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S1,IrO, is an extensively studied spin-orbit coupling induced insulator with antiferromagnetic ground state.
The delicate balance between competing energy scales plays a crucial role for its low-temperature phase and
the route of chemical substitution has often been used to tune these different energy scales. Here, we report an
evolution of structural, magnetic, and electronic properties in doped Sr,Ir;_,Cu, Oy (x < 0.2). The substitution
of Cu** (3d°) for Ir** (5d°) acts for electron doping, though it tunes the related parameters such as spin-orbit
coupling, electron correlation, and Ir charge state. Moreover, both Ir*" and Cu®* has single unpaired spin, though
it occupies different d orbitals. With Cu substitution, the system retains its original structural symmetry but the
structural parameters show systematic changes. X-ray photoemission spectroscopy measurements show that Ir*"
equivalently converts to I’ and a significant enhancement in the density of states has been observed at the Fermi
level due to the contribution from the Cu 3d orbitals, which supports the observed decrease in the resistivity with
Cu substitution. While the long-range magnetic ordering is much weakened and the highest-doped sample shows
almost paramagneticlike behavior, the overall system remains insulator. Analysis of the resistivity data shows
a mode of charge conduction in the whole series follows a two-dimensional variable-range-hopping model, but
the range of validity varies with temperature. The whole series of samples exhibits negative magnetoresistance
at low temperature, which is considered to be a signature of a weak-localization effect in a spin-orbit coupled

system, and its evolution with Cu appears to follow the variation of resistivity with x.

DOI: 10.1103/PhysRevB.96.144433

I. INTRODUCTION

In recent times, Ir-based oxides have been the most exten-
sively studied materials for their many interesting properties
[1-10]. The layered Sr;IrO,4 is of prime interest due to its
exotic Jegr = 1/2 ground state. The Ir in SrpIrO4 adopts an
ionic state of Ir*" which has 54° electronic configuration. The
crystal-field effect (CFE) in the IrO¢ octahedral environment
splits the 5d orbital into #,, and e, levels; then, in the presence
of a strong spin-orbit coupling (SOC) effect, the low-lying #,,
level is further split into a fully filled J. = 3/2 quartet and a
partially filled Jes = 1/2 doublet state [10,11]. These Jeg =
1/2 pseudospins engage in a Heisenberg-type antiferromag-
netic (AFM) exchange interaction; however, the rotation or
distortion of IrOg octahedra induces a Dzyaloshinskii-Moriya
(DM)-type antisymmetric interaction, which is believed to give
rise to weak ferromagnetic (FM) behavior in this material
[12,13].

The bilayer nature of SrpIrO4 is very evident in an
asymmetric magnetic exchange interaction along the in-plane
and out-of-plane directions [14]. Moreover, experimental
studies have shown that the evolution of magnetism is strongly
linked to its structural modifications [15,16]. This material
is surprisingly an insulator with extended 5d orbitals which
provides a low electronic correlation effect (U), and hence
Sr,IrO4 would otherwise be a metal. In addition, following
structural symmetry with other 3d- and 4d-based supercon-
ducting (SC) materials, i.e., doped La,CuO, [17,18] and
Sr,Ru04 [19,20], respectively, the recent theoretical studies
have predicted a possible SC state in doped Sr,IrO4 [21-25].
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While experimental data have not supported any SC state to
date, the angle-resolved photoemission spectroscopy (ARPES)
measurements have interestingly shown some exotic electronic
states in doped SryIrO4, such as disconnected Fermi arcs
and rapid collapse of Mott gap with the emergence of nodal
excitations, where these features are similarly seen in doped
cuprates [26,27].

With an aim to understand the exotic magnetic ground state
as well as to tune the electronic properties for the realization
of possible SC behavior, the approach of chemical substitution
with various elements has recently been adopted both at the
Sr and Ir sites. For instance, the collapse of the long-range
magnetic state and the evolution of metallic behavior have
generally been observed in the case of electron doping of
(Sti_,La,)IrO4 [28,29]. Some of the Ir-site doping has yielded
similar results. The Rh substitution in Sr,Ir;_,Rh,O4 has
shown suppression of both the ordered magnetic and insulating
state where the system evolves to a paramagnetic (PM) and
metallic state above a critical concentration of Rh in the system
[30,31]. Similarly, Ru substitution has caused suppression of
magnetic ordering in SrpIrO4 with nearly 30 to 50% of the
Ru*" doping level [32,33]. Interestingly, recent substitution
of the 4f element in Sr,Ir;_,Tb,O4 has shown that a mere
3% of Tb* completely suppresses the AFM transition while
retaining its insulating behavior [34].

