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Effects of hole doping on magnetic and lattice excitations in Sr;Ir;_,Ru,O4 (x = 0-0.2)
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Raman scattering is employed to explore the effects of hole doping in single crystals of SrpIr;_,Ru,O4
(x =0, 0.01, 0.03, 0.05, 0.1, and 0.2). Introducing a few percentages of holes has a strong impact on magnetic
excitations and lattice dynamics. With increasing x the well structured two-magnon continuum turns into diffusive
magnetic scattering. Furthermore one- and two-phonon scatterings are rapidly suppressed. Remarkably, the two
Ir(Ru)-O-Ir(Ru) bond angle modes with different Ir(Ru)Os octahedral rotations coexist and compete upon hole
doping. This is ascribed to the difference of electronic properties between Ir** and Ru** ions. The doping and
temperature dependence of the bond angle modes suggests that an electronically phase separated state develops

upon Ru doping.

DOI: 10.1103/PhysRevB.89.104406

I. INTRODUCTION

In recent years, there has been an upsurge of research
interest in 5d transition metal oxides, in which spin-orbit
coupling (SOC) is comparable to on-site Coulomb repulsion
(U) and one-electron bandwidth (W). Strong SOC entangles
spin and orbital spaces and thus leads to the formation of SO
coupled narrow bands and unconventional spin and orbital
magnetic moments. This is responsible for novel electronic
and magnetic properties of layered iridium oxides, such as
SrIrQy, Sr3Ir,O7, and A,IrO3 (A = Na, Li) [1-6].

In the present study, we focus on the Mott insulator
SrpIrO4, which crystallizes in a distorted tetragonal structure
(space group I4;/acd). The Ir** ions on a square lattice
are connected by corner-sharing IrOg octahedra. The IrOg
octahedra are elongated along the ¢ axis and alternately rotated
with respect to the ¢ axis by about 11° [7]. The compound
undergoes antiferromagnetic ordering at 7y = 240 K with
large ferromagnetic moments [0.208(3)u p/Ir site] within the
basal plane accompanying in-plane rotations of the IrOg
octahedra [8,9,10]. A recent x-ray resonant magnetic scattering
study has refined the magnetic structure of SrpIrOs and
unveiled that the antiferromagnetic component lies along the
a axis while a net b-axis ferromagnetic moment occurs due to
a canting of the magnetic moments by 12.2(8)° from the a axis
[11,12]. The notable thing is that the canting of the Ir magnetic
moments follows the rotation of the oxygen octahedra. A
strong connection between the crystal and magnetic structure
is further manifested in a metamagnetic transition at about
110 K which results from modulations of the Ir-O-Ir bond
angle [13].

The low-lying t,, band consists of fully filled Joi = 3/2
bands and a narrow, half-filled J.t = 1/2 band near the
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Fermi energy [5,14]. The narrow Jei = 1/2 band splits into
Mott-Hubbard bands in the presence of a moderate on-site
Coulomb repulsion [15]. The SO induced J.; level scheme has
been supported by optical absorption and resonant inelastic
x-ray scattering (RIXS) measurements [4,14,16—18]. In a
recent RIXS study the observation of strongly dispersing SO
excitons in the energy range of 0.4-0.8 eV has been reported.
The gradual renormalization of the optical absorption with
increasing temperature indicates a reduction and filling of
the Mott-Hubbard gap with temperature. Raman scattering
evidenced a crossover from coherent to incoherent scattering,
which is related to excitonlike orbital excitations that decay
into magnon excitations [19].

Very recently, the Mott mechanism has been challenged.
X-ray absorption spectroscopy, time-resolved optical studies,
and a scanning tunneling microscopy/spectroscopy support a
Slater-type scenario in which the insulating gap is opened by
magnetic ordering [20-23]. Given this result, SrIrO4 may be
close to the boundary of a Mott insulator, that is, U ~ W.
Epitaxial strain studies in thin films reveal that both electronic
bandwidth and electronic correlations changes in an intriguing
manner under lattice strain [24].

