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Evidence for the coupling betweeny-band carriers and the incommensurate spin fluctuations
in Sr,RuO,
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The normal-state transport properties are investigated &, both in and out of the RuOplane. It is
shown that a quantitatively consistent explanatiop gf andp. can be obtained by assuming that, in addition
to the normal scattering of electrons by impurities and the electron-electron scattering, there is a strong
coupling between the carriers ofy band and the incommensurate spin fluctuations peaked at
Q;=(*0.6,+0.6)=/a. In order to test this model, we suggest a pressure-dependent resistivity measurement to
be performed.
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It is known that the only perovskite superconductor with-yhile piSF(T) is the resistivity arising due to the coupling
out Cu element SRuQ, shows novel behaviors for the petween the carriers of Ry@lanes and the incommensurate
normal-state in-planept,) and out-of-plane /) resistivi-  spin fluctuationg(instead of the ferromagnetic spin fluctua-
ties. p,, exhibits a Fermi-liquid behavior up tbg =25 K tions). As usual, the formula used to calculatg{T) is de-
and above this temperature shows a monotonous rise withrived from the force-force correlation in memory-function
curvature weaker thai?; while p. is metallic atT<T,,  approximation’~*2
=130 K, and becomes nonmetallic &t>T,,.>? Several
mechanisms have been suggested for the novel behaviors.
For p,,, much emphasis has been placed on the ferromag-
netic spin fluctuations, which has been used to interpsgt
data in support of the possible microscopic origin of the — fleq+r) INe(eg+k— e[ NB(Eq+k— &) T 11,
quantum phase transiticnor the p-wave superconductivity (1)

in Sr,RuUO,.* While for p., emphasis has been placed on the

thermally assisted hopping, in support of the picture tha{/vhere‘] is the interaction constant that the carriers scattered

two-dimensional ferromagnetic spin fluctuations are en?Y the spin fluctuations] is the temperaturef(w) is the

hanced by pressufe. Fermi function, andng(w) is the Bose functiondey/dqy

Here we explore an alternative mechanism, in which thelivided by7 corresponds to the band velocity aloxgirec-

pa» anomaly originates from the scattering by incommensuion and x'(q,e) is the spin-fluctuation spectral function,

rate spin fluctuationéSF's), meanwhile, the interlayer hop- Which will be introduced phenomenologically in the follow-
ping assisted by the same ISF leads to theanomaly. N9 For two dimensional2D) system, the sum ovey (or k)

It should be noted that recent inelastic neutron scattern Ed- (1) is replaced by the integral an (or k) being taken
ing (INS) studies of the spin dynamics in u0, have ©OVer the first Brillouin zone. _ _
unambiguously revealed the presence of strong ISF peaked, Here, we '!"”Oduce the spln—fllu.ctuatlon spectral function
at Q;=(+0.6+0.6)7/a in RuO, planes”’ Although previ- X (q,w) used in Eq(1). For.S|mpI|C|ty, we follow Refs. 6,7
ous theoretical works® focused on the mechanism of the [© tke the phenomenological form

carrier scattering byerromagneticspin fluctuations, up to

now, however, INS measurement does not see any sizeable p _ X'(Q0 wl’ @
ferromagnetic spin fluctuations for Ry®’ Furthermore, as X'(qw)= 1+£2(q—Q))2 w2+ T2’

suggested in a recent wotleven if there is a ferromagnetic

spin fluctuation, it should be weaker than the incommensuwhereé is the magnetic correlation length,is the damping
rate spin fluctuation. Therefore, we expect naturally tha€nergy, andy’'(Q;,0) is the static spin susceptibility at wave
there is a strong coupling between the carriers gRBO,  vector Q;. Here Q;=(*0.6,-0.6)w/a, corresponding to
and the incommensurate spin fluctuations. We shall showhose incommensurate peaks observed by INS. In the calcu-
that it is due to this coupling that leads to the anomaloudation, the parameterg I', and x'(Q;,0) are determined by
resistivity behavior of SIRuQ, both in plane and out of fitting to the INS experimentssee Fig. 4 of Ref. 6, for ex-

J2 de +k &Sk 2
PSF(T)“?%( 7 —(97) X"(@eqsc— e[ (20
. X X

plane. ample, without any adjustment. Thus the only free param-
We first investigate the resistivity anomaly in tted  eter in Eq.(1) is the interaction constart _
plane. There are thrde, B, y) bands in SRuQ,. Assuming For the energy dispersions, we adopt the following forms

interband transition is weak, henpg,(T)=p}(T)+ps«T)  for @, B, andy bands:
for a given bandi. Here p,(T)=a+bT? represents the _
Fermi liquid behavior together with the impurity scatterfhg, 2ap(K) =2 F (g )2 +t5, e (k)=8), ()
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FIG. 1. The in-plane resistivitpsT) due to the scattering by FIG. 2. In-plane resistivityp,, vs temperaturd: open circles
incommensurate spin fluctuations vs temperatbri®r the «, B, are the experimental dat&om Ref. 2, while solid lines are the
and y bands, respectively. Inset shows the low-temperature behawheoretical results. The inset displays the contributiong Hfand
iors more clearly. pn=bT? with b=9.04x 10~* xQ cm/K? separately, together with

the experimental results.