In the present work, we have investigated the effect of Cu
substitution in SrpIr;_Cu,QO4, which is rather interesting as
Cu** (3d?) doped for Ir*" (5d4°) not only acts for electron
doping, but simultaneously tunes both SOC and U, however,
in an opposite manner. Another obvious effect would be the
change of the Ir charge state from Ir** to Ir’* (5d*) where later
it is believed to be nonmagnetic (Jir = 0) and will act for site
dilution. Nonetheless, both Ir** and Cu?* has single unpaired
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electrons, though they occupy different and orthogonal t,,
and e, orbitals, respectively. It would be very interesting to
understand the evolution of the magnetic and electronic be-
havior in SryIr;_,Cu,O4 and to test the compatibility of these
orbitals in promoting the magnetism and electronic conduction
in this system. Our present work is also motivated to realize
the recent calculation which shows an evolution of a PM
but spin-orbital ordered Mott phase, particularly doping with
elements having extremely weak SOC character which act as a
giant perturbation to the spin-orbital structure of Sr,IrO4 [35].

Our results show that doped Cu®* substitutes Ir** and alters
the charge state of Ir, producing roughly double the amount
of Ir’". The overall system retains the original structural
symmetry, though the lattice parameters and the distortion of
IrOg octahedra modify with doping of Cu. We observe that with
progressive Cu substitution, the long-range magnetic state in
Srp1rOy is destabilized and the system converts to a nearly PM
state with ~20% of Cu concentration. The resistivity decreases
continuously, but we have not evidenced a metallic state within
this studied concentration of Cu. Our analysis shows that
temperature-dependent charge conduction is well explained
with Mott’s two-dimensional (2D) variable-range-hopping
(VRH) mechanism.

II. EXPERIMENTAL DETAIL

A series of polycrystalline materials SrplIr;_,Cu,O4 (x =
0.0, 0.05, 0.10, 0.15, and 0.20) is prepared by the conven-
tional solid-state method. High-purity ingredient components
SrCO;3, IrO,, and CuO are mixed in stoichiometric ratio and
ground well. The mixed powders are then given several heat
treatments in powder and pellet form with intermediate grind-
ings. Finally, samples are prepared after giving heat treatment
at 1100°C. The phase purity of all the materials has been
checked by x-ray diffraction (XRD), where the XRD data have
been analyzed with the Rietveld refinement program. The XRD
data have been collected using a Rigaku diffractometer. Data
are collected in the 260 range 10-90° at an interval of 0.02°.
The details of the sample preparation and characterization are
reported elsewhere [16,36]. The quantitative analysis of the
elemental composition of the present Sr,Ir; _,Cu, Oy series has
been done with energy-dispersive analysis of x rays (EDX).
The obtained molar concentration of ions in SrpIr;_,Cu,Oy4
closely matches with the nominal concentration of ions within
an error limit of +3-4%. Further, an x-ray photoemission
spectroscopy (XPS) study has been done to probe the oxidation
state of iridium and copper. The XPS measurements are
performed with base pressure in the range of 10~'° mbar using
a commercial electron energy analyzer (PHOIBOS 150, Specs
GmbH, Germany) and a nonmonochromatic AlK« x-ray
source (hv = 1486.6 eV). The dc magnetization is measured
in a Physical Properties Measurement System (Quantum
Design), whereas the electrical transport measurement is done
on a homemade system with an Oxford magnet.

III. RESULT AND DISCUSSION
A. Structural characterization

Figure 1(a) shows the XRD pattern of all the samples in
the present series. It is evident in the figure that there is no

PHYSICAL REVIEW B 96, 144433 (2017)

2 e @el | o
E rx=0.15 g L Diffrence
= x=0.10 =
> 1000 Fx=0.05 =
= SRS
S 20, 40 60 80
> 500 | || |,26,(deg)
z : ——
g 0 T R R ‘; L1 .‘:—.ATA..:l
— 10 20 30 40 50 60 70 80 90
20 (deg)
5‘514 [ I(b)' T T T 25.76
)
5508} 125727
S 55021 12568
5.496 125.64
. 164F 1114
en
) I 4110.8
< -
= 162y 1102 ¢
= 160+ 196 =
) - 19.0 03
& 158r 184
v . ]
156 = . 1 . 1 . 1 . 1 78
0.00 0.05 0.10 0.15 0.20

Cu (x)

FIG. 1. (a) The XRD pattern for the Sr,Ir,_,Cu,O, series. The
inset shows the Rietveld refinement for the x = 0.0 sample. (b) Lattice
parameters a (left axis) and ¢ (right axis). (c) Bond angle (Ir-O1-Ir)
(left axis) and octahedral rotation 6o, (right axis) as a function of
Cu concentration x. These parameters are determined from Rietveld
analysis of powder x-ray diffraction data.

