

Ag;Lilr,Og is a good candidate to study the relationship
between structure and physical properties under external stim-
uli such as pressure and temperature. The crystal structure
of AgsLilr,O¢ is depicted in Fig. 1. It consists of edge-
shared IrOg and LiOg octahedra forming a honeycomb layer,
with O—Ag—O dumbbell-shaped bonds connecting the lay-
ers [22]. The material belongs to the C2/m space group,
with lattice parameters a = 5.283 A, b = 9.132 A, ¢ = 6.482
A, B =74.318°, and volume V = 301.058 A3 [23,28]. It is
worth noting that Ag;Lilr,Og¢ exhibits a significant presence
of stacking faults, which can strongly influence its magnetic
behavior [28]. Under ambient pressure, Ag;Lilr,Og can ex-
hibit nonmagnetism with fractional Majorana excitations due
to a certain degree of disorder [29], making it a promising
candidate for a QSL state. However, the work by Chakraborty
et al. suggested the possibility of magnetic order depending
on the sample’s ordering [30]. Furthermore, Bahrami et al.
investigated the magnetism of samples with different order-
ing limits and found that in the disordered limit, magnetic
order was absent, while in the clean limit, long-range an-
tiferromagnetic (AFM) order was observed [28]. Additional
NMR experiments conducted by J. Wang et al. indicated that
approximately 60% of the ordered Ir spins induce long-range
magnetic order. However, in disordered samples, long-range
order is lacking even at temperatures as low as 4.2 K [31].
Theoretical calculations indicate that although AFM order
can be stabilized, Ag;Lilr,O¢ is in close proximity to the
QSL phase, and the ordered spins can easily transform into a
liquid state through structural distortion or bond disorder [32].
Regarding the transport properties, Ag;Lilr,Og exhibits semi-
conducting behavior [24]. Electronic property calculations
reveal that the Je = 1/2 and Jeir = 3/2 descriptions are still
appropriate for this system. The substitution of Ag between

the layers promotes electron delocalization and enhances the
hybridization of Ir-O, thereby increasing the conductivity and
reducing the resistance of Ag;Lilr,Og [33]. Unlike Cu,IrO;,
which features Cu* and Cu?* valence states, the x-ray absorp-
tion spectra measurements confirm that Ag in Ag;Lilr,Og has
a valence of +1 rather than 0 [24].

In this study, we have observed two structural phase tran-
sitions in AgsLilr,O¢ under pressures of 3.0-7.5 GPa and
12.0-16.1 GPa at room temperature. Within the ambient-
pressure range and at temperatures ranging from —190 to
300° C, AgsLilr,Og remains stable without undergoing any
structural transitions. In the transport measurements con-
ducted at high pressure and low temperature, the resistance
of AgsLilr,O¢ exhibits a deceleration in its rate of decreasing
at 5.2 GPa, reaching a minimum value near 19.5 GPa. At
a temperature of 2 K, a crossover from negative to positive
magnetoresistance is observed near 12.4 GPa.

II. METHODS
A. Synthesis of Ag;Lilr,O¢ sample

Polycrystalline Ags;Lilr,O¢ was synthesized by a
topochemical exchange reaction on interlayered Li in
o—LiyIrO3. The precursor o—LiyIrO; was obtained using
solid phase sintering method with lithium carbonate (Li,CO3,
Aladdin, 99.99%) and iridium oxide (IrO,, Aladdin, 99.99%).
The solid powder materials were mixed in a mole ratio
1.05: 1 and well ground in an agate mortar. After that, the
homogeneous mixture was heated at 750° C and held for 12
h. Then, the grinding and sintering processes were repeated
with a sintering temperature 1050° C and holding time of
24 h. The powder a—LiIrO; sample could be obtained.
Afterwards, o —Li>IrO; was mixed with 10 times excessive
silver nitrate (AgNO3, Aladdin, 99.99%) in mole ratio and
heated under 240° C for 72 h. The products were washed by
deionized water and ethyl alcohol and dried in drying oven at
room temperature for 12 h [22].

