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Electron-electron scattering times in low-diffusivity thick RuO, and IrO , films
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We have systematically measured the electron dephasing scattering times from a three-dimensional weak-
localization study of low-diffusivity thick Ru@and IrQ, films. We find that the inelastic electron scattering
rate 1k, varies essentially linearly with the temperature and there is essentially no dependengeaf tie
electron elastic mean free path. This observation is understood in terms of the current theoretical concept for
electron-electron scattering in strongly disordered bulk condudi®fs63-18209)02601-9

I. INTRODUCTION sulting from the partially filled Ru ¢ and Ir &d states.
The electron dephasing scattering timg, in disordered

Over the last 15 years, it has been realized that weaksonductors can be reliably determined from weak-
localization effects result in noticeable magnetoresistivitiegocalization studies, and it reatfs
in weakly disordereadtonductors at low temperatures and in
low magnetic fields. Analysis of those “anomalous” magne- 1 E+ 1 L
toresistivities has proved to provide fairly quantitative infor- 74(T) s (T @
mation of the various dephasing scattering mechanisms of
the electron wave functions, including inelastic, spin-orbit,In Eq. (1) s is a temperature-independent residual scattering
and magnetic spin-spin scattering processksparticular, time (caused by magnetic spin-spin scattering or quantum
the inelastic electron dephasing scattering times have beg@ro-point fluctuations), and 1#,=ATP is due to inelastic
intensively investigated and become very well understood irglectron scattering. For the case of diffusive electrons in the
one and two dimensiong.e., small-diameter wires and thin Wweakly disordered regime, it is established that the tempera-
films, respectively. It is now widely accepted that the domi- ture exponenp=2, 3, or 4 for electron-phonon scatterihg,
nating inelastic dephasing process in reduced dimensions &dp=d/2 for small energy-transfer electron-electron scat-
the (“quasielastic”) electron-electron scattering at small en- tering (whered=2 or 3 is the sample dimensionalif In
ergy transfers.In three-dimensional weakly disordered con- addition to the knowledge of the temperature dependence of
ductors, on the other hand, both theoretical and experimentai,, information about the disordepr, the electron elastic
studies have found that electron-phonon scattering is thenean free path) dependence of the inelastic scattering
sole, important inelastic mechanism while the small energystrengthA is of prime importance for a critical discrimina-
transfer electron-electron scattering is usually negligiblytion among the various theoretical models for the inelastic
weak?® Thus, it can be considered that the inelastic dephasinglectron processes in impure conductors. In this work, we
scattering process in every dimension in the weakly disorwill show that the temperature and disorder behavior,pin
dered regime is now well identifigtin this work, we shall  low-diffusivity thick RuO, and IrQ; films is distinctly differ-
concentrate on the three-dimensional case. The usual matent from that expected in the weakly disordered bulk con-
rials used for studies in this case are thick granular fims, ductors.
thick guench-condensed metal filths, doped
semic%nduct_oré,and_ metallic glassésbut not bulk metallic Il EXPERIMENTAL METHOD
oxides” Obviously, it would be of great interest to obtain
information on the inelastic electron dephasing scattering Seven Ru@and IrQ, films with thickness of about 3000
times in metallic oxides and compare them with those in thel were deposited by reactive RF magnetron sputtering. The
just mentioned more conventional conductors. To our knowl{arget wa a 1 inch diameter Ru or Ir metal with a purity of
edge, there has been no report on the weak-localization €89.99%. The films were deposited onto fused silica sub-
fects and the inelastic electron dephasing scattering times istrates. The substrate temperature during deposition, which
the RuQ and IrQ, dioxide compounds which crystallize in was monitored using a thermocouple attached to the sub-
the rutile structure. As a matter of fact, the electronic struc-strate holder, was kept in the range of 100—400 °C. Before
ture and the Boltzmann transport properties of these twéhe deposition, the sputtering chamber was evacuated to a
rutiles have been extensively studied in the literatdrd, pressure of~1x10 ° torr. The Q and Ar gases were in-
partly because of their exhibiting metallic conductivity re- troduced into the sputtering chamber using independently
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TABLE |. Values of relevant parameters for disordered thick Ra@d IrO, films. t designates film
thickness.A is the inelastic electron scattering strength ants the temperature exponent of the inelastic
electron scattering time, i.e.,44=ATP. Owing to uncertainties in the geometrical dimensions, the absolute
values ofp are accurate to about 10% or higher. The valueB @ire estimated to be accurate to about 30%.
pisin uQ cm, andA in 1/KP s,

