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Metal-insulator transition in a disordered and correlated SrTi;_Ru,O5; system:
Changes in transport properties, optical spectra, and electronic structure
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We investigated the transport and optical properties of ;SgRi,,O; (0<x<1) which shows a metal-
insulator transition ak about 0.5 at room temperature. While SrRu® a ferromagnetic metal with #
electrons, SITiQis a band gap insulator with an optical gap of about 3.7 eV. Becaudggthtates of Ru and
Ti are well decoupled, the electronic structure of $SrJRu,O; near the Fermi level is dominated by Ry
states. The temperature dependent transport data of samples near the transition showed characteristics of
various localization phenomena. The optical conductivity spectra showed that as/BuJ®; changes from a
metal to an insulator, the Drude-like peak decreases and evolves into an incoherent peak, which shifts to higher
energy gradually and disappears. This evolution of the optical conductivity could not be explained by either
disorder or correlation mechanisms. From our transport and optical data, we could categorize six kinds of
electronic states in this system dependingxoma correlated metalx~ 1.0), a disordered metgk~0.7), an
Anderson insulatox~0.5), a soft Coulomb gap insulatgix~0.4), a disordered correlation insulatéx
~0.2), and a band insulatdx~0.0). To understand these electronic structure evolutions, the disorder and the
electron correlation effects should be considered together. We believe that,RrifO; is a prototype system
experiencing a Mott-Hubbard like transition in the By alloy band, which is derived from the combined
effects of the disorder and the electron correlation.
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I. INTRODUCTION rities, vacancies, nonhomogeneous chemical distribution,
and/or nonstoichiometric composition. Therefore, it is very
Metal-insulator transition(MIT) is a fundamental and important to understand the combined effects of disorder and
practically useful phenomenon in condensed matter sciencelectron interaction.
Numerous mechanisms, including carrier doping, electron- Recently, there have been lots of theoretical effottto
phonon coupling, electron correlation, and disorder, havénvestigate systems with disorder and electron correlation us-
been proposed. Among them, two MIT mechanisms havéng the Anderson-Hubbard Hamiltonian
attracted lots of attention from the condensed matter commu-
hity due to their intriguing nature. One is called an Anderson =-t> ¢l ¢+ UE Ny + 2 €Ny, (1)
transition, which can result from the localization of the one- (.jyo
electron wave function under a strong random potehfal.
The effect of the random potential has usually been treated agherec/, (c;,) is the creation@nnihilation operator for a
a disorder effect. The other is called a Mott-Hubbard transispin-o electron at site, t is the hopping integral for the
tion, which can be attributed to strong Coulomb interactionelectrons between nearest- nelghbor sitdsjs the on-site
between electrons, resulting in an insulating state even in &oulomb repulsion energy;lo—c,gc,g is the local electron
system with a partially filled ban#l.The electron-electron number operator, ang is a random site potential which has
interaction has usually been treated as a correlation effecgome independent distribution with varianaé and gives
During the last several decades, there have been lots of thdisorder of strengtid in the system. The first hopping inte-
oretical and experimental efforts to investigate the detaile@ral term represents the kinetic energy contribution, resulting
features of those transitions. in the bandwidthwW. The second term represents the correla-
It should be noted that, in numerous materials, both thdion energy contribution. Note that these two terms form the
disorder and the correlation effects can appear at the sanddott-Hubbard Hamiltonian. The third term takes account of
time. The strong correlation effect between electrons has prahe disorder contribution.
vided us lots of intriguing phenomena near MIT, such as Using the Hamiltonian, given in Ed1), numerous in-
high transition temperature superconductiditycolossal triguing phenomena have been theoretically predicted near
magnetoresistandenumerous spin/charge/orbital orderirfgs, the MIT. For example, if electrons in a disordered insulator
and so on. These phenomena have usually been treated bggin to interact with each other, the disorder strength can be
considering the correlation effect only, for example, by usingrenormalized, resulting in some physical characteristics dif-
the Mott-Hubbard Hamiltonian. However, real materials areferent from those of the fre€U=0) disordered cas&!® On
always subject to numerous kinds of disorder, such as impuhe other hand, when disorder is introduced in a Mott insu-
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lator, then theA term makes the Hubbard bands broaden tcever, there is no consensus on the origin of the observed
narrow the correlation gap and could even lead to closure gbhenomena yet except that electron correlation is important
it to make the system into a Mott glaSsin addition, the and this material is highly sensitive to disorder. Nevertheless,
combination of thed andU terms could induce strong scat- in a broad context SrRugstill could be considered as a
tering, which strongly suppresses development of the quastepresentative metallic system with the electron correlation
coherent energy scale, already in the metallic state. effect. And creating large potential disorder by substituting

In contrast to these fascinating progresses in theoriesgi4+ jons for Ry ions, we could investigate how the disor-
there have been few experimental efforts to systematicallyq, plays its role in this correlated system.