B. Characterizing at ambient pressure

The element type and content in products were exam-
ined by energy-dispersive spectrometer (EDS) attached to
a JSM-7900F field-emission scanning electron microscope.
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Spectrum of EDS is plotted in Fig. S1 [34]. According to EDS
data, the element-content ratio of Ag and Ir is 1.56:1, which is
similar to the ideal stoichiometric ratio in Ags;Lilr,Og. Powder
XRD measurement at ambient conditions was performed on
a PANalytical Empyrean diffractometer at 40 kV, 40 mA by
using Cu K, radiation [A = 1.5418 (A)]. Refinement of XRD
data is performed by Le Bail method using the GSAS+EXPGUI
software packages [35]. The XRD pattern and Le Bail refine-
ment result are plotted in Fig. S2 [34]. Variable-temperature
XRD data were collected in a Tongda TD-3700 diffractometer
with a temperature-control system from —190 to 300° C on
Cu K, radiation [A = 1.5418 (A)] at 40 kV, 40 mA. Variable-
temperature data-refining method and software were just the
same as room-temperature data. The low-temperature resis-
tance test at ambient pressure was carried out in a C-MAG
system with temperature control through four-probe van der
Pauw method.

C. High-pressure synchrotron XRD

High-pressure synchrotron XRD data were collected at
SPring-8 BL10XU [A = 0.4129 (A)] in Japan using a sym-
metric typed diamond-anvil cell (DAC) with two diamond
anvils of 300 wm. A T301 stainless-steel gasket was com-
pressed to the thickness of ~30um and a center hole with
a diameter of 180 um was drilled to be the sample cham-
ber. Ruby balls with a size of ~10um in diameter were
used as pressure calibrators [36] and argon was used as
pressure-transmitting medium. The two-dimensional diffrac-
tion patterns were collected by an x-ray flat-panel detector
and integrated to 260 versus intensity data using the DIOP-
TAS software [37]. Refinement of high-pressure XRD data
was performed by a Rietveld method using GSASII software
packages [38].

D. High-pressure Raman spectroscopy

High-pressure Raman spectroscopy measurements were
performed on a Renishaw inVia Reflex Micro-Raman Spec-
troscopy system. The wavelength of the laser was 532 nm
and laser power was 1 mW. The exposing time was 2 min.
A symmetric typed stainless-steel DAC with two diamond
anvils of 300 um was used to produce hydrostatic pressure. A
T301 stainless-steel gasket was compressed to the thickness
of ~35um and a center hole with a diameter of 150 um
was drilled as the sample chamber. Ruby balls with a size of
~10um in diameter were used as pressure calibrators [36]
and neon was used as pressure-transmitting medium.

E. Transporting measurements at high pressure
and low temperature

The high-pressure and low-temperature electronic trans-
port properties were measured using the Van der Pauw method
in a CuBe DAC. The diameter of the diamond culet was 300
um and electrodes probes were Au wires with a diameter of
18 um. A CuBe gasket was pressed to 30 um in thickness and
then a center hole with a diameter of 180 wm was drilled. Cu-
bic boron nitride was added to the hole as an insulating layer
under compression up to 28 GPa. A small center hole with
diameter of 100 um was further drilled and NaCl was loaded
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FIG. 2. The high-pressure XRD patterns of Ag;Lilr,O¢ at 1.4 ~
39.7 GPa. The bottom shows the standard spectrum of Ag;Lilr,O¢
at ambient pressure. The red arrows mark peaks appearing during
the first structure transition at 3.0 ~ 7.5 GPa and asterisks mark

additional peaks existing during the second structure transition at
12.0 ~ 16.1 GPa.

as pressure-transmitting medium. Ag;Lilr,Og was pressed to
be a flake and shaped with dimensions of 60 um x 60 um
x 10 wm. Then, it was put in the center of the sample cham-
ber. Ruby balls were just loaded near the sample as pressure
calibrators [36]. Tests were also performed that placed the
C-MAG system with automatic temperature control.

III. RESULTS AND DISCUSSION

A. Dimerization and crystal-structure
transitions under pressure

Figure 2 illustrates the evolution of XRD patterns as the
pressure ranges from 1.4 to 39.7 GPa. A noticeable change is
observed in the pattern near the (020) orientation compared to
the ambient-pressure pattern, where the peak disappears. Itis a
common phenomenon that compression induces disordering,
causing the characteristic peak of the ordered sample to vanish
under pressure. The presence of asymmetric peaks between
5° and 6° in Fig. 2 and between 19° and 24 ° in Fig. S2
[34] can be attributed to stacking faults between honeycomb
layers, known as the Warren line shape [22,25]. Similar asym-
metric peaks have also been observed in Cu,IrOs; [25]. It
should be noted that at 2.0 GPa, the peak near 20 ~ 8.2°
can be attributed to the (11-2) orientation based on standard
spectra, indicating that the structural phase transition has not
yet occurred at this pressure point. As further compression, the
first structural phase transition occurs within the range of 3.0
to 7.5 GPa. At 3.0 GPa, another peak emerges at 260 ~ 9.8°.
Subsequently, three peaks appear at 10.1°, 14.2°, and 16.1°
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FIG. 3. (a) Lattice parameters and (b) angles as a function of pressure from 1.4 to 12.0 GPa. Lines in (a) and (b) are just for the guidance of
sight. (c) The evolution of Ir-Ir distance on X1, Y1, and Z1 position which are marked in (d). (d) and (e) show the honeycomb structure before
and after dimerization, respectively. The red arrows in (e) mark the dimerization position.