Film t (A) p (300 K) p (10 K) D (cn/s) A P 275 (7Y
Ru206 3000 482 413 0.29 0.30 1.30.13 5.5¢< 101
Ru300 3000 389 311 0.39 0.35 120.22 7.1
Ru350 3300 397 301 0.40 0.51 140.07 3.9
Ru400 3000 268 161 0.75 0.71 0:90.10 2.4
Ir100 3000 407 387 0.33 0.37 1.39.06 2.8<10%
Ir300 3000 286 247 0.52 0.75 1.6@.07 6.8
Ir350 3300 333 269 0.48 061  0.89.14 8.0

&The number following the symbdRu or Ir) indicates the substrate temperature used for sputtering depo-
sition of the particular film.

controlled fine needle valves. The,@as maintained at a €lectron-phonon enhancement factor. The electron diffusion
pressure of X103 torr, and the total working gas pressure constantD is then obtained through the Einstein relation
(Ar+0,) was kept at a constant level of about 7.5=1/pe°N(0), wherep is the measured impurity resistivity
X 102 torr. The distance between substrate and target wag(10 K). Our best values oD thus obtained are listed in
fixed at 3 cm. The sputtering rate was about 200 A/min for alable I. We note that these values Dfare relatively low
sputtering power of 100 W. Characterization of the crystal-being only on the order of-10"> m?¥s. With the values of
linity of the films was performed using x-ray diffraction. The D andp(10 K) being available, there then remains only one
basic rutile structure of RuQand IrQ, was retained® In  adjustable parameter involved in the comparigioa, least-
general, the diffraction peaks shifted to smaller angles an&quares fitting of experiment with theory: the temperature-
the linewidths of the peaks increasingly broadened as thdependenB,. (As mentioned, the spin-orbit scattering field
substrate temperature decreased. The shift to lower angl&s, can essentially be set to infinity in the least-squares fits
and the increase of the broadening of the diffraction peak#r both RuQ and IrG; films.)
were attributed to microcrystallinity and local disorder. The
relevant parameters for our films are listed in Table I. Notice
that our films were fairly thick, with thicknesses of about
3000 A. These films should therefore possess three- rather Figure 1 shows the measured, normalized magnetoresis-
than two-dimensional physical behavi@ee below and Ref. tivities Ap(B)/p%(0)=[p(B)—p(0)]/p?(0) and the three-
14). Also, the residual resistivities(10 K) (=160uQ cm  dimensional weak-localization predictions for a representa-
or much higher of these films were much higher than thosetive film, Ru350, at three measuring temperaturegfiam
(of order 1.0 cm or smallel’) of single-crystal RuQand  top to bottom 3.0, 10.0, and 17.0 K. The symbols are the
IrO,, suggesting that our films were very disordered. experimental data and the solid curves are the theoretical
The magnetoresistivities of our films were measured by desults. It is clearly seen that the theoretical predictions agree
standard four-probe technique between 2 and 20 K and in
magnetic fields below 1 T. The magnetoresistivities at vari- 30 ' - - '
ous measuring temperatures for each film were compared
with three-dimensional weak-localization thebip extract 25
the electron dephasing time,. The details of the least-
squares fitting procedure had been discussed previbusly.
Here we merely stress that, for every film studied in this
work, the three-dimensional weak-localization predictions in
the limit of strong spin-orbit scattering, as appropriate for
RuG, and IrG,, can well describe our experimental results.
Thus, 7, could be reliably extracted. Sineg, is given in the
weak-localization theory through the ‘“characteristic” field
defined byB,=#/4eDr, (where£ ande have the usual
meaning, and is a diffusion constant one needs the value
of D to computer(T) from the fittedB 4(T). To do this, we

IIl. RESULTS AND DISCUSSION

ap/p® (@7 m™)

0.0 0.4 8 1.2

0
B(T)

use the experimentally measured electronic specific heat g 1. Normalized magnetoresistivityp(B)/p?(0) as a func-

yT=305T and 287 J/nTK for RuO, and IrQ, (Ref. 17,  tion of the magnetic field for the Ru350 film @tom top to botton
respectively, to calculate the electronic density of states aj.00, 10.0, and 17.0 K. The symbols are the experimental results,
the Fermi levelN(0), using the free-electron mode}  and the solid curves are the three-dimensional weak-localization
=72k3(1+\)N(0)/3, wherex (~0.5, Ref. 11 is the predictions.
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FIG. 3. Fitted inelastic electron scattering rate at 10 k;,1/10
K), as a function of diffusion consta for thick RuG, (circles
and IrQ, films (squares Notice that 1f,, (10 K) depends very
weakly onD.

