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The novel two-dimensional honeycomb layered CusLiRu,0g
exhibits Pauli-like paramagnetic and Mott variable range
hopping semiconduction behaviors, which contradict the large
specificcheat Sommerfeld coefficient for metals, and indicate
a possible spin-excitation induced nonmetallic metal. This
nonmetallic feature can be significantly suppressed toward a
bad-metal state by pressure, as reflected from the
temperature-dependent resistivity response up to 35 GPa.

Introduction

Materials based on the delafossite modified structures have
exhibited properties
applications, such as photocatalytic activity, thermoelectric

interesting physical and important

behavior, transparent conductor, and measurement-based
guantum computation.!3 The crystal structure of delafossite
ABO, consists of two-dimensional (2D) edge-sharing BOg
octahedral planes separated by intercalated linear-dumbbell A-
cations.? It can be modified to be A,BO3- or A3;A’B,0s-type when
intralayer disordering is introduced. % 3% Recently, exotic
physical phenomena have been manifested in modified
delafossites with 4d/5d transition metals at the B-site,
particularly because of strong spin-orbit coupling (SOC)

@ Key Laboratory of Bioinorganic and Synthetic Chemistry of Ministry of Education,
School of Chemistry, Sun Yat-Sen University, Guangzhou 510275, P. R. China.

b Beijing National Laboratory for Condensed Matter Physics and Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, P. R. China

¢ Department of Chemistry and Chemical Biology, Rutgers, The State University of
New Jersey, 610 Taylor Road, Piscataway, New Jersey 08854, United States.

4 Department of Physics and Astronomy, Rutgers, the State University of New
Jersey, 136 Frelinghuysen Road, Piscataway, New Jersey 08854, United States.

¢ Materials Measurement Science Division, Material Measurement Laboratory,
National Institute of Standards and Technology, Gaithersburg, Maryland 20899,
United States.

I Department of Physics, New Jersey Institute of Technology, Newark, New Jersey
07102, United States.

9-College of Chemistry and Molecular Engineering, Peking University, Beijing 100871,
P. R. China

h-School of Physical Sciences, University of Chinese Academy of Sciences, Beijing
100190, P. R. China

" Songshan Lake Materials Laboratory, Dongguan 523808, P. R. China

Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x

Bin Huang,? Ziyi Liu,Yifeng Han,? Shuang Zhao,?Meixia Wu,? Corey E. Frank,c Martha Greenblatt,®
Mark Croft, Nicholas F. Quackenbush,e Sizhan Liu,f Trevor A. Tyson,f Lei Zhang,8Junliang Sun,?
Peifei Shan,b" Jianhong Dai,? Xiaohui Yu,?" Jinguang Cheng, "M Man-Rong Li&*

coexisting with other competing interactions and geometric
frustration inherent for the honeycomb layers. Mott and metal-
insulator transitions have been reported in modestly frustrated
ARUO; (A = Li
interactions rooted in the difference of electron configuration
and SOC between Ru** (4d*, S = 1) and Ir** (5d°, S = 1/2) were
proposed in the iridates Na,IrO; and Li,IrO3.” Exotic low energy

Na),®1° while highly anisotropic Kitaev

excitations have been observed in the random Kitaev magnet
Cu,lr0s.17 18 Quantum spin liquid state has been, for the first
time, discovered in the quaternary 3R-delafossite A;A’B,0¢-type
HsLilr,06,% 1° which suggests that the electronic and magnetic
properties of delafossite can be largely tuned by cationic
substitution.