In the vicinity of a SO-induced Mott insulator, a variety
of competing electronic phases have been predicted [25,26].
An effective way to tune electronic parameters, i.e., U and W,
is chemical doping. Experimental investigations of the hole-
doped Sr,Ir;_,Ru, O4 have been conducted on polycrystalline
samples and thin films [27-30]. However, the unavailability
of single crystals makes it difficult to fully characterize their
physical properties. Hence, single-crystal studies are called
for to figure out the evolution of magnetic, electronic, and
structural properties as a function of doping.

In this paper, we have employed Raman spectroscopy
to address the aforementioned issues in single crystals of
Srlr—Ru, 04 (x =0, 0.01, 0.03, 0.05, 0.1, and 0.2). The
previous Raman study of the undoped Sr,IrOy single crystals
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has observed an interesting interplay of electronic and lattice
modes as functions of temperature and excitation wavelength
[19]. We observe that hole doping has a similar drastic effect on
electronic and magnetic properties as temperature does. The
major finding is the coexistence of the two Ir(Ru)-O-Ir(Ru)
bond angle modes with different Ir(Ru)Og octahedral rotations
in the studied doping range. This demonstrates the formation
of an electronically phase separated state upon a hole doping.

II. EXPERIMENTAL DETAILS

Single crystals of SrIr;_Ru, 04 (x = 0, 0.01, 0.03, 0.05,
0.1, and 0.2) were grown by the flux method [4]. The low
hole-doped samples exhibit semiconducting behavior. Upon
20% Ru doping, the cell volume changes less than by 0.5%
and the crystal symmetry remains unaltered [27].

For Raman scattering measurements, single crystals with
dimensions of 1 x 0.5 x 0.2 mm® were used. Raman spec-
troscopic studies were carried out in quasi-backscattering
geometry with the excitation line A = 532 nm and laser power
P =10 mW of a solid state laser. Temperature was varied
between 5 and 300 K by using a closed-cycle cryostat. The
spectra were collected by a DILOR-XY triple spectrometer
and a micro-Raman setup (Horiba Labram) equipped with a
nitrogen-cooled charge-coupled device detector.

III. RESULTS AND DISCUSSION

A. Doping dependence of low-energy phonon modes

In Fig. 1 we compare Raman spectra of SrpIr;_,Ru,Oy4
(x =0, 0.03, 0.1, and 0.2) measured at 7 = 287 and 7 K in
(xu) polarization, i.e., without a polarization analyzer. This is
intended to maximize the scattering intensity. We note that the
(xu) polarization spectra contain the same information about
phonons as the (xx) polarization ones. For the undoped sample,
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FIG. 1. (Color online) Raman spectra of SrpIr;_,Ru,O4 (x =0,
0.03,0.1,and 0.2) at T = 7 K (lower panel) and 287 K (upper panel)
in (xu) polarization. The insets depict the eigenvectors of the 188,
278, and 392 cm~! modes. The relative amplitude of the vibrations
is given by the arrows. The green balls stand for the Sr ions, the grey
ones for Ir(Ru) ions, and the red ones for the oxygen ions
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FIG. 2. (Color online) Frequencies, full widths at half maximum,
and integrated intensities of the phonons at 392 and 278 cm™! as a
function of Ru doping.

our results are fully consistent with the previous Raman data
on undoped single crystals. We refer to Ref. [19]. for the
complete assignments of the phonon modes. The comparison
shows, furthermore, that there are no substantial Ru doping
effects on the high-frequency phonon modes. This is different
for the low-energy phonon modes, which we will focus on in
the following.

At room temperature we observe three main peaks at 188,
278, and 392 cm™! in the intermediate frequency range.
As depicted in the inset of Fig. 1, the 188 cm™' A,
mode corresponds to stretching vibrations of the Sr atoms
with respective to IrOg along the ¢ axis. The 278 cm™!
mode involves bending motions of the Ir-O-Ir bonds; more
specifically, rotations of the corner-sharing octahedra about
the center oxygens within the ab plane. The 392 cm™! A,
mode is assigned to the displacements of the in-plane oxygen
atoms of the octahedron relative to each other [31].