already sufficient to fully account for the experimental re-
sults. That is, there is no need to invoke two or more inelas-
tic electron processe@nd thus more adjusting paramejers
to fully describe the experimental4/. Our best fitted val-
ues of the inelastic scattering strengih the temperature
0 ! . ! | exponentp, and the residual scattering rater2for all films
o 15 20 25 are listed in Table I. Inspection of Table I reveals an average
T(K) experimental value op~1.13 for the seven films studied,
strongly suggesting that the inelastic electron scattering rate
1/7,, varies essentially linearlywith the temperaturel in
these two dioxides. This value pfis significantly lowcom-
pared with that f=2-4) established for the electron-
phonon scattering in three-dimensional weakly disordered
very well with the experimental data in low magnetic fields. conductors. Therefore, electron-phonon scattering can be
The discrepancies in higher magnetic fields especially at lovgafely ruled out as the responsible inelastic dephasing pro-
measuring temperatures are expected and are only drawn feess in these two dioxides.
reference. (It is known that, in higher magnetic fields, Figure 3 shows the variation of the “fitted” inelastic elec-
electron-electron interaction effects would also contribute tdron scattering rate 1f, at (a representative temperatyd
the magnetoresistivities which need be included in order td with diffusion constanD for four RuG; (circles and three
fully account for the experimental data. IrO, films (squarep studied in this work. This figure indi-
Our main results of this work, i.e., the extracted values ofcates that the values of4/(10 K) for these two dioxides are
the electron dephasing scattering timg(T), are summa- fairly similar. More importantly, it is apparent that the values
rized in Figs. 2 and Table I. Figurédd@ shows the variations of 1/7,(10 K) are very similar for all samples, regardless of
of 1/, with temperature for two representative Rudms:  the difference(by a factor~2.6) in the values of the diffu-
Ru200(open circles and Ru350(closed circleg while Fig.  sion constanD for the various films. This result is strongly
2(b) shows the variations of %/, with temperature for two suggestive of @isorder insensitivénelastic electron dephas-
representative Ir@ films: 1r100 (open circley and Ir350 ing process operating in impure thick Ru@nd IrQ, films.
(closed circles The solid lines drawn through the data This very weak dependence dh (or, mean free path)
points in Figs. 2a) and Zb) are least-squares fits to Ed.) again strongly suggests that the responsible inelastic dephas-
with the inelastic electron scattering strengththe tempera- ing process in our thick Rugand IrG; films is not caused by
ture exponenp, and the residual scattering rater2As ad-  electron-phonon scattering. If electron-phonon scattering
justing parameters. Inspection of FigsaRand 2Zb) clearly  were the dominating inelastic process, a noticeable depen-
indicates that Eq(1) can well describe our experimental data dence of 1#,, on| would have most likely been observ&.
of 1/7, over the wide temperature range of 2-20 K. Experi- In the case of three dimensions, observations of a linear
mentally, as many as 16—18 magnetoresistivity curves, codependence of 1}, on the temperature have been reported in
responding to 16—18 experimental data points fag,1/have  thick granular aluminum film&? thick scandium filmg°
been measured for every film. Therefore, any appreciabldoped semiconductof$, and heavily doped conjugated
experimental uncertainties in the extraction of the values opolymerg€? on the metallic side of the metal-insulation tran-
the adjusting parameters from comparison of the experimersition. Recently, these observations have been attributed to
tal data with Eg.(1) can be largely minimized. Notice that the electron-electron scattering in impure conductors near a
only oneinelastic process is included in our analysis and ismobility edge. Belitz and Wysokinski have calculated the

1/7, (10" s7)