In the modified delafossite A3A’B,0g, higher degree of
complication arises when two types of cations are ordered in
the triangular layer, as in quaternary 3R-delafossite AsMB,0g. In
comparison with ABO, delafossite, lattice disorder in AsMB,0¢
disturbs the periodic potential and thus places interference on
electron waves,?% 2! and makes the materials highly 2D in
nature.'? 4 This scenario can lead to dramatic changes of
physical properties as observed in ruthenate-based modified
delafossites,
properties
substitution of the inter- and/or intra-layer cations, and are

implying that the electronic and magnetic
of modified delafossites can be refined by
worthy of further exploration.'® In this work, we prepared a
novel modified delafossite, CusLiRu,0g, via topotactic soft
chemistry synthesis from Li,RuO; (Fig. S1), and studied its
and

crystal response, specific heat,

pressure-dependent resistivity in detail.

structure, magnetic

The crystal structure determination of modified delafossite
is challenging due to the complicated layer-stacking fault.?®
Refinements of the synchrotron powder x-ray diffraction (SPXD)
data of CusLiRu,Og were carried out in C2/m (No. 12, as in
AgsLiRuOg and AgsLiMn,0¢)'" * and C2/¢c(No. 15, as in CusLilr,Og
and Cu,Ir03),% 17 respectively. Acceptable goodness of fitting
was observed in both cases, but with the C2/m model giving
better agreement overall (Fig. 1, Ry,/R, = 5.65/6.92%) than the
C2/c (Fig. S2, Ryy/R, = 6.82/9.43%) model. Therefore, the C2/m
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cell (o = 5.2085(2) A, b = 9.0236(2) A, ¢ = 6.0267(2) A, 5=
106.59(1)°, V = 271.42(2) A3, Z = 2) was used to describe the
crystal structure of CuslLiRu,0¢. As can be seen in Fig. 1, an
asymmetric broad feature (Warren-line shape)?? of peaks
appears around 8-11 degrees, which is characteristic of 2D
structural order with stacking faults in the c direction as further
corroborated by the streaking diffraction peaks in selected-area
electron diffraction (SAED) patterns (Fig. S3, [110] reciprocal
lattice plane along the stacking direction).?*> The detailed
crystallographic parameters, bond valence sums (BVS)
calculations, and octahedral distortion parameters (A) are
listed in Tables S1-S2. Both BVS (Table S2) and x-ray absorption
near-edge spectroscopy (XANES, Figure S9-S10) studies imply
Ru** and Cu* dominated valence in CusLiRu,Qe.

Fig. 2 shows the magnetization curves of CusLiRu,O¢ at
different magnetic fields (Hg, = 0.1, 1, 5 T). Unlike the strongly
AFM (Ty ~ 15 K) spin coupling in CusLilr,0,%® no evidence for
long-range magnetic order or spin freezing was detected down
to 2 K in CusliRu,0g; instead the susceptibility keeps
temperature-independent between 80 - 300 K, revealing a
Pauli-like paramagnetic behavior of metals caused by the
reaction of the conduction electrons to the applied field. The
full-range susceptibility can be fitted by the equation of X = Xo
+ C/(T — 8) with the temperature independent contribution
Xo, the Curie-Weiss temperature 8cw and the Curie constant C.
A least-square fit gives X0 = 0.0039 emu/mol Oe, Ocw =-2.54 K,
and € =0.028 K emu/mol Oe. From the value of C, the resulting
magnetic moment s is 0.47 pp in CusLiRu,0g at 0.1 T magnetic
field, which is much smaller than the expected free-ion value of
2.83 pjp for Ru** (effective S = 1). It is the electron correlations
among the electrons in the narrow n* conduction band of tyg
parentage that give rise to such a weak Curie-Weiss term in
CusliRu,0¢, resembling those of LaNiO324, BaNbO3;?* and
SraV30960.2° Note that the molar magnetic susceptibility as a
function of magnetic field was investigated at 2 K, which veers
off a straight line, indicating the presence of ferromagnetic
impurities in CuszLiRu,0¢ (inset of Fig. 2a). Thus, as the magnetic
field is increased, the susceptibility of CusLiRu,Og is slightly
decreased and the pes (0.49 pgwhen poH = 1T and 0.54 pg when
UoH =5 T) subtly increased.
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Fig. 1 Rietveld refinement of the SPXD data for CusLiRu,0¢ in C2/m structure at RT.