modification in the XRD pattern in terms of peak position
or impurity peak with Cu doping, which primarily implies
that Cu substitution does not cause any major structural
distortion in the present series. The inset of Fig. 1(a) shows
representative Rietveld refinement of the XRD data for the x =
0.0 parent material, which suggests reasonably good fitting.
The Rietveld analysis shows the sample is in a single phase and
crystallizes in a tetragonal structure with 74, /acd space group.
Similarly, Rietveld refinement is performed for other samples
in the series with reasonably good fitting. While we find no
structural phase transformation with Cu substitution, the lattice
parameters show a slight modification with x. Considering a
slight mismatch in ionic radii of Ir** (0.625 A) and Cu**
(0.73 A), changes in the lattice parameters are quite expected.
Figure 1(b) shows evolution of lattice parameters a and ¢
with Cu concentration. The figure shows a increases and ¢
decreases with x. While these changes in the lattice parameters
are not that significant (below 0.4%), the decreasing c¢/a ratio
implies that tetragonal distortion is reduced with progressive
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substitution of Cu. Figure 1(c) presents variation of the basal
plane Ir-O bond angle (left axis) showing that the (Ir-O1-Ir)
angle increases and rather straightens with Cu concentration.
The distortion or rotation of the IrO¢ octahedra around the
¢ axis (Oy) plays a vital role in SrpIrOy4, which is believed
to induce a Dzyaloshinsky-Moriya (DM)-type antisymmetric
exchange interaction and weak ferromagnetic behavior. The
right axis of Fig. 1(c) shows variation of 6, with x. It is
evident in the figure that 0, decreases from 11.3° at x = 0.0
to 8.04° at x = 0.2. This decrease of 6, is quite expected as in
the Cu-based layered material La,CuQy, the CuOg octahedra
is rotated only by ~3°, which probably induces stronger
AFM behavior and low magnetic moment in this material.
Nonetheless, the increase of both lattice parameter a and bond
angle (Ir-O1-Ir) and the decrease of 8, (Fig. 1) are consistent
with each other.

B. X-ray photoemission spectroscopy study

It is very important to know the charge state of constituent
elements as the ionic state of Cu and the related modification of
the Ir charge state will influence the physical properties accord-
ingly. In order to understand the cationic charge distribution in
Sr,IrO, as well as its evolution with Cu substitution, we have
performed the XPS measurements. Figures 2(a) and 2(b) show
the Ir-4 f core-level spectra for representative x = 0.0 and 0.1,
respectively. We have performed a detailed analysis of XPS
data using the Voigt function, which includes a convolution of
Gaussian and Lorentzian broadenings from different sources.
The Ir-4 f core-level spectra have been fitted with two peaks
corresponding to Ir-4 f7,, and Ir-4 f5, levels, observed at the
binding energy of 62.0 and 65.0 eV, respectively. The origin of
these two peaks is due to spin-orbital splitting with an energy
difference of ~3 eV. The detailed analysis of Ir-4 f confirms
that the major contribution is coming from the Ir** states, but
there is also a small contribution from the I’ ions in the
x = 0.0 sample; see Fig. 2(a). It is evident in Figs. 2(a) and
2(b) that for Ir**, the spin-orbit split peaks Ir-4 f 2 andIr-4 f5)»
arise at binding energy around 62.0 and 65.0 eV, respectively
(as shown by the dashed blue lines) [37]. Similarly, Ir-4 f7,,
and Ir-4 f5,, peaks for Ir>* are observed at binding energy 64
and 67.8 eV, respectively (as shown by the dashed green lines).
The presence of It in the parent x = 0.0 sample [Fig. 2(a)]
is quite interesting. Our analysis reveals that for the SrpIrO4
system, ~96% of the Ir cations are in the Ir*+ (5d%) oxidation
state, whereas only ~4% of Ir are found in the I+ (5d%) state.
The amount of I’ is not substantial though, and possibly
arises due to nonstoichiometry of the material. For the doped
sample in Fig. 2(b), we observe a significant increase in the
Ir>* intensity with respect to the Ir** states, which qualitatively
implies that the Ir** /I’ ratio decreases with Cu substitution.
Indeed, our analysis shows that the amount of Ir** and I’ in
the x = 0.1 sample is about 74 and 26%, respectively. Note
that with only 10% of Cu substitution, the amount of I°" has
increased roughly by 22%, if we consider a similar amount
of oxygen nonstoichiometry in the doped material as in the
parent material. This result clearly suggests that Cu adopts the
charge state of Cu®>" and each Cu converts two Ir** ions into
Ir’* ions.
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To further comprehend the charge state of Cu in the present
series, we have recorded the XPS spectra of Cu 2p;,, core
level, as presented in Fig. 2(c) for the representative x = 0.1
sample. The continuous red line represents the fitting of the
XPS data, which is found to be reasonably good. It shows that
the Cu-2p3,, spectra is centered around binding energy 933.4
eV, confirming that the Cu is in a Cu?*t oxidation state [38].
This result implies that the substitution of each Cu®* converts
two Ir*" jons into an Ir’* state. This finding is interesting as
following the spin-orbit coupling scheme, Ir>T is believed to be
nonmagnetic, which will definitely have a large significance
on the magnetic and transport properties in these materials.
It is important to note that mostly the physical properties
are controlled by the electronic states present near the Fermi
level. Therefore, we record XPS valence-band (VB) spectra,
as shown in Figs. 2(d) and 2(e) for x = 0.0 and 0.1 samples,
respectively, and discuss the changes in the states near the
Fermi level. For both of the samples, we observed that the
Sr-4 p peaks at around 20 eV binding energy. We now focus on
the near Fermi-level region in which there are no well-defined
peaks observed for the x = 0.0 sample [see Fig. 2(d)], which
is consistent with the higher resistivity and its semiconducting
nature. More interesting, with Cu substitution, we observe a
relatively sharp peak close to the Fermi level, which is probably
due to the contribution mostly from e, states of the Cu-3d, as
marked by a black arrow in Fig. 2(e). This indicates the larger
density of states present at the Fermi level for the x = 0.1
sample and supports the observed significant decrease in the
resistivity at room temperature with Cu substitution. It can
be noted here that there is some fluctuation in the XPS-VB
data in Fig. 2(d) (x = 0), which arises because of the shorter
amount of data-collection time given. Nonetheless, both
figures show a comparative picture of electronic properties
as Fig. 2(e) shows a prominent peak close to the Fermi
level in the doped sample which is missing in the parent
material.

