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We investigated the nature of transport and magnetic properties in SrIr0.5Ru0.5O3 (SIRO), which

has characteristics intermediate between a correlated non-Fermi liquid state and an itinerant Fermi

liquid state, by growing perovskite thin films on various substrates (e.g., SrTiO3 (001),

(LaAlO3)0.3(Sr2TaAlO6)0.7 (001), and LaAlO3 (001)). We observed systematic variation of

underlying substrate dependent metal-to-insulator transition temperatures (TMIT � 80 K on SrTiO3,

�90 K on (LaAlO3)0.3(Sr2TaAlO6)0.7, and �100 K on LaAlO3) in resistivity. At temperature

300 K� T� TMIT, SIRO is metallic and its resistivity follows a T3/2 power law, whereas insulating

nature at T<TMIT is due to the localization effect. Magnetoresistance (MR) measurement of SIRO

on SrTiO3 (001) shows negative MR at T< 25 K and positive MR at T> 25 K, with negative

MR / B1=2 and positive MR / B2; consistent with the localized-to-normal transport crossover

dynamics. Furthermore, observed spin glass like behavior of SIRO on SrTiO3 (001) at T< 25 K in

the localized regime validates the hypothesis that (Anderson) localization favors glassy ordering.

These remarkable features provide a promising approach for future applications and of fundamental

interest in oxide thin films. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915943]

I. INTRODUCTION

Transition metal oxides (TMOs) forging transition from

one electronic phase to another, have been long debated

problem in condensed matter physics as they display a pleth-

ora of many unique phenomena including metal-insulator

transition (MIT) in strongly correlated systems, high temper-

ature superconductivity in layered cuprates, and colossal

magnetoresistance (CMR) in perovskite manganites.1–3

From the prolonged list of transition metal oxides, specially

perovskites, Ruddlesden–Popper (RP) phases of strontium

iridates and strontium ruthanates, Srnþ1RnO3nþ1 (R¼ Ir and

Ru, and n¼ 1, 2,…,1) have been investigated with great in-

terest as it shows coupling between lattice deformation, or-

bital degree of freedom, Coulomb interactions (U), and spin-

orbit coupling (SOC) that give rise to several phenomena,

including rich phase diagrams of MITs, unconventional mag-

netic ordering, and the anomalous Hall effect.4–7 Among var-

ious phases of Srnþ1IrnO3nþ1, one of the compounds, Ir

based strong spin orbit coupled (5d5) perovskite SrIrO3

(n¼1), is a strongly correlated paramagnetic non-Fermi
liquid metal without any long-range magnetic ordering.

Moreover, SrIrO3 has characteristics that are very close to

the metal/insulator phase boundary. It has high resistivity q
� 2 mX � cm at room temperature (RT) with positive magne-

toresistance (MR�þ1%) up to lowest temperature measured

till date.8–10 In contrast, SrRuO3 is a Ru-based (4d4) itinerant

ferromagnetic bad metal with Curie temperature TC � 150 K

and resistivity q� 200 lX � cm at room temperature.7 Its q
increases linearly with T at T> TC, but has Fermi liquid

behavior at T<TC. SrRuO3 has been investigated

extensively from bulk to its ultra-thin film limit and has been

used as bottom electrode for device physics. SrRuO3 has

Stoner type (itinerant) ferromagnetism that is related to the

hybridization of Ru (t2g)–O (2p) orbitals and is thus affected

by lattice distortion.7 Moreover, at low T, SrRuO3 shows

anisotropic negative MR (��5%), which is quite large with

respect to those of conventional ferromagnetic metals.

Recently, efforts have been devoted to manipulating

the magnetic TC and to tuning the transport properties in

SrRuO3 by replacing 4d Ru with 3d,4d transition metal

elements.11–15 This replacement causes localized orbitals to

hinder the hybridization of Ru orbitals and results in forma-

tion of spin clusters that affect both magnetism and transport.