whereg = (ef*+&}?)/2 and

Consequently, we model,, using a weighted sum of,
(4) =a+bT? and p&e. Herep, includes the contribution from
«a, B, andy bands altogethdwery likely to be dominated by

st — 2t,cosk,a— 2t cosk,a+ 4t’ cosk,acosk,a— u,

with the y band with the largest Fermi surfacgue to scattering
b of the electrons by impurities and by other electrons, while
ty,ty,t",n)=1(0.44,0.44,-0.14,0.50, . L .
(tx W= 9 pdr includes only the contribution of band. The fit to the
(0.31,0.045,0.01,0.24 experimental data, taken from Ref. 2, is shown in Fig. 2.
Almost perfect agreement between experiments and theoret-
(0.045,0.31-0.01,0.24 eV ical calculations thus gives us confidence that the ISF is most

effectively coupled to the carriers of band. In the inset of
for i=xy,xzyz orbital, respectively. The same parametersrig. 2, we display the best fits of,(T)=bT? with b
being fitted to de Haas—van AlphédHvA) experiments are  —9 04x 1074 4 cm/K? and pY{T) separately, together
also used in Ref. 13. Herg =0.1 eV is the hybridization \yith experimental results. It is evident that the contribution
between thexz andyz orbitals which results in hybridized  gue to impurity scattering is negligibly small in the plane
and B bands. For each orbital, (t,) andt’ are the nearest (a=0). We also note that there is a cross point be-
and next-nearest neighbor hopping amplitudes ang the
chemical potential. In order to examine possible effects that

the carriers of they, 8 and y bands interact with the incom- 30 ' ' T ' '
mensurate spin fluctuations, we calculgtg(T) for each o5 ©  Experimental result
bands separately and present the results in Fig. 1. It should Theoretical result
be emphasized that for easy comparison, here we apply the 20}
samemagnitude ofJ for all three bands. —_ e

From a global perspective, the effect of ISF piand is % 15}
stronger than those aef and 8 bands(assuming the sam®. CE=
In the low-temperature regime, the behaviors of temperature- —, 10} o ff(gj[j;“zj"‘a' result
dependent resistivities of and « bands are quite different e % —al
from that of 8 band. The resistivities of anda bands follow 5r D e — T
qguadratic temperature dependence, but that of héand Temperature (K)

displayslinear temperature dependence, whizimnotfit the 0 ' : : .
experimental result off? law? (see Fig. 2 In addition, 0 50 100 150 200 250 300
comparing the results af and y bands, in order to produce Temperature (K)

the same magnitude @is(T), the interaction constardt of

the @ band needs to be about 2—3 times stronger than that of £, 3. Out-of-plane resistivityp, vs temperatureT: open

y band. This seems contradictory with the experimental factircles are the experimental datmom Ref. 2, while solid lines
that the mass enhancement®band is 2—3 times smaller are the theoretical results. The inset displays the contributions
than that of they band** This gives strong indication that of ¢5F and o!=1/(a+bT?) with a=1.43 m) cm and b=4.08

ISF acts most effectively on the carriers of théand and its  x 103 mQ cm/K? separately, together with the experimental re-
effect ona and B8 bands can be safely ignored in,RuG;. sults (@.=1/p,).
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tween the curves gfn(T) andp2(T) at Teeee=160 K, near  resistivity atT=0 (and thusa=0), the number of fitting
which out-of-plane resistivity, emerges a broad pedkee Parameter is 2l{ andJ). Relative value ob andJ repre-
Fig. 3. sents the relative contribution attributed to Fermi liquid and
We next examine the-axis resistivity anomaly. From the SF- Forpc, on the other hand, the number of fitting vari-
outcome ofab-plane resistivity studies, that is, there is a@bles is 3 &, b, andJ, ). The parametera andb represent
strong coupling between the carriers pband and the in- the relative contribution due to impurity and electron-
commensurate spin fluctuations, it is naturally expected tha@/ectron scattering, whilg, represents the contribution of
the similar coupling between the carriers pband and the the hopping assisted by ISF. Secondly, our main focus is to
incommensurate spin fluctuations also dominatesctagis ~ Study the effect of temperature on the resistivities, so we
electronic conductivity in SRuOQ,. Following Ref. 2, we have omitted the constants,(kg, etc) in Egs.(1) and(5),
adopt the model with twécoherent and incohererparallel ~ 1€aving the fitting parametedsandJ, to arbitrary units. To
conduction channels for the-axis electronic conductivity determine the physical values dandJ, , one at least needs
o.. Accordingly, JCEJQ+U§F, where ¢=1/(a+ bT?) to know the carrier concentration of band (through the