investigate the combined effects of disorder and electron cor- |, this paper, we present the transport properties and op-
relation. One of the reasons is that it would be difficult t0ical spectra of SrTi,RuO; films (0=x=<1). In Sec. II, we

find a system with the required conditions Af~U and a . . : - .
reasonable simplicity in its electronic structure. For mostWIII explain the film deposition methods and the experimen-

strongly disordered semiconductdfs?the disorder and the tSaI telclzlhnlquesllfor: tratr;]spo;t and otptlcag meadsur(;)rtnents. I?
kinetic terms could be large but< (A, W). For most peroy- >€C: !!l, W& WIl Show their temperature-dependent transpor

skite transition metal oxides with aA-site disorder, the properties anq how they vary_systematically with the.Ru
A-site metal ions do not contribute to form the conductingd®Ping. We will also show their room temperature optical
network, so the term usually is not large enough to satisfy conduct|\{|ty and d!electrlc constant spectra, and point out
the required condition, andl < (U, W). For example, numer- features in the_ optical spectra changes. In Sec. IV, we will
ous experimental works ofCa, S)VO, and (Ca, Si,Ru0O, an_alyze_ a_nd dl_scuss our (_1ata. We W|_II show that the system-
did not take account of the cation disorder at hesite in  atic variations in the physical properties cannot be explained
exp|aining their physica| propertiégy_:lj On the other hand’ either by the disorder nor by the correlation Only, but that
for some transition metal oxides with Bsite disorder, the both effects should be included. By carefully analyzing the
disorder effect could be large to satisfy the required condiiransport and optical properties together, we will divide the
tion of A~U, since theB-site metal ions are part of the doplng effects into six different regions and discuss pOSSible
conducting network. For example, the physical properties oflectronic structures. We believe that this classification can
La(Ni,Mn)Oz and L&Ni, Fe)O; were explained in terms of provide some insights for future studies. In Sec. V, we will
electronic structural changes due to disofdeHowever, ~Summarize our results.

these oxide system are complicated, since both of the con-

stituent B-site metal ions havel electrons witht,y and e, Il. EXPERIMENTAL METHODS

characters. ) ] _

On the other hand, theB-site substituted perovskite — SrTiiRUO;z films were grown by pulsed laser ablation
experimenta”y. Sr'ﬂ@, one of the end members, is a Simp|e was used to realize the intermediate compounds by deposit-
band gap insulator with a wide band gap of about 3.72%%.  ing alternative amounts of materials corresponding to less
Since there is nal electron, the oxygemp states form the than one unit cell from two end member targ@[ﬂ'.he films
valence bands. The other end member, SrRi®a metal Were deposited at 700 °C under 100 mTorr oxygen pressure.
with a ferromagnetic transition af.~160 K. It has 4t,, ~ The growth rates for SrRupand SrTiQ were 0.05 and
electrons in the low spin configuration. It is widely believed 0.1 A/pulse, respectively. The quantity of Ruons x was
that this ruthenate is a correlated metal located near théetermined by the ratio of the number of pulses on each
boundary of the Mott-Hubbard transitid:23 By mixing  target weighted by the growth rate. Films were grown to be
SrRuQ, with SrTiOS, these two end members can form solid 10-30 nm thICk, in which thickness range the variations of
solutions for all the dop|ng region of, and a MIT does their transmission Spectra were found to be |arge enough to
occur atx~0.5 at room temperature. In the SfTRu,O,  See the variations in the optical measurements.
system, both transition metal ions maintain their own valen- For eachx value, two kinds of films were deposited si-

cies of 4+ as in mother materials. And the substitution ofmultaneously. The large-sized films were used for optical
Ru** ions for Ti** ions puts extrat,, electrons in thed® measurements and the other ones were used for dc transport

insulator, so its electronic evolution could be simple. In ad-and thickness measurements. The conventional four-probe
dition, the Rd* substitution does not accompany any addi-method was used for dc transport measurements. Complex
tional phase transition which can affect its electronic strucOptical constant& of the SrTi_Ru,05 thin films were de-
ture, which makes SrTi,RuO; an ideal system to termined in a wide frequency range from 0.2 to 5.0 eV by
systematically investigate the combined effects of disordefombining two methods. In the low frequency transparent
and correlation. region from 0.2 to 3.1 eVg(w) were obtained from reflec-
Previously, Kosticet al. and Dodgeet al. reported the tance and transmittance spectra using the numerical inver-
optical conductivity spectra of SrRyQand showed an un- sion technique, called the intensity transfer matrix method
conventional frequency dependence of the low energy metadTMM ).2° And, for the higher frequency above 1.5 &(w)
lic component*2°And in its paramagnetic state, the conduc-was determined with spectroscopic ellipsometry. At low fre-
tivity shows a maximum at very low energy comparable withquencies below 0.2 eV, the opaque substrate due to phonon
ksT. To understand these behaviors, various interpretationkesponses did not allow us to measure optical spectra in that
considering strong electron correlation, local quantunregion. In these methods, the Kramers-Kronig analysis and
chemical aspects, and disorder have been fadéHow-  associated extrapolation procedures were not required. We
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FIG. 1. Temperature dependent dc transport d&fB) and
p(300 K) in the inset,p(T) shows composition-dependent MIT xas
decreases. For<0.4, the resistance was too high to be measured.