Recently, efforts have also been made to synthesize

polycrystalline SrIrO3 doped with 3d transition metals.16,17

Now, one of the most discernible questions from elec-

tronic point of view is what would happen if we replace the

4d Ru with higher quantum numbered 5d based transition

metal Ir or vice versa; let us replace half of them and stay in

the intermediate region for the time being. The consequences

of replacing the 4d Ru with 5d-based transition metal Ir or

vice versa might allow coexistence of two ground states

(SrRuO3 and SrIrO3) and push the system into different state.

In this standard picture, in terms of microscopic nature, 5d
transition metals have wider d orbitals than do 4d transition

metals, so replacing 4d element with 5d should increase the

band width (W). This change might also affect the overall

magnetism, because SrRuO3 has strong ferromagnetism of

itinerant nature (band magnetism). Additionally, replacing

4d ruthenium (z¼ 44) with 5d iridium (z¼ 77) should

increase SOC because SOC / z4. The difference in transport

and magnetism between SrIrO3 and SrRuO3 results from

their different magnitudes of the effective interaction (U/W).

Replacing the Ir4þ ions by Ru4þ ions, which have smaller
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ionic radius than does Ir4þ, would change the B–O–B bond

angle; this distortion would then modify the overlap between

neighboring d orbitals mediated by oxygen 2p orbitals,

thereby changing W and enabling control of U/W. Also, an

interesting observation would be how the MR behaves due to

the coupling of SrIrO3, in which MR is positive, with

SrRuO3, in which MR is negative. If the MR of the com-

pound material undergoes switching, it might be useful in

memory device applications. Also for application purpose,

extending the list of bottom electrodes having structural

compatibility with perovskites and perovskite related struc-

tures is useful for the creation of new functional oxide elec-

tronic devices.

The purpose of this work is to show that the perovskite

thin film SrIr0.5Ru0.5O3 (SIRO); which has characteristics

intermediate between a correlated non-Fermi liquid state and

an itinerant Fermi liquid state, favors correlated state from

resistivity point of view, whereas magnetoresistance and

magnetization measurement shows close resemblance to an

itinerant electronic state.

II. EXPERIMENTAL METHODS

We used pulsed laser deposition (KrF laser; k¼ 248 nm)

to grow SIRO thin films from a polycrystalline target synthe-

sized from a stoichiometric mixture of SrCO3, IrO2, and

RuO2 powder by a solid state reaction method. In general,

during thin film growth, metastable phases can be stabilized,

and key parameters such as band width, SOC, and correla-

tion of the system can be tuned by external parameters by

using lattice-mismatched substrates.18,19 We have attempted

and succeeded to grow perovskite SrIr0.5Ru0.5O3 thin films

(�40 nm) on lattice-mismatched substrates (SrTiO3 (001),

(LaAlO3)0.3(Sr2TaAlO6)0.7 (001), and LaAlO3 (001)). The

laser was operated at frequency 4 Hz, the substrate tempera-

ture was 680 �C, and oxygen partial pressure was 20 mTorr.

After growth, all films were cooled down slowly

(�7 �C/min) in same oxygen partial pressure to compensate

for any oxygen deficiency. All the substrates, SrTiO3 (001),

(LaAlO3)0.3(Sr2TaAlO6)0.7 (001), and LaAlO3 (001) crystals,

were treated prior to growth to produce atomically flat surfa-

ces20,21 (Henceforth these substrates will be designated as

STO, LSAT, and LAO). X-ray diffraction (XRD) measure-

ments were performed by the Empyrean XRD System from

PANalytical. XE-100 Advanced Scanning Probe Microscope

was used for surface topography. To check elemental distri-

butions, we used secondary ions mass spectrometry (SIMS)

with a primary beam source of O2
þ with impact energy

of 7.5 keV. Electrical transport measurements were per-

formed using the four-probe van der Pauw geometry within

10 K�T� 300 K range.

III. RESULTS AND DISCUSSION

At ambient pressure, SrIrO3 and SrRuO3 have different

crystal structures. SrIrO3 is of orthorhombic structure only at

high pressure with a lattice constant of ac � 3.96 Å,22

whereas SrRuO3 has a GdFeO3 type distorted orthorhombic

structure with a lattice constant of ac � 3.93 Å.23

Assuming that SIRO should be pseudo-cubic with

3.93 Å� ac� 3.96 Å, it would cause increase in compressive

strain on the films as the substrate lattice constants decreases;