under a pressure of 4.0 GPa. Upon reaching 6.0 GPa, two
additional peaks are observed at 9.1° and 11.2°, while the
peak at 9.5° experiences a sharp decrease in intensity and
eventually vanishes. At 7.5 GPa, two more peaks emerge at
12.5° and 14.7°. Consequently, the space group moves to
transform from C2/m to P1 after the first crystal-structure
transition through refining. The evolution of refined lattice
parameters and angles are plotted in Figs. 3(a) and 3(b). The
great changes of a- and ¢ axes originate from the choice of unit
cell. The detailed refinement results and atomic position of
Ag;Lilr,Og at 1.4 and 7.5 GPa by Rietveld method are shown
in Fig. S3, Table S1, and Table S2 [34]. More specifically,
the evolution of refined Ir-Ir distance as a function of pressure
is shown in Fig. 3(c). An obvious dimerization can be seen
from 4.6 to 7.5 GPa on X1 site Ir-Ir bond, which can be
seen in the dimerization diagrams of Fig. 3(d) and Fig. 3(e).
Notice that unlike on X1, dimerization on X2 position does not
occur; this phenomenon calls for more evidence to explain. At
7.5 GPa, the bond length of X1, Y1, and Z1 is 2.786, 3.006,
and 3.026 A, respectively. This is similar to the dimerization
appearing in « —RuCl3 and o —Li,IrOj3 [5,16], which is called
ladder parallel dimerization. On the other hand, there exists
another kind of dimerization: armchair- (herringbone) type,
which exists in Li;RuOj3 [39]. In Cu,IrO3, both arrangements
of dimerization can occur [26,27,40]. Based on the existing

investigation, the choice of arrangement is mainly decided by
long-range interaction, for instance elastic interaction [39,41].
Further, in situ Raman spectroscopy under high pressure was
performed to provide more structure transition information.
The high-pressure Raman spectra and the evolution of Ra-
man shifts as a function of pressure are depicted in Fig. 4.
At 0.8 GPa, the vibrational modes observed at 380, 519, 639,
and 704cm™! in the range of 200 to 750cm™! are consis-
tent with the main peaks M6, M7, M10, and M11 reported
in Pal’s work [29]. However, the mode at 704cm~' van-
ishes at the subsequent pressure point and therefore is not
included in Fig. 4(b). The main structural difference between
AgsLilr,O¢ and a—LiyIrO; lies in the interlaminar atomic
species and connection type, while the intralayer honeycomb
structure and atomic species remain almost unchanged. Simi-
larly, the main differences between Ag;Lilr,O¢ and Cu,IrOs
are the atomic species at the interlayer and the central site
of the honeycomb hexagon. Therefore, in the similar Raman
frequency range, the vibrational modes of Ag;Lilr,O¢ are
comparable with o —Li;IrO3 and Cu,IrO; [7,42]. The main
distinctions lie in the vibrational energies, which are reflected
in the peak positions. In Raman vibration mode of « —Li,IrO3
in Li er al.’s work, the modes at 510, 528, and 639 cm™!
are recognized as the breathing mode of the Ir-O-Ir-O ring,
the plane-shearing mode of the Ir-O-Ir-O plane, and the
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symmetrical breathing mode between the upper and lower
oxygen layers, respectively [7]. In the similar frequency range
from 500 — 700 cm ', Ag3Lilr,Og has three vibration modes
at 510, 639, and 704 cm~!. Therefore, these three vibration
modes can be related to Ir-O-Ir-O ring breathing, the plane
shearing, and the upper and lower oxygen layers’ symmetrical
breathing, which are correlated to the IrOg octahedral vibra-
tions. At the pressure of 5.3 GPa, three additional vibrational
modes are observed at 182, 204, and 251 cm™~!. The vibra-
tional peak at 380 cm ™! vanishes, and another peak appears at
438 cm~!. The original mode at 519 cm~! intensifies, and an-
other vibrational peak emerges at 538 cm™~'. Simultaneously,
the 639 cm~! mode transforms into a shoulder, and a peak at
672 cm™! becomes apparent. Upon further compression to 6.4
GPa, three other vibrational modes appear at 330, 383, and
480 cm~!. In the Raman modes of «—Li,IrO;, a vibrational
peak at 202 cm ™! is associated with Ir in-plane relative move-
ment. Correspondingly, the vibration mode of Ag;Lilr,Og
near 200 cm ™! can also be attributed to relative movement of
in-plane Ir-Ir because AgsLilr,O¢ has the same intralayer and
in-plane local structure as o —Li,IrOs. Therefore, the modes
at 182, 204, and 251 cm™! are relative to the relative motion
of in-plane Ir atoms. The emergence of the mode related to
relative motion of in-plane Ir-Ir mode means the strengthening
of the Ir—Ir bond. This indicates two Ir atoms move closer
to each other, which can be the evidence of dimerization
in this structure transition. Besides, there are high-frequency
modes at 538 and 672 cm~! emerging, which are recognized
as modes associated with IrOg octahedral vibrations. It can
be concluded that the structural phase transition observed
in the Raman spectra at 4.1 to 6.3 GPa is induced by Ir—
Ir bond dimerization and IrOg octahedral distortion, which