1000

found thato(w) from both methods matched quite well in the 100

overlapping frequency region.

p/T (mQemK ™)
=

1. RESULTS
) 0.1° .
A. dc transport properties 0.05 0.10 0.15 0.20
Figure 1 shows temperatuf@)-dependent dc resistivity T K"

curvesp(T) of the SrTi_RuO; films. Forx>0.8, dp/dT _ _ o
>0 at all measured temperatures, which corresponds to a FIG. 2. dc transport data with various localization strengah.
metallic behavior. Ax decreasesy(T) increases and enters Samples ok~ 0.7 show 3D weak localization transport phenomena
intriguing insulating states. Fox~0.7, p(T) shows a with a change in the sign @p(T)/dT at low temperature. An(b_)
T-d(gpen%ent chang?a from a metallic beha,\)(td)f/dT> 0) in atx=0.5 the Mott-type VRH(c) atx=0.4 the E-S VRH conduction

. . . . . . behavi b dee Ref. 3
the highT region to an insulatorlike behavigdp/dT<0) in ehaviors are observedee Ref. 35
the low-T region3%3! For x<0.5,dp/dT<0 at all tempera- va
ture, which indicates that it is in an insulating state. kor p(T):A\ﬁ' ex (T_M> (3)
< 0.4, p(T) could not be measured due to very high values of T '

the resistance. The |r_13et of Fig. 1 shows a plop(@00 K) In such a state, there should be a finite but localized density
vs X. A large change !rp(SOO K) occurs a1x~.0.5. At room ... of states(DOY) at the Fermi energ¥r. However, mobility
temperature, the doping dependent metal-insulator transmogdges formed near band edges prevent free motions of carri-
seems to occur at~0.5, which was estimated fro"!’?”?ﬁ ers. The good agreement betwggim) of x=0.5 film and Eq.
and p(3Q0 K). It should be noted that another significant (3) suggests that the sample must be near the boundary of the
change inp(300 K) appears ax~0.8. ) MIT, which is called a disorder induced Anderson transition.

It is well known that theT dependence of(T) provides As the electron correlation effect becomes important in a
us Io'gs of insights on the ngture Qf MIT, especially .rela_ted to4isordered system, the Efros-Scklovskii VRIE-S VRH)
the disorder. In the three-dimensioriaD) weak localization  ansport behavior has been frequently observed in numerous
regime?32 at low temperaturep(T) should behave as systems5-38As shown in Fig. 2), for thex=0.4 film, p(T)

1 1 &2 can be explained well by the E-S VRH formula
o o i @ Teo|
aa
PL o p(T) = BTexp[(—Es> ] (4)
As we already mentioned earlies(T) of x~0.7 shows a T

T-dependent change from a metallic to an insulatorlike beThig implies that, in the sample of=0.4, the electron cor-
havior. The lowT behaviors, shown in Fig.(a), provide re|ation, as well as disorder, should be considered as an im-

reasonably good agreement with Eg). portant ingredient in the evolution of the electronic structure.
When the disorder effect becomes larger, the Mott-type
variable range hoppingVRH) conduction mechanism has
been known to play an important role. FigurébRshows
p(T) of x=0.5, which obeys the following Mott VRH Now let us look into the optical conductivity spectra,
equation?33-35 o1(w), which were obtained by taking the real part ®f

B. Optical conductivity spectra
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FIG. 3. Optical conductivity spectray(w) of SrTi;_,RuO; are =y
obtained from ITMM calculations and ellipsometry measurements.
o1(w) from ITMM are plotted in 0.2 eV s w<2.7 eV and from
ellipsometry in 2.5 e\« w <5 eV. dc values marked with symbols . . :
are ofx=1.0, 0.89, 0.78, 0.50, and 0.40, respectively, in decreasing 0.0 0.5 1.0 15
order. Photon Energy (eV)
Figure 3 showsoy(w) of SrTi;,RUO; (0<x=<1) at room FIG. 4. Low frequency behaviors of SKTiRu,O5. (a) Normal-

temperature in the frequency region of 0.2€%<5.0 eV.  jzed conductivitys;(w) to o1(1.7 eV) show that a peaklike struc-
On they axis, the dc values, obtained from the transportyre develops az decreases an) dielectric constant;(w) show
measurements, were marked as symbolso{fw) of the 5 deep structure which is closely related with the peaklike structure

SrRug; (i.e., x=1.0), two distinct structures, centered @t  in oy(w). Forx=0.0 the phonon contribution te(w) is subtracted.
=0 eV and about 3.3 eV, were observed. The former spectrathe inset shows absorption spectra 0£0.20 and 0.10. For

feature should be due to the low energy Drude-like free carsyTi, jRu, ;05, no d-d transition feature is observed.

rier response, coming from the coherent quasiparticle DOS,

existing nealEg. The latter feature has been assigned to the

charge-transfer transition from p20 empty Ruty, states? ) ,

On the other hand, ir;(w) of the SrTiQ, film (i.e., x=0.0), Both 04(w) and €;(w) for x>0.8 show typical metallic

a strong feature was observed above 4.0 eV. This stronggsponses: a& decreasesgy(w) increases in the low fre-

spectral feature has been assigned to the charge transfer trayjuency region, ané;(w) decreases and becomes negative.

sition from O 2 states to Tit,, States®® For x~0.7, o4(w) at low frequency decreases to become a
In o4(w) of the other SrTji_Ru,O; films, all of the above-  proad structure, aney(w) at low frequency increases and is

mentioned three features could be observedxAgcreases, not negative any more. Although the general shape;66)

the spectral weight in the low frequency region below 3.8 eVig- oy "y adly centered around zero frequency, the non-
decreases, suggesting that it must mainly originate from the . . .
egative value ok;(w) suggests that its electrodynamic re-