(STO substrates: ac� 3.90 Å; LSAT: ac� 3.88 Å; LAO:

ac� 3.78 Å).

XRD measurements of the SIRO films on these sub-

strates show the crystalline (00l)C peak without any impurity

or additional peaks (Fig. 1(a)). To further characterize the

crystallinity of the films, x scans (rocking curve) were per-

formed; in the results (Fig. 1(b)) around the (002)C peak of

SIRO films, the center positions of full width at half maxi-

mum (FWHM) coincided and made to zero value. It is seen

from the figure that the FWHM is small (�0.06�) for films

on STO and LSAT but becomes broad (�1.65�) for films on

LAO. The dense twinning of the LAO substrate is probably

FIG. 1. (a) X-ray h–2h scan results of SIRO films of thickness �40 nm grown on SrTiO3 (001), LSAT (001), and LaAlO3 (001) substrates. (b) Rocking curves

(x scans) around the (002)C peak of SrIrO3 films on three substrates are shown. Zero value of Dx corresponds to the maximum peak position. (c) SIMS reveals

homogeneity of the SIRO/STO films (inset; AFM image). (d) Reciprocal space mapping of the (103)C peak of SIRO/STO reveals that film is fully strained.
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responsible for degrading the surface quality of film on LAO

substrate; this kind of feature has also been seen in pure

SrRuO3 film grown on LAO substrate.24 To confirm more

about sample quality, especially in the SIRO/STO film (as

magnetotransport and magnetization measurements were

done in this film based on substrate’s popularity; shown

later), we used SIMS depth profile analysis to check the dis-

tribution of the cationic elements within the films. The distri-

butions of Sr, Ir, Ru and O were uniform over the whole film

thickness at the resolution level of SIMS (Fig. 1(c)). Atomic

force microscopy (AFM) revealed that all surfaces were flat

with a roughness of �1–2 nm (inset, Fig. 1(c)). We have also

measured the strain in the SIRO film grown on STO sub-

strate utilizing reciprocal space mapping (RSM)—a pathway

to extract the inplane and out-of-plane lattice constants as

well as the amount of strain by mapping of symmetric and

asymmetric Bragg peaks. The RSM result around the inplane

(103)C reflection peak of the SIRO film (Fig. 1(d)) shows

that the film and substrate are locked and the strain in the

film is determined by the underlying substrate. From the

RSM data, the calculated out-of-plane lattice constant of

the SIRO film was �4.01 Å, which confirms overall inplane

compression with out-of-plane lattice expansion of the film.