With decreasing temperature three phonons increase in
intensity and decrease in linewidth. As x increases, the phonon
modes undergo a substantial change in frequency and intensity.
To quantify the phonon parameters, the Raman spectra are
fitted to a sum of Lorentzian profiles. The resulting parameters
are summarized in Fig. 2 as a function of x.

In the studied doping range of x = 0-0.2 we observe
the intriguing variations of the phonon parameters with x.
Considering that the lattice parameters follow the Vegard’s
law with a linear shrinkage [27], this is due to the electronic
and local structural changes induced by the Ru doping. In
Fig. 2(a) we plot the doping dependence of the 392 cm™! mode
at T =7 K. The 188 cm™! mode shows essentially the same
behavior (not shown here). With increasing x, the 392 cm™!
mode undergoes a large softening by 8 cm™!, a line broadening
by about three times, and an exponential-like reduction of the
scattering intensity. Noticeably, the drastic changes occur in
the low-doing concentrations of x = 0-0.05. This points to the
strong impact of the small Ru doping on electronic and local
structural properties.
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The most salient feature is observed at the 278 cm™! mode.
With increasing x, the 278 cm ™! mode is drastically suppressed
while the new mode at 260 cm~! develops in the lower-
frequency side of the 278 cm™! mode (see the lower panel of
Fig. 1). Here we will not discuss the higher-frequency feature
due to its weak intensity. As plotted in Fig. 2(b), the 260 cm™!
mode (blue full triangles) softens by 20 cm~! in a monotonic
manner. The 278 cm™' principal mode (red open squares)
shows a similar softening up to x = 0.1 while undergoing a
large increase of its frequency at x = 0.2. As to the linewidth,
both modes exhibit a large broadening in the doping range
of x = 0-0.05 and then almost saturation for x > 0.1. The
integrated intensity of the 278 cm~! mode decreases rapidly
with increasing x. In contrast, the 260 cm~! mode shows a
quasi-linear increase of the intensity. This contrasting behavior
indicates the occurrence of the two competing states upon Ru
doping. The coexistence of the competing state implies that the
doping induces an electronically phase separated state [27].

We remind that the 278 cm™' mode directly probes a
modulation of the Ir-O-Ir bond angle and shows a large
temperature dependence for the undoped sample [18,19]. This
is correlated with the reduction in the Ir-O-Ir bond angle from
157.28° at room temperature to 156.56° at T = 10 K [7,8].
Also, the Ir(Ru)-O-Ir(Ru) bond angle increases from 158° for
x = 0to 180° for x = 1 [27,32]. Accordingly, the rotation of
the IrO¢ octahedra about the ¢ axis is reduced as x increases.
For a homogeneous electric state we thus expect a monotonic
softening of the 278 cm™! mode with increasing Ru doping.
However, we observe the nonmonotonic doping dependence
of its frequency [see the open squares in Fig. 2(b)]. Moreover,
a tiny amount of Ru doping induces the new mode, suggesting
the local inhomogeneity of the Ir(Ru)O¢ octahedral rotation
pattern. That means that at low Ru dopings holes remain largely
localized within an electronically phase separated state. This
may be because a Mott gap blocks a charge transfer from Ru*+
to Ir** ions [10].

B. Doping dependence of magnetic excitations

Figure 3 displays Raman spectra in (xx) polarization of
StoIr;_ Ru,O4 (x =0, 0.03, 0.1, and 0.2) at 7 K taken in
a wide frequency range of 180-2700 cm~'. We observe an
asymmetric, broad continuum centered at 1750 cm~!, which
is of magnetic origin. The previous Raman scattering study
with resonant excitation reveals the unconventional features
of these excitations [19]: (i) a drastic suppression of the
magnetic scattering intensity for 7 > Ty which is uncommon
for two-magnon scattering in insulating materials, (ii) a high-
energy tail and asymmetric linewidth, and (iii) the crossover
of two-magnon to incoherent, fluorescent-like scattering with
higher excitation energy. These effects are discussed in terms
of intertwined spin and charge excitations as well as the
existence of an exciton regime.