C. Magnetization study

Figure 3 shows the temperature-dependent magnetiza-
tion measured under a zero-field-cooled (ZFC) and field-
cooled (FC) protocol in an applied field of 10 kOe for the
SrIr;_,Cu, Oy series. The nature of magnetism in SryIrOy is
rather interesting. In Sr,IrQy, Ir is assumed to adopt the It
charge state, which gives the 5d° electronic state. Due to the
high crystal-field effect, all five electrons will populate the
low-energy 1, state realizing a low-spin state. In the strong
SOC limit, it is believed that the f,, electronic state is split into
Jeit = 3/2 quartet and 1/2 double. In this situation, the 5d°
state of Ir*™ would give fully filled Jo;+ = 3/2 and half-filled
Jor = 1/2 states. The spin-1/2 of Ir** otherwise engages in
AFM interaction; however, the distortion of the IrO¢ octahedra
around the ¢ axis induces a DM-type antisymmetric exchange
interaction, which consequently gives weak ferromagnetic
behavior with 7, ~ 225 K [14,36]. Figure 3 depicts M(T)
for x = 0.0 material and shows a sudden rise below ~240K,
which marks the PM to (weak) FM transition. On further
cooling below ~95 K, the Myzpc(T) data show a decrease and
open a gap between Mpc and My, which has recently been
shown to arise due to prominent magnetostructural coupling
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FIG. 2. (a), (b) The Ir 4 f core-level spectra of x = 0.0 and 0.1, respectively. Open black circles represent the experimental data and the red
solid lines in (a) and (b) are the fitted envelope taking contributions of Ir** and Ir>* components, which are individually plotted in dashed blue
and green colors, respectively. (c) The Cu 2p;3,, core-level spectrum of x = 0.1 sample. (d), (e) The valence-band spectra with Sr 4 p states for

x = 0.0 and 0.1 samples, respectively.

where the spin and lattice degrees of freedom are coupled
and suffer staggered rotation with structural evolution with
temperature [16]. For the doped materials, along with the
decreasing moment, the PM-FM phase transition temperature
T, decreases also with x. This weakening of the FM state is
clearly evident for samples with x = 0.15 and above where
T, seems to disappear and the M(T) plot looks more like
PM samples. This is quite interesting as Cu®* (3d”), which is
magnetically active with spin-1/2, substituted for It (Jetr =
1/2) will not act for site dilution, although Cu>* will create a
double amount of I’ (Jer = 0), which is nonmagnetic and
will act for site dilution. However, active d orbitals for the
former and latter cations are e, and #,,, respectively, which are
orthogonal so its magnetic compatibility is to be considered.
The suppression of long-range magnetic ordering in SrIrO4
has also been observed when doping with other elements,
which is discussed later.

To look into the magnetic state in further detail, we
have plotted inverse susceptibility (x ') as a function of
temperature for this series in Fig. 4(a). For the x = 0.0 parent
material, x ~'(T) shows linear behavior above T,; however,
in high temperature above 280 K, the x ~!(T) deviates from
linearity. For doped samples, we also observe similar behavior
in the PM state, though x ~!(7') becomes more linear with x.
The Sr,IrO4 is known to be a structurally layered material with
n = 1 in Ruddlesden-Popper series St,,4+11r, 03,41, where the
SrIrO; layer is separated by SrO showing two-dimensional
behavior. In fact, a two-dimensional-like anisotropic magnetic
interaction for in plane and out of plane has been shown using
resonant magnetic x-ray in a diffuse scattering experiment
with exchange coupling constant J ~ 0.1 and 107% eV,
respectively [14]. This study further shows that in-plane
exchange interaction survives at least for ~25 K above
Ty =228.5 K. We find that deviation from linearity in our

144433-4



EFFECT OF Cu®* SUBSTITUTION IN SPIN-ORBIT ...