Ru tyy states. In the meanwhile, the spectral weight in the" ) ,
high frequency region above 3.8 eV increases, implying théPonse should be different from that of fr_ee carriers. ¥or
importance of the Tt,, states. These general behaviors car0.5, o1(w) seems to have a broad peak in the midinfrared
be simply understood in terms of the decrease df*Rens  region ande; (w) seems to become large in the low frequency
and the increase of i ions. In addition, the low frequency region. An increase of low frequeney has been observed in
coherent peak of SrRuQontinuously decreases and devel- numerous systems near the Mfr> As we have already
ops into an incoherent peak. These overall spectral weightoncluded from the dc transport behavior, this confirms that
changes must be related to the doping dependent electronige MIT of this system occurs atabout 0.5. Fox=0.4 and
struc;tural changes, which will be Qiscussed in Seg. IVE. 0.3, the general behaviors of(w) and e (w) are quite simi-
Figure 4a) shows a more detailed plot ef (w) in the  |5r to those forx=0.5. However, it looks like that simple
low frequency region up to 1.7 eV. To see the spectral befinear extrapolations ofr,(w) of the samples fok=0.5, 0.4,
havior changes more clearly,(w) was normalized with a5 0.3 to the zero frequency limit provide different crossing
value atw=1.7 eV, i.e, 01(1.7 V). As x decreases, the noints with they axis. [For x=0.5, this would provide a

Drude-like peak decreases and a conductivity maximum afositive value ofor,(0 eV). Forx=0.3, 4(w) would become

pears at a.flnlte freq_ugncy, Wh'qh moves to a higher fre'zero at a positive frequency, so this sample seems to have an
quency. This conductivity shape is similar with the charac-

teristic o,(w) behavior of a highly disordered systef?? energy gad.Forx:O.Z,al(w)' clgarly demgnstrgtes an opti-
Figure 4b) shows the corresponding dielectric constantcal gap of about 0.4 eV, which is also evident in the absorp-

spectrae;(w). Just like the dc transport properties, both tion spectra, shown in the inset of Figajt Forx=0.0, there

o1(w) and € (w) show systematic changes with the transition'ls7r'((;\/"°‘bsorptIon andy(w) becomes nearly constant below

metal ion substitution.
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N . ] of metals embedded in a rare gas matfs® If such macro-

Ofes 1 1 1 L scopic scale inhomogeneities determine the MIT, our optical
0.00 005 010 015 020 0.25 conductivity spectra can be described by the effective me-

dium approximationEMA).*> Note that the EMA is an ef-
fective medium theory, which can explain the average re-
sponse of the inhomogeneous medium in terms of the
volume fractions and macroscopic dielectric properties of the
constituents.

It was found that the EMA cannot explain our optical
spectra. As an example, in Fig. 6, we plotted the predictions
of two- and three-dimension&D and 3D EMASs for o4(w)
for the SrThRuy 03 sample. The 2D and the 3D EMAs

To obtain some more insights on the nature of the low-assume that that constituent materials have 2D cylindrical
frequency spectral features of the SrJRuO; films, we  and 3D spherical shapes, respectivbjs shown in Fig. 6,
performed spectral weight analyses. Figufe) shows the the EMAs predict very broad impurity bands at all the fre-
spectral weight near the 3.3 eV feature by integratings)  quencies below the optical gap of SrEiQ.e., about 3.7 eV.
from 2.5 to 3.8 eV. Note that the spectral weight seems to bélowever, the experimental spectra showed the behavior of
linearly proportional tox. Optical conductivitys}(w) over  an optical gap, located at 1.7 eV. Such qualitative disagree-
an interband transition region and its spectral weight are proments between our experimental data and the EMAs’ predic-
portional to the joint density of statel¥(w)=[den!(e)n.(e  tions can be found for all values of except for the end
+%).® Since the DOS of the O®states,n,(w), does not members. This observation is in agreement with our earlier
change much withx, the linear dependence of spectral magnetization studies, which showed that our films should
weight onx, shown in Fig. %), might come from the in- be homogeneous on the macroscopic stle.addition, the
crease of the R ions, i.e., from the increase of the Ry studies showed that their magnetic properties could be ex-
DOS inny(w). This indicates that the spectral feature aroundPlained by assuming a random distribution of the substituted
3.3 eV should be attributed solely to the transition from thesites?®
O 2p to the empty Ru,, states in this doped system. This
result agrees with earlier reports that thgbands of Ru and
Ti are well separatetf*® From these facts, we can also ex-  As we have already mentioned, the overall spectral be-
pect that the Tty contribution should show up mainly at the haviors of our SrTi_RuO; films have some similarities
energy region higher than 3.3 eV. Figurébshows the low  ith those of a microscopically disordered system. One phe-
frequency spectral weights, which were obtained by integratnomenological model to explain the effect of disorder on
ing o4(w) from 0.2 to 1.5 eV. Note that this spectral weight . () is the localization modified DrudéLMD) model4!
seems to be proportional 18, whosex dependence suggests expressed by
that this spectral feature might come from the intersite tran-
sition between Ru,, states.

x* (x : Ru content)

FIG. 5. (a) Spectral weight of thep-d transition from O »
states to empty Ry, states centered ai~3.3 eV and(b) of the
intersited-d transition of insulating samples.

IV. ANALYSIS AND DISCUSSION

A. Spectral weight analyses

2. Microscopic disorder: The localization modified Drude model

o
(kel)?