Measured electrical resistivity of the SIRO films depos-

ited on the substrates under the same deposition conditions

were affected by temperature (Fig. 2(a)). The transport prop-

erties of the SIRO films were sensitive to the underlying sub-

strates, as transport in both parent compounds (SrRuO3,

SrIrO3) depends on underlying substrates.7,10 In all three

cases, the SIRO displays a metallic characteristic (decrease

of resistance with decrease in temperature), with a MIT at a

certain temperature TMIT and then insulating characteristics

below it (increase of resistance with decrease in tempera-

ture), down to 10 K. It is clearly seen that TMIT varied sys-

tematically from �80 K (for STO), �90 K (for LSAT), and

�100 K (for LAO) depending on the underlying substrate

(Fig. 2(a)). This trend suggests that the strength of disorder

in these films changes as the lattice mismatch between film

and substrate increases, due to thermodynamic tendency to

minimize the strain energy. In parent SrIrO3 film on STO,

we also observed a MIT at T¼ 50 K and as well as more

compressive strained films show fully insulating nature in

resistivity related with localization effect.10,25 To perform

quantitative analysis of each resistivity curve and gain fur-

ther insights, at first in the metallic regime, we attempted to

fit the temperature dependence of the resistivity and fitted

with typical formula: q¼ q0þAT3/2 (Fig. 2(b)), where q0 is

the residual resistivity which signifies scattering due to disor-

der and A is the temperature coefficient, which represent the

scattering strength. Here to be stressed that this fit was simi-

lar to metallic resistivity fitting for parent SrIrO3 on STO

substrate, where we also observed a T3/2 power law depend-

ence, but was not similar to the T2 (at T<TC) or linear T
dependence (at T>TC) of SrRuO3 film.7,10 Generally, contri-

bution of the incoherent part of electron magnon scattering

to resistivity shows T3/2 dependent at low temperature as

found by Mills et al.26 Our resistivity data cannot be inter-

preted using the above conventional theory because the T3/2

power law was observed over a rather high range of

�80 K�T� 300 K. Self consistent renormalization theory

based on spin fluctuations also produces a T3/2 power law in

resistivity.27 This explanation can also be excluded in our

FIG. 2. (a) Temperature dependence of

the resistivity of SrIr0.5Ru0.5O3 films

grown on three different substrates.

Metal-to-insulator transitions were

observed in all films with TMIT �80 K

(on STO), �90 K (on LSAT), and

�100 K (on LAO). (b) Resistivity in

the metallic regime was fitted with a

T3/2 power law (300 K>T>TMIT). (c)

3D-VRH model (ln r/ 1/T1/4) was

scaled in the insulating regime

(T<TMIT). (Brown line corresponds to

linear fit guided to the eye).
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system because it does not show any kind of long-range

magnetic ordering (will be shown later). But, the resistivity

fitting shows A� 4� 10�8 X cmK�1.5, which is close to the

value of �3–5� 10�8 X cmK�1.5, which is often found in

other strongly correlated electron systems such as Na0.5CoO2

and CaVO3.28 As the system goes through the transition to

Mott Hubbard regime from the itinerant side or vice versa,

the quasi-particle scenario breaks down and non-Fermi liquid

resistivity (q / T3/2) was predicted to be associated with

scattering between localized electrons by locally cooperative

bond-length fluctuations and itinerant electrons. Moreover,

in the insulating region below TMIT (Fig. 2(c)), q of the

SIRO films scaled with the variable range hopping (3D-

VRH) model in three dimensions (i.e., ln r/ 1/T1/4).29 In the

insulating regime, the Anderson localization effect occurs

with the possibility of magnetic clustering effect of Ru and Ir

moments. Transport is then only possible by hopping of

charge carriers between localized states; this restriction sug-

gests that the increase in q at T<TMIT is a result of

Anderson localization due to disorder caused by the random

distribution of Ir ions on the Ru sites and vice-versa. This

increase in disorder strength with increasing compressive

strain is quite possible and would increase TMIT in samples

grown under large lattice mismatch as the compressive strain

suppresses the hopping probability of charge carriers.10,25

The possibility that the increase in q might be due to the

magnetic impurity Kondo effect has been excluded because

this Kondo effect can only be observable at the low tempera-
ture limit and our temperature limit is quite high with respect

to that limit.30 Although identifying the exact mechanism

for the MIT and systematic variation of TMIT on different

substrates requires further investigations on microscopic

level, the present resistivity data demonstrate that MIT in

SIRO is quite sensitive to external perturbations. Also, we

may emphasize that the residual resistivity ratio (RRR � 1)

is rather small, so the systems are be regarded as bad metals,

as is parent SrIrO3.10,25

Now, turning into another aspect of how applied exter-

nal magnetic field (B) affects the resistivity (viz., magnetore-

sistance, MR) would be an interesting phenomenon to

observe. At low temperature, SrRuO3 shows negative MR.