200

—
W
S

M (emu mole™)
2

W
(e}

0 50 100 150 200 250 300
T (K)

FIG. 3. Magnetizations measured in the applied field of 10 kOe
following the ZFC and FC protocol are shown as a function of
temperature for the Sr,Ir;_, Cu, Oy series.

x~(T) for SryIrQ, starts at ~270 K [Fig. 4(a)], which is
in qualitative agreement with other microscopic studies. We
believe that this change in slope in x ~!(T') well within the PM
state is linked to anisotropic magnetic interaction. However,
the persistence of spin correlation at temperatures much higher
than the magnetic ordering temperature appears to be a typical
feature of layered materials, as seen for La,CuOy4 [39] or in
the case of iron pnictides [40]. In this sense, the increase of
linearity of x ~'(T) with x implies that spin interaction is
weakened with Cu doping.

The straight lines in Fig. 4(a) are due to fitting with the
Curie-Weiss (CW) law,

C

T 05 W

X =
where C(= Ny4 u,gff/?,kg) is the Curie constant, g is the
effective PM moment, and 6p is the Curie temperature.
Figure 4(a) shows that just above T, x ~!(T) data can be
reasonably fitted with Eq. (1). Using the fitted parameter
C, we have calculated p.g for all the samples. Figure 4(b)
shows composition-dependent i (left axis) and 6p (right
axis). We calculate pesr = 0.553 up/f.u. for x = 0.0, which
appears much lower than the calculated value [for spin-only
gV S(S+ Dug] of 1.72 up/fau for spin-1/2 material. The
et Shows a slight increase in value for x = 0.05, which
can be due to the active magnetic interaction of Cu in a
low-doping regime. With increasing x, although g initially
shows some fluctuation, for the highest-doped sample with
x = 0.2, where M(T) is more like the PM type, it shows a
steep increase yielding the value 1.26 uwp/f.u. While both
Ir*" and Cu* are spin-1/2 elements, Ir>T is believed to be
nonmagnetic (S = 0). Therefore, for an x amount of Cu?*
which generates 2x of I’ the average effective moment is
et = V(1 =30 per)? + 20" pen)? + x(7 e,
which implies that substitution of Cu would decrease .,
provided spins are noninteracting in the PM state. In contrast,
a sudden increase of e at a higher value of x suggests
that Cu destabilizes the magnetic interaction in SryIrO4
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FIG. 4. (a) Temperature-dependent inverse susceptibility [x ' =

(M/H)™ '] as deduced from the magnetization data shown in Fig. 3 for
a complete series of samples Sr,Ir;_,Cu,Oy4. The solid lines are due
to fitting with the Curie-Weiss law [Eq. (1)]. (b) Effective magnetic
moment per (left axis) and Curie temperature 6p (right axis) as a
function of Cu, respectively.

and promotes the PM state. The composition-dependent 6p
shown in Fig. 4(b) shows that 6p for parent Sr,IrO, is as
high as 233 K, closely matching its 7, = 225 K, but the 6p
continuously and sharply decreases with x. Even though 6p
remains positive for the highest x = 0.2, its value of 13 K
shows that the strength of magnetic interaction is substantially
weakened [Fig. 4(b)]. We have not observed any peak or any
bifurcation in Mzrc and Mgc data in low temperature for
x = 0.2, but this small and finite value of 6p probably causes
some nonlinearity in x ~'(T). Nonetheless, Cu®* substituted
for Ir** has a substantial influence on the magnetic behavior
of SryIrOy.

Magnetic-field-dependent magnetization M (H) measured
at 5 K in the range of £70kOe is shown in Fig. 5(a). The
M(H) for Sr,IrO4 shows a large opening at low temperatures
with coercive field H,. ~ 9370 Oe. With Cu substitution,
major observations are that the moment uy at the highest
field increases and H. substantially decreases, whereas for
an x = 0.2 material, we find H. ~ 100 Oe. The variations
of uwy and H, with Cu composition are shown in the upper
and lower insets of Fig. 5(a), respectively. In Fig. 5(b), we
have shown the Arrott plot of the M(H) data. The Arrott
plot (M? vs H/M) offers an effective tool to understand the
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H/M (10° Oe (u /fu.)")

FIG. 5. (a) Isothermal magnetization as a function of the applied
field up to £70 kOe collected at 5 K for the series Sr,Ir;_,Cu,Oy4.
The upper and lower insets show the composition-dependent moment
wy at field 70 kOe and the coercive field H,, respectively. (b) Arrott
plot (M? vs H/M) of M(H ) data shown in (a). Inset shows magnified
view of Arrott plot for the x = 0.0 sample close to the origin.

nature of the magnetic state as the positive intercept on the M>
axis due to a straight-line fitting in high-field regimes of the
Arrott plot implies spontaneous magnetization or an FM state.
For Sr,IrOy4, Fig. 5(b) shows a very small positive intercept
(magnified view is shown in inset), which indicates weak
ferromagnetism in this material, as expected. Cu substitution
gives a negative intercept in the Arrott plot, where for higher
doping the intercept is highly negative which excludes the
possibility of any FM behavior or rather magnetic ordering
in the present case. The increase of w.s and simultaneous
decrease of H, are indicative of weakening of (AFM-type)
magnetic ordering, which sets the spins free.