Inset shows the crystal structure viewed along [100] direction, Cul, gray spheres;
Cu2, blue spheres; (Li/Ru)Og octahedra, green.
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Fig.2 (a)Magnetization curves of CuslLiRu,Og at different magnetic fields (Hg, = 0.1,
1, 5T). Inset shows the molar magnetic susceptibility as a function of magnetic
field intensity was invested at 2 K, where the observed and fitted lines are shown
in red and green, respectively. (b)Temperature dependence of resistivity p(T)
under various pressures up to 11 GPa for a CusLiRu,0¢ polycrystalline sample, inset
shows Inp versus T4 plots for the p(T) data.

The temperature dependence of resistivity p(T) for
CusLiRu,0¢, shown in Fig. 2b, increases substantially on cooling
with no obvious transition. At approximately room temperature
(RT) p (0.09(1) Q.cm) is comparable to that of AgsLiRu,0¢ (0.01
Q.cm),1? close to what has been observed in bad metals, but ~
300 times lower than that of Li,RuO3; (~ 30 Q.cm).1° At 10 K,
CusLiRu,0¢ becomes more insulating, and the resistivity rises to
~ 3000 Q.cm, which is about four orders of magnitude higher
than that at RT. The p(T) curve can be well described by Mott’s
three-dimensional variable range hopping (VRH) model, i.e. p =
po exp(T/To) 4, in which T, is the activation energy. As
illustrated in the inset of Fig. 2b, the plot of Inp versus T1/4
produces linear behavior and the slope corresponds to the Mott
activation energy, Ty.

Fig. 3a displays the temperature dependence of specific
heat, C(T), measured at 0 and 8 T, respectively. No obvious
anomaly can be discerned in the studied temperature range 2-
200 K, signaling the absence of phase transition, in agreement
with the magnetic susceptibility results. We found that the C(T)
data in the measured temperature range can be well described
by considering one Debye (&, = 287 K) and two Einstein modes
(@1 = 113 K, G, = 633 K), as illustrated by the dotted line. As
can be seen, the application of 8 T external magnetic field has a

marginal effect and only modifies C(T) slightly at low

This journal is © The Royal Society of Chemistry 20xx
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temperatures. The C(T) data below 10 K were replotted in Fig.
3b in the form of C/T versus T2, and a linear fitting C/T=y + S T?
was applied to extract the linear specific-heat coefficient y and
the Debye temperature &, = (12p*nR/5/)Y/3, where n =12 is the
number of atoms in the formula unit, and R = 8.3145 J/mol-K is
the ideal gas constant. Interestingly, we observe a large linear
specific-heat Sommerfeld coefficient y = 41.7(5) and 47.9(4)
mJ/mol-K? for 0 and 8 T, respectively, suggesting metallic
behavior, which contradicts the VRH semiconducting resistivity
behavior in Fig. 2b. Although the presence of magnetic Ru**ions
might give rise a magnetic contribution to specific heat at low
temperature, the observation of nearly temperature-
independent magnetic susceptibility and perfect overlap of
ZFC/FC for y(T) rules out the presence of localized moments and
spin-liquid or spin-glass states. In this regard, CusLiRu,0g may
belong to the novel family of nonmetallic metals as reported in
Lu,Rh,07?7 and FeCrAs, considering their common features.?8-31

Nonmetallic metals present three common features:
triangular magnetic lattice and temperature independent Pauli
paramagnetic response, large Sommerfeld coefficient y, and a
gap in the density of states (negative slope of p(T) curve).?7-30
The triangular motifs enable geometric magnetic frustration,
which corresponds to the corner-sharing tetrahedral sublattice
in pyrochlore Lu,Rh,05, the distorted Kagome Cr-network in
FeCrAs, and the honeycomb Ru-layer in CusLiRu,0¢. A hidden
spin liquid state?® or Hund’s metal3? behavior is proposed by
researchers to explain the nonmetallic metal response in
FeCrAs, while inelastic neutron scattering suggests that the high
energy itinerant-like spin excitation accounts for the
nonmetallic resistivity in FeCrAs?” 30 as also proposed for
Lu,Rh,05.27 Considering the similarity of 4d-electron character
between Ru and Rh, it is most likely spin excitation that is
responsible for the nonmetallic metal behavior in CusLiRu,0g,
which requires further corroboration from spin dynamics
measurements on large single crystals. Alternatively, the
presence of large amount of lattice disorders and grain
boundaries can produce potentials, which localize the charge
carriers with Anderson localization effect.33 Here, the Anderson
localization scenario seems unlikely due to the absence of large
magnetoresistance, or clean signals of non-fermi-liquid
behavior. 3435