When subjected to a magnetic field, Ru moments become

well-ordered along its easy axis and thus reduce the scatter-

ing, so MR becomes negative; this is a well-established

physical effect in ferromagnetic metals.27 In contrast, SrIrO3

shows positive MR when subjected to a magnetic field, and

this response can be explained to result from the Lorentz

contribution for fully metallic films.10 The three dimensional

SIrO3 films with increase in resistivity also show positive

MR, to which both correlation and disorder make important

contributions.10 Despite the origin, a three dimensional

SrRuO3 shows negative MR, whereas a three dimensional

SrIrO3 film shows positive MR. SrRuO3 also has much larger

MR values than SrIrO3; this difference implies that the mag-

netic field has much stronger effect on Ru spins due to its

ferromagnetic nature than its counterpart of possible para-

magnetic moments of Ir spins.

Therefore, we measured magnetoresistance with the

applied magnetic field oriented perpendicular to the film

surface. MR of SIRO at T¼ 10 K was negative for samples

grown on all three substrates (Fig. 3). At a glance, it can be

said that at low temperature, the applied magnetic field

mainly aligns the Ru spins (either ferromagnetic-like or

some kind of local ordering; glassy like) and thereby leading

to a decrease of electron-spin scattering and to a negative

MR. As said earlier, 4d itinerant ferromagnetic Ru moments

have much stronger effect than 5d Ir moments on applying

magnetic field, so MR remains negative, although its magni-

tude decreases due to competitive randomness of spin

interactions.

To check how this competition is affected by tempera-

ture, we took one sample (film on STO because it is the

most popular substrate used for thin film growth) and

measured the temperature dependence of MR (Fig. 4(a)).

As temperature increased, MR changed sign and became

positive. While increasing the temperature further, MR

diminishes as seen in both parent materials also. Clearly,

there is a sign change in MR above �25 K (Fig. 4(b)).

Plots of q vs. T at magnetic strengths of 0 T and 9 T crossed

at T� 25 K (Fig. 4(b), inset). Moreover, negative MR was

found to be / B1/2 (Fig. 4(c)); consistent with localization

picture.31 In contrast, positive MR follows B2 power law

dependence (Fig. 4(d)); consistent with normal transport

behavior. This observation suggests that as T increases, the

applied magnetic field mainly localizes an increasing num-

ber of 5d moments by enhancing the exchange interaction

between localized moments and itinerant moments,

thereby resulting in formation of magnetic polarons, and

consequent appearance of positive MR. Switching of MR

observed in other materials has also often been related to

magnetic scattering.32–34

To get an intuition about magnetic ordering in

SIRO/STO, magnetization measurement of SIRO/STO film

was performed; this film did not show any long-range

magnetic ordering in the measured temperature range;

10 K�T� 300 K. This result is consistent with the lack of

any twisting in the resistivity curve (Fig. 2(a)); this lack of

twisting indicates the absence of long-range magnetic order.

In the localization picture, it is quite natural that the random-

ness of Ir paramagnetic moments due to its extended 5d

FIG. 3. MR of SrIr0.5Ru0.5O3 films on three substrates. The transverse MR is

negative at T¼ 10 K for all three films.
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orbitals affects the local environment of Ru atoms and leads

to suppression of its long-range ferromagnetic state. But,

even in this scenario, local ordering can occur at low T and

be attributed to local magnetic ordering (spin glass type;