D. Electrical transport

The effect of Cu substitution on charge transport is shown in
Fig. 6, which depicts resistivity p as a function of temperature
for the SryIr;_,Cu,O4 series. The Sr;IrO4 is a well-known
insulator where the intriguing insulating state is believed to
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FIG. 6. Temperature-dependent resistivity is shown for the
SrpIr;_Cu, Oy series. The inset shows the Hall coefficient Ry as
a function of temperature in an applied field of 10 kOe.

occur due to opening a gap in the Jei = 1/2 electronic state
[10]. Recently, some correlation has been shown between
structural, magnetic, and electronic transport behavior in
Sr,IrOy4. The Cu?* is similarly a spin-1/2 system, but its level
of d-orbital filling is different compared to Ir** and acts as
electron doping with total 3d° electrons. On the other hand,
it will not only tune the SOC and U parameters with its 3d
character, but it will also create a double amount of I+ which
has an empty J.ir = 1/2 doublet state.

The parent Sr,IrO4 shows highly insulating behavior where
the resistivity increases by roughly four orders going to low
temperatures, in agreement with earlier studies. In doped
materials, resistivity decreases continuously with Cu in a
higher-temperature regime, but in low temperature, we observe
that p(7T') initially increases for x = 0.05 and then decreases.
The overall system remains insulating until the highest-doping
level (x = 0.2). The decrease of resistivity is, however, very
prominent in low temperatures. This decrease of resistivity
could be caused by many factors, such as the effect of
electron doping through Cu®* which would modify the Fermi
level, tuning of J states through modification of SOC and
U, and conversion of Ir’" states which will have empty
Jeit = 1/2 that would promote hopping of electrons. Hall
measurements on SrpIrOy4, as reported by Klein et al. [41],
have shown that charge carriers in this material are hole
type, i.e., p-type characteristics of this material. We have
tested the temperature dependence of Hall measurements in
an applied field of 10 kOe for a selective doped sample, i.e.,
with x = 0.1. The temperature dependence of Hall coefficient
Ry(= 1/ne) is shown in the inset of Fig. 6. The negative
value of Ry indicates that charge carriers are basically
electron type, where this conversion from hole to electron type
has occurred through doping of the electron through Cu’*
substitution.

In an attempt to understand the nature of charge conduction
in the present series, we found that resistivity can be best
explained using a thermally activated conduction mechanism

144433-6



EFFECT OF Cu®* SUBSTITUTION IN SPIN-ORBIT ...

15

12 -

0.1 0.2 0.3 0.4 0.5 0.6
" (K-1/3)

FIG. 7. Logarithm of resistivity with 7~ is shown for
Stolr;_,Cu,O4. The solid lines are the least-squares fitting due to
the two-dimensional Mott variable-range-hopping model following
Eq. (2) in different temperature ranges. The data for x = 0.20 have
been shifted downward for clarity.

described by a two-dimensional (2D) Mott variable-range-
hopping (VRH) model [42],

T 1/3
P = Po €Xp <7> ) (@)

where Ty is the characteristic temperature and can be expressed
as
21.2

" ksN(Ep)E®’

where kjp is the Boltzmann constant, N(E) is the density of
states (DOS) at the Fermi level, and & is the localization length.

Here it should be noted that we have previously shown that
charge conduction in SrIrO4 follows the Mott 2D variable-
range-hopping model in three different temperature regimes,
which are related to the magnetic and/or structural state in
this material [16]. Moreover, the 2D nature of charge transport
is in agreement with the layered structure of SryIrO,. Taking
this as a guideline, we have analyzed the p(T') data for all of
the compositions using Eq. (2). Figure 7 shows a straight-line
fitting of the p(T') data following Eq. (2), where for parent
SrpIrOy, the data can be fitted in three distinct temperature
regimes. The temperature regimes and obtained fitting param-
eters Tp are given in Table I. The temperature regimes mark
the change of magnetic state (Fig. 3) and structural parameters
[16]. For the doped samples, however, we can fit the data only
in two distinct temperature regimes (Fig. 7). The temperatures
ranges and the parameter T, are given in Table I. This could
be understood as magnetic transitions in doped materials are
broadened which has led to single temperature fitting behavior
in high temperatures. Nonetheless, the change of slope in
Fig. 7 for the x = 0.2 compound is intriguing as magnetization
data show no clear magnetic transition. This could be due to
the existence of a short-range type of magnetic ordering as
evident in x ~'(T) where a slope change is observed at low
temperatures [Fig. 4(a)].