Upon introducing holes, the two-magnon continuum is
substantially suppressed in intensity and shifts to lower
energies. The doping effects on the isospin Jer = 1/2 iridates
are much more salient than on the s = 1/2 high-7¢ cuprates
[33]. In cuprates, A-site doping leads to the filling of d
bands on the B sites by donating its valence electrons.
Introduced holes become mobile and destroy long-range
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FIG. 3. (Color online) (Upper panel) Raman spectra of
SrpIr;_ Ru,O4 (x =0, 0.03, 0.1, and 0.2) measured in a wide-
frequency range at T = 7 K. (Lower panels) Doping dependence of
the magnetic continua obtained by subtracting the phonon peaks.

antiferromagnetic ordering to gain kinetic energy of the holes.
However, short-range correlations persist for doping well
above the optimal doping regime. Thus, the two-magnon
continuum retains its characteristic maximum related to high-
energy spin correlations at the zone boundary. For the case of
SrpIr;_,Ru, O4, B-site doping adds nominally holes onto the
IrO; planes while introducing impurities into the Jeg = 1/2
magnetic background. As a result, the Ru doping causes
a multifaceted perturbation to magnetic excitations. On the
one hand, the introduction of holes increases the bandwidth,
reduces spin-orbit coupling, and alters the density of electronic
states. On the other hand, the occupation of two different
ions at the B-site leads to a formation of an electronically
inhomogeneous phase. Since charge excitations are involved
in the two-magnon excitation process of the iridate, spin
excitations will be damped rapidly upon Ru doping.

In addition to the magnetic excitations, the one- and two-
phonon scattering show substantial doping effects as well. In
Fig. 4 we compare the doping dependence of the normalized
integrated intensities of the one-phonon peak at 730 cm™',
the two-phonon peak at 1470 cm™!, the ratio of the two- to
the one-phonon mode, and the two-magnon continuum. With
increasing x, they exhibit a monotonic, substantial decrease.
This suggests that both magnetic and lattice excitations are
strongly affected in the presence of a small amount of holes.

We note that in resonant Raman scattering, the one-phonon
intensity is given by I} ~ (w — w;)~* while the second-order
scattering by I, ~ (0 — w fi)‘(’ [34]. Here wy; is the interband
energy. The intensity ratio I,/I; ~ (@ — wy;)~* varies with
wy;. Therefore, the x dependence of I/I; confirms that
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FIG. 4. (Color online) Normalized integrated intensities of two-
magnon scattering, one-phonon scattering at 730 cm™! (1), two-
phonon scattering at 1470 cm™! (1), and the ratio (I, /1) as a function
of x.

the pronounced two-phonon scattering is due to a resonant
mechanism. This is plausible because the resonance condition
is expected to weaken due to the modification of electronic
states by the B-site doping. We stress that both the magnetic
and higher-order phonon scattering are susceptible to changes
of the electronic state. This observation is indicative of strong
couplings among electronic, magnetic, and lattice degrees of
freedom. This is further supported by the recent angle-resolved
photoemission result, which provides evidence for a polaronic
ground state [35].

C. Temperature dependence of out-of-plane phonon modes
atx =0

In Fig. 5 we compare Raman spectra of the undoped
Sr,IrO4 with in-plane and with out-of-plane polarization. The
low-temperature spectra markedly differ from each other.
Both the two-magnon and two-phonon scattering are almost
suppressed in (zz) polarization. The anisotropic magnetic
and higher-order phonon response demonstrates that their
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FIG. 5. (Color online) Comparison of the undoped Raman spec-
tra for (xx) and (zz) polarization at T = 5 and 300 K.