For materials with competing ground states, pressure is a
powerful tool to refine the balance between SOC, Coulomb
repulsion, and crystal field interactions for novel phenomena as
observed in layered ruthenates and iridates.3® 37 Fig. 2b shows
p(T) measured up to 11 GPa for CusLiRu,Og. The resistivity
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Fig.3 (a) Temperature dependence of specific heat C(T) for CusLiRu,0 under 0 T
and 8T, (b) the low-temperature C(T) data in the form of C/T vs T2
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Fig.4 Temperature- and pressure-dependent resistivity phase diagram of

CuslLiRu,06 Inset shows the R-T plots measured between 9 and 35 GPa. A contour
fill of the resistivity data is superimposed on the phase diagram.

decreases gradually with increasing pressure in the whole
temperature range. At RT, the resistivity is ~ 10 times smaller
(0.01(1) Q.cm) under 11 GPa than that (0.09(1) Q.cm) at 0 GPa.
The resistivity is significantly reduced at lower temperatures
and higher pressures, being three orders of magnitude smaller
(1.62(1) Q.cm) under 11 GPa than that at 0 GPa (~ 3000 Q.cm)
at 10 K. All observed resistivity behaviors can be well explained
by Mott’'s VRH mechanism as shown in the inset of Fig. 2b,
where the slope that reflects the Mott activation energy T,
decreases gradually with increasing pressure. The reduction of
To with pressure may be attributed to the intrinsic suppression
of the band gap under pressure, in addition to an improvement
of the grain connection for the studied polycrystalline sample.
The schematic temperature- and pressure-dependent resistivity
phase diagram is shown in Fig. 4. Apparently, the nonmetallic
state in CusLiRu,0¢ can be strongly suppressed under pressure.
However, a true metallic state cannot be achieved up to 35 GPa,
the highest pressure in the present study, as shown in the inset
of Fig. 4, where resistance (R) keeps decreasing at higher
pressure (9-28 GPa) but starts to increase when pressed above
28 GPa as discovered in other 4d/5d-transition metal
oxides.38The temperature-dependent R-T plots at higher-
pressure region (inset of Fig. 4) cannot be well fitted and
explained by any thermal activation model, indicating that the
sample enters a conductive or bad-metal state. Further
investigations are need to examine if much higher pressures are
required to drive CusLiRu,0g into a true metallic state.3?

In summary, we have prepared a new modified delafossite-
type CusliRu,0¢ via soft topotactic reaction, and extensively
characterized the crystal structure and physical properties. Both
magnetic susceptibility and specific heat measurements on
CusLiRu,06 demonstrate strong electron correlations, giving
temperature-independent Pauli-like paramagnetic behavior

and large Sommerfeld coefficienty. However, resistivity

J. Name., 2013, 00, 1-3 | 3
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measurements show that CusLiRu,Og is insulating at room
temperature and follows Mott variable range hopping
semiconducting behavior to low temperature. The
contradiction suggests that CusLiRu,0¢ is @ nonmetallic metal,
probably attributed to spin excitation. Temperature-dependent
resistivity measurements up to 35 GPa reveal that the
nonmetallic state in CuzLiRu,Og can be significantly suppressed
by pressure, indicating a possible pressure-driven bad-metal
state at higher pressure. Our results show that CusLiRu,0g is the
second nonmetallic metal oxide beside Lu,Rh,05. In addition,
these findings imply that the physical properties of delafossite
can be largely tuned by isovalent substitution of both the A- and
B- site ions, and the resultant properties can be very subtly
affected by ionic radii, electron configuration of the constituent
TM, and lattice distortion as reflected by the differences
between CuslLiRu,0¢ and LisLiRu,0¢ (Li,RuO3), AgsLiRu,0g, and
Cuslilr,0¢.
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