corresponds to the first structural transition observed at 3.0
to 7.5 GPa in the XRD experiments.

In the high-pressure XRD patterns at 9.1 GPa, another peak
is seen to appear near the asymmetric peak at 26 ~ 5.6°.
However, due to its asymmetric shape with long streaking
interference, it is challenging to determine the origin of this
peak. Therefore, it is not recognized as an indication of a
new phase transition. Upon further compression to 12.0 to
16.1 GPa, the second structural phase transition occurs. An-
other peak emerges at 9.9 ° under 12.0 GPa, and two shoulders
appear at 9.4° and 10.8 ° under 14.1 GPa. At 16.1 GPa, the
original peak at 10.4° splits into two peaks at 10.4° and
10.6 °. When decompressed to 0.9 GPa, XRD patterns return
to the original phase, indicating that the two structure transi-
tions are reversible. In order to provide more information of
transitions under high pressure, transporting tests under high
pressure and low temperature are carried out.

B. Transporting behavior under high pressure
and low temperature

In the case of transition-metal based honeycomb struc-
tures, dimerization can result in magnetic collapse in materials
like «-RuClz [16,17] and a—LiIrO3 [5,7], as well as a
minimum resistance in CuyIrO3; [26]. Additionally, the re-
duction of interlayer distance can enhance the hybridization
of Cu—O bonds, leading to an insulator-metal transition in
CuyIrO3 [26]. In order to investigate the effect of pressure
on the electronic properties and the relationship between
structure and conductivity in Ag;Lilr,Og, resistance measure-
ments are conducted under high pressure and low temperature.
Prior to the high-pressure tests, low-temperature resistance
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FIG. 5. (a) The room temperature resistance evolution of Ag;Lilr,Og at 0.7 ~ 40.3 GPa. (b), (c) The evolution of In R with 1/T; and (d)
the band gap fitted by thermal activation model varies with pressure. Dashed lines in (b) and (c) are plotted for showing the fitting result, and
the black line in (d) is just for guidance of sight. The black arrows mark three anomalies of band gap with increasing pressure.

measurements and variable-temperature XRD experiments
at ambient pressure are performed. The low-temperature
resistance, as depicted in Fig. S4 [34], demonstrates that
AgsLilr,Og exhibits semiconducting behavior without any
notable anomalies. Figure S5 displays the temperature-
dependent XRD patterns and the corresponding variations in
lattice parameters and cell volume from —190 to 300° C [34].
The anomalies observed in Fig. S5(a) are attributed to
background changes, and aside from these, no significant
alterations are observed in the XRD patterns. The lattice pa-
rameters and cell volume exhibit a linear increase, indicating
the stability of Ags;Lilr,O¢ over the temperature range of
—190 to 300° C without undergoing any structure transitions.