TSG) as seen at T� 25 K (Fig. 5(a)). Although the moment of

the film was very low (as expected for a system containing a

5d element that has weak correlation) even at low tempera-

ture (with respect to parent SrRuO3) and close to the noise

level, but the clearly observable cusp at T � 25 K establishes

the appearance of glassy like behavior. Similar features of

glassy ordering were also been reported in other sys-

tems.35–37 Possible origin of glassy magnetic ordering due to

substrate has been excluded, because magnetization meas-

urements on STO substrate show purely diamagnetic behav-

ior. Therefore the coexistent tendency of localization-

induced insulating nature in transport (Fig. 2(c)) and glassy

ordering (Fig. 5(a)) validates with the hypothesis that

Anderson localization effect strongly stabilizes spin glassy

behavior while Mott localization tends to suppress it.38

Surprisingly, we did not observe any glassy features in SIRO

films grown on LSAT or LAO substrates (Figs. 5(b) and

5(c)). Any long-range magnetic ordering or low-temperature

spin-glass behavior might have disappeared with much small

percentage of Ir doping on SrRuO3. This explanation is plau-

sible because the evolution of the magnetic phase diagram is

different for films grown on different substrates, because

they have different amounts of strain, and increasing disorder

(which increases with the lattice mismatch) affects the mag-

netization. On this basis, the origin of negative MR at low T
for higher strained films could be due to localization effect

associated with the increased random distribution of Ir ions

on the Ru sites and vice-versa due to increased strain.

Assuming the above scenario stands the test of time, to shed

the light more, perhaps, the most important step would be to

obtain detailed information on microscopic level. Currently,

X-ray magnetic circular dichroism (XMCD) measurements

are ongoing to investigate the exact nature of magnetic

ordering and testify the role of each transition metal element.

FIG. 4. (a) and (b) Temperature de-

pendent transverse MR of

SrIr0.5Ru0.5O3 film grown on STO sub-

strate is shown. Shaded region shows

positive side of MR. As temperature

increases, sign of MR switches form

negative to positive. Inset shows cross-

over in resistivity at T� 25 K with

applied magnetic field (B) of 9 T. (c)

and (d) Negative MR / B1/2 at

T¼ 10 K, whereas positive MR / B2 at

T¼ 30 K are shown.

FIG. 5. (a)–(c) Zero field cooled (ZFC) and field cooled (FC) magnetization measurements of SrIr0.5Ru0.5O3 films grown on STO, LSAT, and LAO substrates

with the applied magnetic field of 1000 Oe. Due to the very low overall moment, even noise signal catches in the magnetization curve. Visible cusp at T �
25 K from ZFC measurement for film grown on STO shows the signature of spin glassy (TSG) behavior.
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IV. CONCLUSIONS

We grew epitaxial SrIr0.5Ru0.5O3 thin films on various

lattice-mismatched substrates (e.g., SrTiO3 (001), (LaAlO3)0.3

(Sr2TaAlO6)0.7 (001), and LaAlO3 (001)). The films showed

systematic variation in metal-to-insulator transition tempera-

ture TMIT in resistivity q (TMIT � 80 K on SrTiO3, �90 K on

(LaAlO3)0.3(Sr2TaAlO6)0.7 and �100 K on LaAlO3); this vari-

ation is associated with disorder caused by large lattice mis-

match. The entire metallic regimes of q followed a T3/2 power

laws on all three films, whereas insulating regimes were con-

sistent with a three dimensional variable range hopping

model. Furthermore, all the films show negative MR at

T¼ 10 K. MR switched from negative to positive as tempera-

ture increased above �25 K for SrIr0.5Ru0.5O3 film on SrTiO3

substrate. This temperature was associated with the signature

of spin glassy ordering (TSG � 25 K), consistent with localiza-

tion theory. Overall, switching of MR may provide new phys-

ical significances which can be used for novel technological

applications in which coupling of two different ground states

persist. In general, disorder related (quantum) phenomena

have fundamental rich physical aspects31 and above results

are elucidated following the basic principle from disordered

physics perspectives. However, above explanations may not

be conclusive enough and requires detailed microscopic anal-

ysis, experimentally as well as theoretically for deeper under-

standings, considering the role of each and every element. So,

in future, it is highly desirable to grow fully atomically

ordered layer-by-layer thin films, especially SrIrO3/SrRuO3

superlattices, to further unveiling of new emerging

phenomena.
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