Here op(w)[=w5r/4m(1+w?)], ke, and | are the Drude

conductivity, the Fermi wave vector, and the mean free path

for carriers inside a metal, respectively. Aag and 1/r in

op(w) are the plasma frequency and the scattering rate of
Some previous studies presented an abrupt resistivitgarriers. In this modelkgl and 1/ are important fitting pa-

change ak~ 1/3 and Abbateet al. suggested that the MIT rameters related to the localization behavieftw) of some

of SrTi;_,Ru O3 should be a percolation transition like that polymer systems with a peak structure in the mid-infrared

o1(w) = UD(w){ 1- [1- (3m)”ﬂ}. (5

B. Effects of disorder

1. Macroscopic inhomogeneities: The effective medium
approximation
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region has been well explained by the LMD motfeln the
LMD model, the frequency of the conductivity maximum  FIG. 8. (a) Scattering rate antb) mass enhancement from ex-
wpeakis dependent on both t/andkgl. Also, the increase of tended Drude analysis for metallic statesxef1.0, 0.89, 0.78, and
wpeakreSUlts from the increase of ¢ and/or the decrease of 0.61.

kel, which implies that the disorder effect becomes stronger.

The low frequency spectra of the SyT/RUO3 system show  sponse could be modified due to the electron correlation ef-
that such a peak develops from the Drude-like peak ofect as follows:

SrRuG; and continues to increase. And this behavior can be

understood qualitatively as being due to the increasing dis- 2

order effect. )= T(*‘") , (6)
However, there are some limitations in applying the LMD Am[1-iom (w)n(w)]

model to the SrTiL,Ru O3 system. In the beginning, we tried
to fit our optical spectra using the Drude model tg§(w),  where 1/{w) andm'(w) represent the frequency dependent
but failed with physically reasonable parameter valuek:of scattering rate and effective mass enhancement, respectively.
andl. Then we noticed thairy(w) for the metallic mother  Using the experimental(w), we applied the extended Drude
material SrRu@ cannot be described by the Drude model to the SrTi,RuO; samples in the metallic region.
model?*2% Previously Dodgeet al. pointed out such a non- Figures 8a) and 8b) show 1/f(w) andm'(w) from the
Fermi-liquid behavior for SrRu@and proposed a fractional extended Drude model analysis, respectively. ¥ot.0 and
power law behavior such that,(w)=A/(7'-i®)*>?* So,  0.89, asw decreases, Hw) decreases anu (w) increases,

we tried the fractional power law behavior for(w) and  which are characteristic behaviors of a strongly correlated
applied the LMD model. Figure 7 shows some model fittingmetal?>5° This strongly points out that the correlation effect
results for thex=0.61 sample. Withkgl=1.6 and 1#  should be important in the electrodynamics of SrjRuO;.
=3000 cm?, the fitting curve shows a comparable peakHowever, forx=0.61, whosep(T) response is metallic at
width around the conductivity maximum but the peak is lo-room T but insulatorlike at lowT, the analysis based on the
cated at a lower frequency. By increasingritte peak posi-  extended Drude model fails. As shown in FigbB m'(w)

tion moves to a higher frequency but the peak feature benecomes negative, which is just the opposite to our intuition.
comes too broad. For a smallkgl value, a better fitting  This indicates that the extended Drude model should be ap-
curve could be obtained in the spectral regiondoE wpeak  plied carefully for a system where both the disorder and the
but it deviated too much fotw> wpeq This failure of the  correlation effects play together.

LMD model and the evolution to an insulating phase with a
finite gap feature, displayed in Fig(a}, imply that other
mechanisms should be included to explain the physics of
SrTi;,RuOs3.

D. Coexistence of disorder and correlation effects

To understand the physical properties of SLRUO;,
we should take account of the coexistence of the disorder and
the correlation effects. The disorder effect manifests itself in
various transport behaviors of the=0.4—0.7 samples, as

SrRu@; is known as a correlated metallic compound nearshown in Fig. 2. Note that the E-S VRH behavior for the
the boundary of a Mott-Hubbard transition, where electror=0.4 sample also suggests that the correlation should also
correlation is reasonably high-2% To investigate how the play an important role for this sample. On the other hand, the
correlation affects the electrodynamics of SrJiRu,O3, we  correlation effect could be confirmed from the mass enhance-
used the extended Drude modef°In this model, the scat- ment behaviors in the optical spectra of the 9:8<1
tering rate and effective mass in the free carrier Drude resamples, as shown in Fig. 8. In addition, as shown in Sec.

C. Effects of correlation: The extended Drude model analysis
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TABLE |. Summary of the states and their characteristics observed in_GrRTOs.

Insulator Metal
Disordered

Band correlation Soft Coulomb Anderson Disordered Correlated

insulator insulator gap insulator insulator metal metal

X x~0 x~0.2 x~0.4 x~0.5 x~0.7 x~1.0
o(w) Wide Reduced gap (Soft Coulomb Peaklike low Broad Drude-like
optical gap gap energy structure incoherent coherent

response peak

p(T) Thermal Thermal Hopping conduction  Hopping conduction 3D weak Metallic

excitation excitation (E-S VRH (Mott VRH) localization

poexp(Tg/T) poexp(Tg/T) BT exd (Teg DY AVT exl (T /T V4] [1/po+ (€2 hmla)VT] ™t dp/dT>0

IV B 2, the optical spectra of th&#=0.61 sample resemble works on the physical properties of a system with both dis-
the optical spectra of disordered samples, suggesting that tloeder and correlation are still lacking: for example, we do not
disorder could play an important role. have yet a counterpart of the extended Drude model or the