Figure 5(a) illustrates the resistance evolution as pressure
increases from 0.7 to 40.3 GPa. In the range of 0.7-5.2 GPa,
the resistance undergoes a rapid decrease. Beyond 5.2 GPa,
the rate of resistance reduction slows down. A minimum
resistance value is observed at ~19.5 GPa, after which the
resistance gradually increases until reaching 40.3 GPa. A
similar trend is observed in Figs. S6(a)-S6(c) for the low-
temperature region spanning from 2 to 300 K [34]. It is
worth noting that Ag;Lilr,O¢ maintains a robust insulating
state throughout the entire pressure range, which is consistent

with the behavior of materials like « —RuCls, Na,IrO3, and
a—LiyIrO5 [2,21], but distinct from the IMT of Cu,IrO; un-
der pressure [26]. The slowdown in resistance reduction near
5.2 GPa corresponds to the dimerization of the Ir-Ir bond ob-
served at 3.0-7.5 GPa. In the similar materials &« —Li,IrO3 and
a-RuCl;, dimerization under pressure leads to a molecular
covalent orbital ground state which induces electron localiza-
tion [6,16]. For Ags;Lilr,Og, this may be the similar case and
need more theoretical and experimental evidence to support.
For examining the changes in the band gap under pressure,
fittings are performed on the low-temperature resistance data
at 250-300 K using a thermal activation model, as shown
in Figs. 5(b) and 5(c). This model is more suitable to fit
in high-temperature range. In this case, carriers in valence
band can be thermally activated to conduction band, and this
kind of activation plays a dominant role. The fitting equation
is derived from the Arrhenius equation: E, = % x 2kg,
where E, represents the band gap and kg is Boltzmann’s
constant. The obtained band gaps are plotted in Fig. 5(d).
In low-temperature range, hopping progress between distant
localized states are allowed, accompanied with hopping be-
tween nearest-neighboring localized states is forbidden. As a
result, Mott variable-range hopping (VRH) models are more
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appreciated. In 2D and 3D Mott VRH models, In R(T) =
InRy(T) + (?)1/(”“), with n = 2,3, standing for the dimen-
sion of system. Ty is the Mott characteristic temperature which
is related to the density of states at Fermi level and the local-
ization length of the system [43]. If one needs to consider the
electron-electron interaction, which is ignored in Mott VRH
models, the Efros-Shklovskii (ES) VRH model may be more
appropriate. In this model, InR(T') = InRy(T) + (%)1/2, Tks
is the ES characteristic temperature connected to localization
length and dielectric constant of the system and the resistance
is independent of dimension [44]. The fitting results of 2D-
and 3D Mott VRH models, and ES VRH model are shown in
Fig. S7 [34]. At 2.24.1 GPa, E,; shows a minimal decrease
while 7 and Tgs show an increase. When pressure is higher
than 4.1 GPa, E,, Ty, and Tgs simultaneously exhibit a sharp
decrease. Between 12.4 and 14.0 GPa, all of them exist at
a minimum value and transform to increase up to 21.2 GPa,
corresponding to the minimum resistance value observed near
19.5 GPa. Further compression higher than 21.2 GPa causes
another anomaly in E,, Tp, and Tgs: E; shows a gradual de-
crease while 7) and Tgg appear to increase. The reason for
different evolution of Ej, Ty, and Tgs below 4.1 GPa and upon
21.2 GPa needs more experimental and theoretical evidence
to explore. The huge decrease upon 4.1 GPa can be explained
by the interlayer distance decreasing from 4.11 to 3.00 A at
3.0-7.5 GPa through refinement of structure. This shortens
the Ag—O bonds between layers and enhances the orbital
hybridization between Ag 5d orbital and O 2p orbital, leading
to the significant reduction in E, Ty, and Tgs from 4.1 GPa.
Furthermore, the Ag 5d orbital significantly influences the
Ir-O hybridization within the layers, leading to electron delo-
calization and enhanced conductivity [24]. Additionally, the
presence of vacancies and disordering of Ag has a signifi-
cant impact on the intraplanar orbitals [24,33]. As a result,
Ag;Lilr,Og exhibits a slowdown in resistance reduction but
not a minimum value in the resistance evolution upon 4.1 GPa,
distinguishing it from the case observed in Cu,IrO3; under a
pressure range of 3.4-5.0 GPa [26]. As to the minimum value
of E,, Ty, and Tgs near 12.4 GPa, it can be related to the second
structure transition at 12.0-16.1 GPa. Moreover, Ag;Lilr,O¢
maintains an insulating state under pressure, while the similar
material Cu,IrO; experiences an insulator-metal transition or
remains in an insulating state depending on the level of dis-
order between Cut and Cu2* [26,27]. Therefore, the robust
insulating state observed in Ag;Lilr,Og may be attributed
to the incomplete substitution of Ag and warrants further
investigation.