FIG. 2. Electron dephasing scattering rate las a function of
temperature for thicka) Ru200 (open circleg and Ru350(closed
circles films, and(b) 1r100 (open circlesand Ir350(closed circlel
films. The solid lines are the least-squares fits to &y.
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inelastic quasiparticle lifetime due to a Coulomb interactionbe less stringent than originally evaluated. Another point
in disordered bulk metals, their calculation being perturbawhich should be briefly addressed is that an inspection of the
tive with respect to the screened Coulomb interaction, but fowalues of the temperature expongntfor 1/7, in Table |
an arbitrary disorder. They found that the inelastic electronfeveals thaip moves closer to 1 as the disorder is reduced
electron scattering is very sensitive to the critical, as oppose(tather than as it increased\t first glance, this observation
to diffusive, current dynamics in systems near the Andersoiseems to argue against the Belitz-Wysokinski picture. Again,
transition. In particular, they observed a linear temperaturdiowever, it is conceived that this discrepancy might be re-
dependence of the inelastic scattering rate. They also prenoved and a more quantitative agreement between the
dicted that the inelastic scattering rate should be disordetheory and measurement would be achieved if our films
independent. Their predictions are in line with our experi-could be made more resistive. In short, we think it is suitable
mental results for thick Rugand IrG; films which have very  to say that the Belitz-Wysokinski theory is timost (and
low values of diffusion constard. Quantitatively, our ex- only) plausibleexistingtheory that contains the most funda-
perimental value of X, is reasonably close to that found in, mental attributes we see in our data for;J{independence
e.g., thick scandium films just mentioned, and is comparablérom disorder and a lineafF dependencde Alternatively, to
with the theoretical value of Belitz and Wysokinski. It is be alert, one should not completely ignore the possibility that
worth pointing out that, although a linear dependence gf 1/ there might be as yet unidentified dephasing mechanisms
on temperature for the predicted electron-electron scatterinthat are also important in RyCand IrQ, dioxides (and in
time has previously been reported, the independencerpf 1/ other low-diffusivity materials
on disorder has never been tested in almost all of the above- Using the values oA and p and the values oD given
mentioned material systeni@xcept in the case of thick scan- in Table I, we estimate the inelastic electron dephasing scat-
dium films®). The present experimental results thus providetering lengthL;,= (D 7;,) 2 [>Lg=(D7y) Y21 for our films
valuable systematic evidencthe temperature as well as the to range from about 350 to about 1300 A as the temperature
disorder dependencem supporting the basic predictions of decreases from 20 down to 2 K. That is, every film studied
the Belitz-Wysokinski theory. lies well in the three-dimensional regime, justifying our use
Strictly speaking, in applying the Belitz-Wysokinski of the three-dimensional weak-localization predictions to de-
theory to the case of our RyGnd IrG; films, one should  scribe the experimental magnetoresistivities. Again, we point
notice that it is not totally indisputable. According to the out that our films are not two dimensional, and thus the ob-
theory, a linearT dependence of the inelastic electron- served linearT behavior of 1, is not due to the two-
electron scattering rate should be realized only in strongl\imensional small energy-transfer electron-electron pro-
disordered metals in the vicinity of a metal-insulator transi-cesses usually operating in weakly disordered thin metal

tion. In particular the prediction of a disorder-independentiiims in which an exponenp=1 has been established
inelastic scattering time holds only in the extremely disor-theoretically and experimentally*

dered regime. As for our Ruand IrQ, films, although they
are rather disordered as mentioned, they are probably not [V. CONCLUSION
close enough to the mobility edge. Typically, a resistivity of
a few thousandu{) cm is what one would assume to be

needed in order to be in the quantum-critical state for which™™, er ; .
this theory is applicable. For example,r1/~T has been series of low-diffusivity thick Ru@and IrQ, films. We have

observed in thick granular aluminum films for which iSO observed that &4 depends very weakly on the electron
(300 K)~2000—600QuQ cm.*® On the other hand, how- elastic mean free path. Our results are qualitatively under-

ever, as long as the microscopic disorder is concerned orﬁatOOd in terms of the current theoretical concept that consid-
can ihink that our Ru@and IrQ, films are far more homo,— ers the electron-electron scattering in strongly disordered

geneous than granular aluminum films. In high—resistivitybUIk conductors.
granular films where a lineaf dependence of %, is ob-

served, most of the resistivities are actually contributed from

the grain boundaries while the metal grains might only be This work was supported in part by the Taiwan National
weakly disordered. Then, it is conjectured that the criterionScience Council through Grant No. NSC 87-2112-M-009-
for the applicability of the Belitz-Wysokinski theory might 039.

We have observed an essentially linear temperature de-
Haendence of the inelastic electron scattering rate, 1h a
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