PHYSICAL REVIEW B 89, 104406 (2014)

_ 564 __
£ ((a) zZ) L (© 3
< ( ) L} L ] _ng
] -y S
2 ® J5613
= L) o
& ‘% <
- =
%“ TM TN '] 8
E ) 1 1 558~
£ dJls
N 1 N 1 N "..I 8
200 400 600 800 1000 S 1 2
ift (cm - d6 &
Raman shift (cm™) '*1,. Ll 6 Ei
z|o o 5k | lumnn™ 14 2
< 40K | e I L h 10 =
) 100 K L § e)1.
2 150 K s R © z
S 200 K L 3
> 250 K n 5
’z,’ 300 K R 108 %
2 '*-._ - 1 £
£ - | 1 1 - L d || 0.0 =
500 550 600 0 100 200 300
Raman shift (cm™) T(K)

FIG. 6. (Color online) (a) Comparison of Raman spectra at T =
5 and 300 K in (zz) polarization. (b) Temperature dependence of
the 563 cm™! mode with a sketch of its normal mode displacement.
(c)—(e) Temperature dependence of frequency, linewidth, and nor-
malized intensity of the 563 cm™' mode, respectively.

origin is rooted in highly anisotropic, layered electronic states.
The absence of a magnetic signal in (zz) polarization for
temperatures below Ty is characteristic for the K;NiFe-type
antiferromagnet as reported in LaSrMnO, [36]. Within the
exchange light scattering approximation, the Raman operator
is proportional to R o< S; - S;. Thus, magnetic scattering
is negligible in interplane polarizations because of weak
interplane interactions.

At high temperatures quasielastic scattering becomes
pronounced in (zz) polarization so that the (zz) spectrum
resembles the (xx) one but with a weaker intensity. The
mechanism of a quasielastic response is totally different from
that of two-magnon scattering [37]. It is due to diffusive fluc-
tuations of a four-spin time correlation function or fluctuations
of the magnetic energy density. The quasielastic response
often governs magnetic Raman scatterings in low-dimensional
antiferromagnets.

As to phonons, we observe the strong peak at 563 cm™
as shown in Fig. 6(a). This is assigned to the A;, mode,
which corresponds to vibrations of apical oxygens along
the z axis [see the inset of Fig. 6(b)] [36]. With decreasing
temperature down to 7' = 5 K, a dozen weak peaks show up,
which are part of the symmetry-allowed 44, + 16 E, modes
for the 14;/acd crystal symmetry [19,38,39]. Remarkably,
the 563 cm™! mode varies strongly with temperature. The
phonon parameters are plotted in Figs. 6(c)—6(e). In contrast
to the low-energy modes, the 563 cm~' mode shows a
moderate frequency shift. However, we cannot reproduce the
temperature dependence of frequency and linewidth in terms
of an anharmonic phonon model (not shown here). Rather, we
identify discernible anomalies at Ty and T),. In the studied
system, a strong magnetoelastic coupling arises due to the fact
that the Ir magnetic moments rotate with the IrOg octahedra
[9,11,12].

The sensitivity of the apical oxygen mode to the metamag-
netic transition at 7}, indicates that it is caused by modulations

1
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FIG. 7. (Color online) Temperature dependence of Raman spec-
tra of x =0.05 (upper panel) and x = 0.2 (lower panel) in the
temperature range of 7 = 7-287 K measured in (xu) polarization.

of the IrO¢ octahedron. This provides additional evidence
that magnetism is controlled by structural parameters. This
also explains the anomalously large change in intensity for
temperatures below Ty. The reduction of the Ir-O-Ir bond
angle with lowering temperature is expected to alter electronic
density of states. This changes the resonance condition and
the polarizability of the wave functions and, thus, finally the
phonon intensity as a function of temperature.