3

0
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TABLE 1. Temperature range and fitting parameter 7, obtained
from the fitting of Eq. (2) in Fig. 7 are given for the Sr;Ir;_,Cu, Oy
series.

Sample Ty (K)
SrpIr;_,Cu, Oy Temperature range (K) (10%)

x=0.0 300-240 1.44(1)

240-70 0.46(8)

40-5 0.04(8)

x =0.05 300-35 0.48(6)

30-5 0.35(2)

x =0.10 300-33 0.16(1)

25-5 0.05(1)

x =0.20 300-30 0.11(4)

20-5 0.02(1)

Table I further indicates that parameter 7 shows a lower
value both with lowering the temperature as well as with in-
creasing the Cu concentration. For Sr,IrOy4, we have previously
shown that the change of 7, with lowering of temperature
can be explained through an increase of localization length
& as N(Ef) would unlikely modify for an insulating sample
[Eqg. (3)] [16]. However, the modification of Ty with x cannot
be straightforwardly explained as an increase of both N(EF)
and the & parameter can contribute to a decrease of Tj.
This is a quite likely phenomenon as modification of the
electronic conductivity (Fig. 6), structural parameters (Fig. 1),
and magnetic state (Fig. 3) with Cu indicates that both
N(EF) and & would possibly change with x. Nonetheless,
a large change in conductivity in the SrpIr;_,Cu, Oy series
implies that N(Er) has major contributions for change
of T().

For further understanding of electronic transport behavior,
we have measured the electrical resistivity in the presence
of magnetic field at 5 K. Figure 8 shows the change of
resistivity, which is commonly known as magnetoresistance

0.” —@—x=0.0
—A—x=0.05
| —x=0.10
A . 0.20
O\o '3_ \AA ..~..
D .
& 2, "o::
I ] .
= 0y 7\ T=5K %A .
< 6L E0}° a ey
? 9 A,
G ok \\_ a4
o el G0l ° A‘A
00 0.1 0.2
-9 . L . L . L . L

0 20 40 60 80
H (kOe)

FIG. 8. Magnetoresistance measured at 5 K in magnetic field up
to 80 kOe is shown for the Sr,Ir;_, Cu, O, series. The inset shows the
variation of resistivity with doping concentration x at 5 K.
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(MR) and calculated as Ap/p(0) = [p(H) — p(0)]/p(0) for
the SrpIr;_,Cu, Oy series. All of the samples show negative
MR, i.e., conductivity increases in the presence of a magnetic
field. In the picture of variable range hopping, negative
MR is considered to arise due to the “weak-localization”
phenomenon, induced by the quantum interference effect
[43,44]. Recently, we have shown that parent Sr,IrO, exhibits
negative MR and its quadratic field dependence which is
considered as a typical feature of the weak-localization effect
[16]. Figure 8 shows that the evolution of MR with field
is not linear where the resistivity starts to decrease above
~20kOe. The MR value is not, however, substantial and
SrpIrO4 shows ~4.5% MR in the field as high as 80 kOe.
As Cu is introduced, the general feature of MR with field
remains similar, but its magnitude initially increases, showing
the highest value for x = 0.05, and then decreases. While the
exact reason for this anomalous change of MR is not very
clear, in a lower concentration of Cu, i.e., for x = 0.05, we
have already seen some anomaly in the magnetic moment,
Herr and pp, in Figs. 4(b) and 5(a), respectively. Moreover,
it is evident in Fig. 6 that resistivity at low temperatures
initially increases with x. In the inset of Fig. 8, we have
shown composition-dependent resistivity value at 5 K in
the zero field, showing a nonmonotonic behavior. While the
structural parameters do not exhibit any anomalous behavior
for low-doped samples (Fig. 1), this anomaly in the magnetic
moment as well as in electronic transport behavior for x =
0.05 samples appears to be a correlated effect. From these
observations, we speculate that Cu in a lower concentration
induces the magnetic moment, which perhaps inhibits the
hopping of charge carriers (VRH), and hence resistivity
increases at low temperatures. The application of a magnetic
field tends to orient the moments which may be helpful for the
hopping mechanism, and therefore negative MR increases.
In a higher concentration of Cu, along with an increase
of electrons, the I’ also increases which can reverse the
situation.