In the SrTi_,Ru,O5 system, the low energy physics near localization modified Drude model. Therefore, the systematic
Er could be dominated by the Ry, states. The simple sub- changes observed in our transport and optical data on the
stitution of RY* ions for T** ions puts extrd,, electrons in ~ SIThRUOs films can provide some insights for future
the d° insulator of SrTiQ, so its random substitution can be Studies.

treated as altering the potential to have the following distri- . !N this section, we will divide the system into 6 substitu-
bution: tion regions in terms of decreasixg and look into the de-

tailed behaviors op(T) ando(w) in each region. Based on
P(€) =x8(€ — €gy) + (L =x) (€ — €7i). (7 these data, we will discuss the possible electronic structure in
o ) each region. A summary of th&(T) ando(w) behaviors in
Then, the above distribution should produce disorder of5cp, region will be given in Table I. And, the electronic

strengthAo=eri—€gy in the systent! If we use the values of gyryctures of the SrTi,RuO; will be summarized in the
the end memberS;?? A, can be estimated to be about schematic diagrams of Fig. .

1.7-2.1 eV, which is comparable to thevalue(i.e., about ) _

1.5-2.0 #2253 of SrRUG;. For SrRuQ, it is free from 1. Correlated metallic region (0.8x<1)

the disorder and its correlation energy should be just a Our SrTi-,RuO5 thin films in thisx region seem to show

little smaller than the critical valud,, since the ruthenate is the responses of a metallic system with correlated electrons.

well known to be located close to MPE23How should the ~ Figure 1 shows thap(T) is metallic withdp/dT>0. Capo-

correlation term be affected by the Ti doping in the othergnaet al. showed thafp(T) of SrRuQ, has T dependence

SrTi;Ru,O3 system? below 10 K?7 a typical response of a correlated electron
As x decreases, the Ry, band widthw will decrease due ~ System. Figures 3 and 4 also showed that, fonthé.0 and

to the increase of the average Ru-Ru disté#®®*In addi-  0.89 samplesg;(w) have the Drude-like response in the low

tion, according to the coherent potential approximationfrequency region ande(w) become negative a&—0,

(CPA), which is the most frequently used theoretical methodwhich is a typical response of quasiparticles. The extended

in investigating the Anderson-Hubbard Hamiltonian for a bi-Drude model analysis, as displayed in Fig. 8, shows mass

alloy system ofA,_,B, with alloy bands separaté@53-55the enhancement, indicating an active role of correlation for the

bandwidth of the substituent elemeBitshould be renormal- guasiparticles. _

ized by a factorx.25354 On the other handU does not The electronic structure of the samples in the correlated
change much witlx, since the electron correlation is a local Metallic region is schematically shown in Figa@ The fully
property. Therefore, as decreases, the renormalized corre-0ccupied O P band should be located at the lower energy
lation strengthJ/W in SrTi,_,RuO; is expected to increase. than the Rup band. Thet,g band should be partially filled,
This fact, together withU ~ A,, strongly suggests that both and there should a quasiparticle pealEat The existence of

the disorder and the correlation effects should play important® Peak is due to the electron correlation effect, and similar
roles in the physical properties of S{TiRuOs. quasiparticle peaks have been observed in other correlated

metals, such as CaRyQand Ca_SrV03.2'" The sche-
matic diagram also agrees with photoemission and x-ray ab-

E. Detailed analysis based op(T) and o . .
y »(T) (@) sorption studies on SrRuy®?

The Ti substitution of the SrTi,RuO5 system can be
conjectured to be a process of taking out correlated electrons
in a random fashion, so the disorder and the correlation ef- The SrTj»Ru, 7405 thin film shows quite intriguing fea-
fects should play together. Unfortunately, detailed theoreticalures. As shown in Fig. 1p(T) remains metallic at roont

2. Disordered metallic region (x<0.7)
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Ru #, that, in this substitution region, the correlation peakEat
2 () should be absent. Also, the Ti substitution will provide some
,//0 woN 41\ states much above the Ry band.
Ex

3. Anderson insulator region(x~0.5)

7 (b
%) %{\ As shown in Fig. 2b), p(T) of the x=0.5 sample shows
— the Mott VRH behavior, suggesting that it is in an insulating

state, called the Anderson insulator. In this sta¢w) is

Mobility edges o
7 i * expected to have a speciicdependence at very low energy
’// as o;(w) « 35758 Although we could not measure optical
spectra below 0.2 eV due to the strong multiphonon absorp-