D. Temperature dependence of phonon modes at x = 0.05
and x = 0.2

We now turn to the temperature dependence of the Raman
spectra in the doped samples. As presented in Fig. 7, for the
x = 0.05 and x = 0.2 crystals all phonons become intense and
sharpen with decreasing temperature. Particularly, the bond
angle modes exhibit anomalous temperature dependence. To
detail the evolution of phonon parameters, the spectra are fitted
to a sum of Lorentzian profiles. In Fig. 8 we summarize the
temperature dependence of the frequency, the full width at
half maximum, and the normalized intensity of the 278 cm™!
mode.

Both compounds show the large softening of the 278 cm™!
mode by 14 cm™' (5%). This is related to an increase in
the rotation angle of the Ir(Ru)Og octahedra with decreasing
temperature [8,32]. For x = 0.05, we are able to identify
two anomalies at about 7y = 210 K and T3, = 70 K. These
correspond to the antiferromagnetic and the metamagnetic
transitions, respectively. Compared to the undoped sample,
they are shifted to lower temperature by 30 K, consistent with a
suppression of the magnetic ordering. Upon further increasing
doping to x = 0.2, the frequency and the linewidth seem to
show no apparent anomalies while the intensity exhibits an
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FIG. 8. (Color online) Temperature dependence of the frequency,
linewidth, and normalized integrated intensities of the 278 cm~! mode
for (a) x = 0.05 and (b) x = 0.2. The integral intensities are corrected
by the Bose-Einstein thermal factor. The solid lines are fits to an
anharmonic model.

abrupt increase at about Ty = 90 K. We try to describe the
temperature dependence of the frequency and linewidth in
terms of an anharmonic interaction model. This provides a
satisfactory description to the data for temperatures above Ty .
There appear small deviations for temperatures below Ty .

To quantify the variation of competing lattice distortions
with temperature, we plot the relative intensity of the 278 cm ™!
to the 254 cm~! mode, 1578/ Ir54(T) for x = 0.05 and x = 0.2
inFig. 9. For both compounds, with decreasing temperature the
relative intensity increases steeply with the distinct anomalies
at the magnetic transition temperatures. This means that the
278 cm~!' mode undergoes a more drastic change than the
254 cm™! mode (see also Fig. 7). Further, this result suggests
that the lattice distortion pertaining to the 278 cm™! mode

1.0

|278/I254 (T)
o
(3]

0 50 100 150 200 250 300
Temperature (K)

FIG. 9. (Color online) Temperature dependence of the relative
intensity of the 278 cm™! to the 254 cm~! mode for x = 0.05 and
x = 0.2. The ratio is normalized by the value at 7 = 7 K.
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plays a decisive role in stabilizing the Mott insulating state
and thus the magnetic ordering.

IV. CONCLUSION

To summarize, we have presented a Raman scattering study
on single crystals of SryIr;_Ru, 04 (x = 0-0.2). We adopted
hole doping and temperature as experimental parameters. In
a previous study Cetin et al., [19] showed a suppression of a
magnetic signal at Ty for x = 0. Our results support this data
and further demonstrate that the introduction of holes rapidly
weakens magnetic and lattice excitations. This evidences that
magnetic, structural, and electronic properties are closely
tied. A small perturbation in one parameter will thus have
a ubiquitous influence on all parameter spaces. We expect
magneto-dielectric effects due to field-induced modification
of the IrOg octahedra, which should be examined in future
work.

The most prominent observation of the present work is the
coexistence of the Ir(Ru)-O-Ir(Ru) bond angle modes with

PHYSICAL REVIEW B 89, 104406 (2014)

different Ir(Ru)Og octahedral rotations in the studied doping
range. With increasing x the lower-frequency mode becomes
stronger than the high-frequency one. The occurrence of two
competing lattice distortions implies that Sr,Ir;_,Ru,O4 has
an inhomogeneous magnetic, structural, and electronic state.
This is discussed in terms of the Ru substitution onto Ir*+
site, causing an electronic phase segregation because a charge
transfer from Ru** to Ir** ions is blocked by a Mott gap.
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