E. Possible ionic arrangement and interaction model

Our studies show that Cu substitution in the SroIr;_, Cu,O4
series has prominent effects on the magnetism and elec-
tronic transport behavior where the magnetic state is largely
weakened, giving PM-like behavior for an x = 0.2 material,
and the charge conductivity overall increases. The similar
weakening or suppression of magnetic ordering and the
insulating state has previously been observed in Sr;IrO4 with
different chemical substitution. For Sr-site doping with La’*,
which acts for electron doping creating an equivalent amount
of Ir’** (5d°), the magnetic state is completely suppressed with
~3% of doping concentration in (Sr;_,La,),IrO4 [28,29]. In
the case of Ir-site doping, results with different elements are
different. For instance, Tb*t substitution, which is believed
to change the relative strength of SOC, crystal-field effect,
and Hund’s coupling with its 4 f7 character cause complete
suppression of the magnetic state with a mere 3% of doping
concentration [34]. While the charge state of Rh is debated
(Rh** or Rh** which would induce hole or isoelectronic
doping, respectively), its substitution in Sr,Ir;_,Rh,O4 has
shown suppression of the ordered magnetic and insulating state

PHYSICAL REVIEW B 96, 144433 (2017)

5d (139) 5d (t39)

3d (eg)

FIG. 9. (a) Visualization of possible arrangement of Ir**, Ir’T,

and Cu®" ions. (b) The schematic arrangement of Cu-3d and Ir-5d
orbitals is shown.

above the critical doping concentration of ~17% [30,31,45].
Similarly, Ru substitution has caused suppression of magnetic
ordering in Sr,IrO, with nearly 30 to 50% of Ru*" doping
level [32,33].

In the present SrpIr;_,Cu,Oy series, both Ir** and Cu**
are spin-1/2 element and magnetically active; however, their
respective orbitals are not symmetric. For instance, in a strong
SOC limit, Ir** has a half-filled Jos = 1 /2 state (f,) while
the single spin in Cu®*" populates the dy>_ 2 orbital (eg).
The incompatibility of magnetic interaction between transition
metals with orthogonal d character has been discussed for spin
chain material Sr; MIrOg (M = Ni, Co) [46]. In addition, Cu**
substitution will create a double amount of Ir’* (54*), which
are expected to be nonmagnetic considering four electrons
will fully fill the J.i = 3/2 quartet state. In transition-metal
oxides, the metal octahedra are generally corner shared and
the magnetic interactions are mediated through O-2p orbitals.
While ionic distribution is quite random, based on the present
scenario, the magnetic interaction scheme is depicted in Fig. 9.
Since the Ir’* is nonmagnetic, exchange interaction through
the Ir**-O%>-Ir>" channel is very unlikely; however, the same
through the Ir**-0*~-Ir** and Ir**-0?~-Cu?* channels is of
interest. Note that in trivalent-doped (Sr;_,La,),IrO4, where
La®* doping creates Ir** (54°) ions which are again nonmag-
netic (fully filled Je = 3/2 quartet and Jo = 1/2 doublet
states), the long-range magnetic ordering is suppressed with
only ~3% of La doping [28]. In contrast, magnetism survives
until a higher-doping level (~20%) of Cu?" substitution at the
Ir site in the present study. Similar results are also evident for
Rh** and Ru*t where magnetism is totally suppressed with
~17 and 30% of doping concentration, respectively [30,32].
Given that Rh® and Cu?" create nonmagnetic I’*, both have
similarity as they create a double amount of nonmagnetic
sites: Rh3* and Ir’" in the former case and Ir’t and Ir’*
in the latter case. Of course, since Cu?t is magnetic, effective
magnetic exchange would be different and complex compared
to Rh**. For 20% of Cu, magnetic interaction is substantially
weakened and is almost suppressed, though we find some trace
of magnetism. Thus, like Rh** doping [30], the percolation
picture to explain the suppression of magnetism apparently
looks valid for Cu®* also. The evolution of magnetic and
transport properties with x in SrpIr; _, Cu, Oy is quite intriguing
and needs to be investigated using microscopic probe as well
as theoretical models.
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IV. CONCLUSION

In conclusion, we have studied the structural, magnetic,
and electronic transport properties in a series of polycrystalline
samples SrpIr;_,Cu,O4 withx < 0.2. Structural investigation
shows that while the system retains its original structural
symmetry, the unit-cell parameters modify with Cu. In
particular, both the ¢/a ratio and distortion of IrOg/CuQOg
octahedra decrease with x. The XPS results reveal that
doped Cu** converts a double amount of Ir*' into Ir’*
and sharpens the valence-band spectra at the Fermi level.
Substitution of Cu?* introduces electron doping, which is
evident in Hall measurements. Long-range magnetic ordering
in parent material SrIrOy is destabilized with Cu and in the
highest-doped sample, i.e., in SryIrggCug 04, the magnetic
data show paramagneticlike behavior. However, resistivity
decreases but the system does not become metallic with the
available 20% of Cu doping. The charge conduction follows

PHYSICAL REVIEW B 96, 144433 (2017)

the Mott 2D VRH model, but interestingly the validity of this
model changes with temperature and appears to follow the
magnetic behavior. A weak negative MR has been observed
at low temperature, which is considered to be a signature
of a weak-localization effect in a spin-orbit coupled system.
The evolution of MR shows nonmonotonic behavior with Cu
substitution; its appears to instead follow the variation of
resistivity with x.
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