tion process in the SrTiQsubstrate, the low frequency be-
havior of o4(w) is different from that for thex>0.65
mf\ /" samples: Fig. &) shows a downturn otrj(w) as w de-
creases. In addition, from a simple extrapolatiorvgfw) to
a zero frequency, we can guess that the optical gap might not
2 (@) exist for this sample. As we already mentioned, the low fre-
/// mif\ /’ quency value ofe;(w=0.2 eV) in Fig. 4b) shows a maxi-
mum nearx=0.5, which indicates that SrJiRu, sO5 is at
the boundary of the MIT in this systef@?4
® The electronic structure of the Anderson insulator is sche-
ﬁ; matically shown in Fig. &). The Mott VRH behavior sug-
gests that mobility edges should be formed nEat? Al-
FIG. 9. A schematic diagram for SET{RuOs. As x decreases, though there is no energy gap, the electronic states within the
(a) DOS of a correlated metdék~ 1) shows(b) suppression in the Mobility edges should be localized, resulting in the insulating
correlated quasiparticle peak first due to disoréerdisordered behavior. The broad peak structuredi(w) could be under-
metal, x~0.7). With further decrease of, (c) mobility edges are  stood in terms of an optical transition from states belew
formed nearEg (an Anderson insulatorx~0.5) and (d) the in-  to those above.
creased Coulomb interaction results in a soft Coulomb gdf &a
soft Coulomb gap insulatox~0.4). (e) Finally the disorder in- 4. Soft Coulomb gap region (08x=<0.4)
duced correlation opens a hard g@pdisordered correlation insu- N
lator, x~0.2). And further decrease of makes the syster(f) a As Shown in Fig. 2c), p(T) of the x=0.4 sample can be
band insulator with a wide optical ga@~ 0). well explained by the E-S VRH formula. Such a transport
phenomenon is expected in a disordered system, where
, ) o strong Coulomb interaction removes some DOS rear
but insulatorlike(dp/dT<0) atlowT. As shown in Fig. 20, gpening a soft Coulomb gap. In this state the single particle

its low temperature behavior_follows the predicféa_ﬂepen— DOS becomes parabolic angh(w) is expected to have a
dence for the 3D weak localized regime, shown in E). specific © dependence ofiry(w)* w/|in | at very low

As shown in Fig. 4a), the o,(w) of the x=0.78 sample 59 . . ;
i energy>>® As mentioned earlier, we could not directly ob-
shows a very broad Drude-like peshife also measured serve this far infrared behavior due to the strong mul-

o1(w) for thex=0.66 sample and found that the results were,. . . .
similar to those for thet=0.78 samplg.However, it does not tiphonon absorption process in the SrjiGubstrate. The

Lo overall shapes ofr;(w) of x=0.3 and 0.4 are not much dif-
represent the quasiparticle peak(w) does not go to nega- ferent from that ofx=0.5, which shows the Mott VRH, at
tive anymore at low frequency. Laad al *? calculatedo; (w) - y

f i ith derate disord d obtained Itleast in the frequency region above 0.5 eV. But significant
of a system with moderate disorder and oblained resultyiterances could be observed at the lower frequency. When
similar to those of our sample with~0.7. Following this

we made simple extrapolations of;(w) to the zero fre-

calculation, it looks like the scattering becomes stron Jquency region, the way(w) fell to zero seemed to be dif-
enough to destroy the low energy coherence and to result i . - : .
erent. Especially, fok=0.3, a simple extrapolation could be

the broad incoherent responsecqiw). The abrupt increase easily made using the expected frequency dependence for the

Ef p(300 K) at>|<~_o.8, c_)l;]ser:veg_ in the inset of iigﬁly nght soft Coulomb gap system. This indicates that the soft Cou-
ave some relation with the disappearance of the cohereyy,, gap opening due to the combined effects of the disorder
quasiparticle peak. The nature of this doping region is no

bind the correlation could occur neg¢. The electronic struc-
fully understood yet.

. . . . . ture of the insulator with a soft Coulomb gap is schemati-
The electronic structure in the disordered metallic region iy shown in Fig. 2d)

is schematically shown in Fig.(B). Just like Fig. a), there
will be the Ruty, band neaEg. (Strictly speaking, this band
should have characteristics of the Byrand the O p bands
due to the hybridization of these two bands. However, the Ru According to the CPA calculations on a bialloy system of
t,q character should be stronger for the band rigay Note A By with alloy bands separated, the bandwidth of the sub-

Soft Coulomb gap

Hard gap

5. Disordered correlation insulator region (> 0.2)
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stituent elementB should be renormalized by a factor  Abbateet al. performed photoemission spectroscopy and
Vx.25354jith the smaller number of electrons coming from x-ray absorption studies on polycrystalline SrfRuO;

the R4 ions, it is expected that the bandwidth of the Rusample<® They claimed that the DOS of the mixed com-
bands neaEg should be smaller, opening an energy gap. Aspound SrTj_,RuO; should be the same as the linear sum of
shown in Fig. 4a) and its insetp,(w) for thex=0.2 sample  the DOS of each end member. Namely, they showed that,
has an optical gap of about 0.4 eV. In addition, they alsceven in the mixed state, the DOS did not show any sudden
show a significant spectral weight in the frequency regiorchanges in the energy position and the bandwidth, but that it
much below the SrTiQoptical gap. We classify this state as only decreased linearly. And they claimed that their studies
a disordered correlation insulator, since the most probablgg g support the percolation picture of MIT. However those
origin for the gap is the electron correlation effect. The elecyqogits are quite different from our optical observations.
tronic structqre (_)f the insule}tor with a hard gap is schematiFirst, the linearly summed DOS is not compatible with the
cally shown in Fig. %). In this state, there exist some bandsfinite gap structure ir,(w). Note that, compared to the pho-

originating from the Ru,, states between the Qpzand the o . .