C. Crossover from negative to positive magnetoresistance

It has been confirmed that a phase transition occurs at 12.0—
19.5 GPa, supported by evidence from high-pressure XRD
experiments conducted at 12.0-16.1 GPa and the anomalies
observed in resistance and band-gap measurements at 16.4—
19.5 GPa. To gain further insights into this second phase
transition, magnetoresistance (MR) measurements were per-
formed at 2 K under high pressure. As shown in Fig. 6,
a transition from negative to positive MR is observed at
12.4-16.4 GPa. In the pressure range of 5.2-9.5 GPa, MR
exhibits a positive behavior at low magnetic fields and then
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FIG. 6. At2 K and 5.2 ~ 40.3 GPa, the magnetoresistance evo-
lution of Ag;Lilr,O4 varies with magnetic field.

transitions to a negative trend as magnetic field increases. At
12.4-16.4 GPa, the negative behavior disappears, and MR
shows a nearly constant plateau at high magnetic fields. Be-
yond 16.4 GPa, an absolute positive MR is observed under
the influence of a magnetic field. Generally, the presence
of negative MR is associated with field-induced electronic
delocalization and minimal magnetic scattering [45,46]. For
example, in Na-doped ZnO film, negative MR comes from
the minimization of spin-dependent scattering by the applied
magnetic field, while it can also be regulated by a positive MR
through controlling the concentration of Na doping. The p-p
exchange induces Zeeman splitting to suppress the hopping
path of holes, finally leading to the positive MR [47]. In Dirac
semimetal Cds;As,, negative MR emerges when the direction
of magnetic field is parallel to electric field, which originates
from chiral anomaly [48]. In bulk black phosphorus, MR also
shows a sharp peak (negative) when magnetic field is either
parallel or perpendicular to electric current. This is attributed
to weak-localization effect in band-semiconducting state. As
pressure is applied up to 1.14 GPa, the negative MR absolutely
disappears and transforms to a sharp positive MR, which is
related to the weak-antilocalization effect [49]. Interestingly,
single-walled carbon nanotubes experience a crossover from
positive to negative MR under the pressure of 1.5 GPa down
to 2 K. This transition correlates closely with the tube-shape
transitions and is consistent with two-dimensional weak local-
ization, which is possibly dominated by the e — e scattering
in between the tubes and depends on the magnetic field and
pressure through tube-shape distortions [50]. In the case of
Ag;Lilr,Og the work by de la Torre et al. showed that al-
though Ag has a higher electronegativity than Li, Ir maintains
a valence state of +4, leading to enhanced Ir-O hybridization.
As a result, Ag maintains a valence state of +1 and behaves
as a nonmagnetic species under ambient pressure [24]. This
minimal magnetic scattering contributes to the negative MR
observed at low pressure. Based on the refinement of P1
phase, an axis shows a decreasing in this phase under com-
pression, resulting in a shorter distance between Ag™ and Ir**
ions from 6.0 to 12.0 GPa. This change induces a transforma-
tion from Ag*/Ir*+ to Ag/Ir3*. The positive MR behavior
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at low magnetic fields arises from magnetic scattering caused
by the presence of a small quantity of magnetic Ag®* ions.
The transition from negative MR to positive MR occurs as a
result. Similarly, a transition from negative to positive MR is
observed in Cu,IrOs at 21.8-24.2 GPa, and it is attributed to
the transformation from nonmagnetic Cu™ to magnetic Cu>*
ions, which leads to the delocalization of magnetic ions and
enhances magnetic scattering [26].

IV. CONCLUSIONS

In summary, AgzLilr,Og shows a good temperature stabil-
ity without any phase transitions at ambient pressure. With
an increase of pressure, Ags;Lilr,Og experiences two struc-
ture phase transitions. The first structure transition occurs at
3.0 ~ 7.5 GPa. It is caused by dimerization of Ir—Ir bond and
IrO¢ octahedral distortion. Correspondingly, a slowing down
of decrease on resistance at 5.2 GPa exists under the mixed
impact of dimerization and interlayer distance reduction. The
second structure phase transition is found at 12.0 ~ 16.1
GPa, which is accompanied by a minimum of band gap and
localization. And, a minimum value of resistance exists at
~19.5 GPa. Further, a crossover from negative to positive MR

exists at 12.4 GPa, caused by the transition from Ag* to Ag’.
More evidence is needed to explore the source of the second
structure transition.
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