) . gemission spectroscopy and x-ray absorption studies, our
Ti t,q bands, and energy gap exists between the Ru banés . : .
near Er. Although we could not measurp(T) for the optical spectroscopy has a muc_h higher energy resplu_tlon.
samples in this region, their transport behavior is expected tX"e believe that the low r.esollutlon of their photoemission
be of the thermal excitation type and x-ray absorption studies, i.e., about 0.3 and 0.5 eV, re-

' spectively, made it difficult to observe the spectral weight

6. Band insulator region (G<x=<0.1) changes neaEg, which were clearly observed io;(w) of
. . . s Fig. 4(a). Also to test the percolation picture, we applied the
We think that SrfgRupO; is an intriguing system 1o -y a ‘simulations in Sec. IV B 1. But this picture based on

look into. As shown in the inset of Fig.(#, oy(w) for the the macroscopic inhomogeneity could not explain our data
x=0.1 sample has an optical gap of about 1.7 eV. Note that b g y b '

S : As we showed in this paper, both the disorder and the corre-
in Fig. 3, 7(w) of the highx value samples have a strong lation effects should be included properly to explain the elec-

eak around 3.3 eV, originating from the transition betwee . . . .
Itohe O  and Ruty, statges. Th% edge of this peak can berlronlc structure changes of SETjRu O3, schematically dis-

estimated to be a little smaller than 2.0 eV, which agree®!@yed in Fig. 9.

approximately with the optical gap of SpigRUy105. This

suggests thatr;(w) for the x~0.1 sample should also be

dominated by the-d transition between the Opzand Ruty G. Comparison with other transition metal oxides

states. It is possible that the number of*Rions is small, so with strong disorder and correlation

the correlation might not be so important in this sample.

Therefore, we classify this sample as a band insulator, whose

electronic structure is schematically shown in Figf) 9in Recent papers on CaTjV,0; and SrTi_V,0; sug-

this figure, the QOtted line represents the new state developgfhsied that their MITs should be simply of the Anderson

by the Ru doping, and the observed optical gap of 1.7 €achanism due to the development of mobility edges near

zzgglitgfe;he transition from the (p2o the newly devel- g ' |,cateq in the quasiparticle band. In this scenario, the

y . . . electron correlation plays its role in causing such a quasipar-

Also SrTiC,, one of the mother materials, is a band INSU-icle band to be separated from the localized Hubbard sub-

lator with a wide band gap of 3.7 eV. Since there is o bands. Because they did not observe any evidence for corre-
electron, the correlation effect should be negligible. A sches ' y y

matic diagram shown in Fig.(9 without the dotted compo- lation contributions, their conclusions seemed to be quite
nent represents its electronic structure. reasonable. However, our S§TjRuO5 system showed the

E-S VRH transport behavior and the evolutioncdfv) with
a gap, which cannot be understood in the scenario only in
terms of disorder. Nevertheless, we believe that the elec-
Shimizuet al. performed the first principle calculation for tronijc structures of those systems should not be different in
the electronic structure of the SFTiRWO; systent” They  the overall view. That is, their transport studies could be
predicted that at small Ru concentration, the deep-levelegtricted in a rather narrow doping region where the corre-
states, which consist of the Ry, states, appeared below the |44 strengthU/W is smaller than the critical value. And
middle of the band gap of SrTiDIn this case the wave with a smaller vanadium concentration, we expect that the

functions .Of the Ruy, states are localized at the Ru SIteS. ¢ orrelation effect might reveal its characteristics in those sys-
And asx increased to be larger than 0.5, the By states tems 00

became delocalized forming an impurity band, which made

the system metallic. These results agree with the CPA pre- Sarmaet al. reported their photoemission and tunneling
dictions for a bialloy system in that the Ry, band width ~ data on L&Ni,Mn)O; and LdNi, Fe)O,.*® Although their
decreases as decreases. However, in this calculation, theywide energy scale behaviors, observed by the photoemission,
did not take account of the correlation effect. Therefore, thevere consistent with the predictions of the dynamic mean
features of the transport properties an@) due to the cor- field calculation, their tunneling data in the low energy re-
relation, as discussed in Sec. IV D, cannot be explained. gion nearEr did not follow the Mott-Hubbard model. They

F. Comparison with earlier works on SrTi;_Ru,O3
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observed a cusp structure in the DOS of a disordered metallic V. CONCLUSION

l_:,takt)eb, w:jsteaﬂ cl)f ;hz rt(ra]sogance geatk .(taxgelclztedéér}ztge Mott- We presented the transport and optical conductivity data
ubbard modet. An € dc conductivity Toflow € of SrTi;RUO; thin films over the whole composition

pendence at low temperature. These are consistent with OYL, g e showed that our optical conductivity spectra could
results for a disordered metallic state of the 0.7 sample,  nhe explained either by the disorder only nor by the elec-
which is lack of the correlated quasiparticle pealEat This  on correlation only. The physical properties in the wide
work illuminated the low energy features in a highly corre- composition region could be understood within a combined
lated disordered system and could be complementary to oicture of the disorder and the electron correlation effects.
optical conductivity studies. However, this study was limitedBased on the observed transport and optical conductivity
to the substitution region around the MIT. And the fact thatdata, we classified SrTiRuO; into six composition re-
both transition ions supply both, ande, electrons makes it gions and discussed the detailed physical properties and pro-
difficult to understand this system. For example, an insulatposed proper electronic structure in each region. This work
ing LaNipgMngy 05 sample showed very complicated fea- demonstrates that SrTiRu,O5 could be a prototype system,
tures. The tunneling data showed a hard gap of 20 meV awvhere the combined effects of the disorder and the correla-
4.2 K, but it was wiped out already at 10 K. But the photo-tion play important roles.

emission data at 100 K could not be fitted with the DOS
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