corresponds to band-like contribution, whit§F corresponds ~ Study of a different observable quantityvhich is not avail-

to electronic conductivity due to the hopping assisted by in_able at this stage. Finally, it is reminded that we consider

commensurate spin fluctuations, which contains the contribuc-)nIy }hg intr_alayerlspindcor(rjelﬁtioﬁ.e., tf:je iL\terIayer Sp".‘
tion of y band only. Simple band-transport analysis in con-C0I"e at_|on is neglecte and have ‘use the same spin-
junction with individual Fermi surface parametdsee Ref. quctuatlpn spectral functiofEq. (2)] for both pap and pe

14, for examplg reveal that the correlation length along calculations. . . .
c-axis are roughly 3, 36, and 30 A far, 8, and y bands, To test our scenario, we suggest using the pressure experi-

respectively. Becausk—‘g’<d=6.3 A (d is the interlayer dis- ment. Recent resistivity measurements under pressure done

: 5 ; 16 _
tance, the coherent-axis transport ofv band is suppressed by Yoshidaet al.” and Shirakawaet al. ” for SpRUO, re

" . : ported that at high temperatures,,, decreases, whilg,.
af‘d.as a resulig |sSana|nIy contributed by'y and § bands. increases, as pressure increases. In addition, Yostidi
Similar to Ref. 15,07" can be calculated via

also reported that the temperaturg , wherep. develops a
peak, increases as pressure increases. This sets a strong con-
straint on the theoretical model. How the pressure affects the
values ofpge, 5", the spectral functiory”, and many oth-
ers remains to be investigated. In the following, we instead

X[f(ef)+ng(eP—e@1, (5)  make some heuristic calculations. Fgy,, we decrease both

. the weights ofT? term andpg(T) by 30% and then add a

whereJ, is the effective interaction constam‘;) is the band  ¢onstant =4 pnQcm) to it. The suppression gfs(T)
energy dispersion for layér and x”(k,®) is the spin fluc-  corresponds to the decrease of spin fluctuation spectral
tuation spectral function given in E¢2) (where we shall  weight atQ, under pressure, which we believe to be of the

consider only thentralayer spin correlation For this type  most importance. While the decreaseTdfterm occurs be-
of calculation, only two neighboring layers are involved. The

fit to the experimental data, taken from Ref. 2, is shown in
Fig. 3. The best fit is obtained fax=1.43 m{) cm andb 140t )

J

_||F|\)

oSH(T)= qux"(k,sg”—s&%)f(sﬁ?q)[l—f(sﬁi’qn

=4.08<10 > mQ cm/K?. Fairly good agreement between 1200 (a)

the experimental result and the theoretical prediction indi- = 100¢ -

cates that the ISF does indeed influenceddzis electronic 8 8ot -7 ]

conductivity and leads to anomalous behaviopgf = 60r ~ -7 ]
In the literature, there are other approaches which theo: ot aop T with pressure

retically investigate the normal-state in-platg, and out-of- 20 L - ]

planep, resistivities of SsRuQ,.%® Two major mechanisms 250 ' ' ' ' ' '

are usually assumed. One common mechanism for pgth I
and p. is the bandlike contribution which originates mainly 20
from the scattering of the electrons by impurities and by §
other electrons, for which there has been a consensus on ilé}’ I
importance. As for the second dominant mechanism, theE 10
views differ forp,, andp.. As an example, Ref. 5 considers @ ° [
pap to be attributed to ferromagnetic spin fluctuations, while
for p, they suggest that it might be due to the thermally o5
assisted hopping. In our case, we suggest that the novel be
havior of p,;, is due to the coupling between the carriersyof
band and the ISF, which ialso responsible for the novel FIG. 4. Numerical results(a) p,,(T) with different weights of
behavior ofp . pse(T) andp,(T); (b) pc(T) with different weights ofeZ(T) and

It is worthwhile to remark our fitting process fpr, and  2(T). In both frames, dash lines are the corresponding curves with
pe. Forp,,, because of the experimental fact of no residualapplied pressure. See text for more detailed description.
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cause pressure suppresses the electron-electron interactipressure increases . The cross point in Fig) for p,y, re-

(see experiment of Ref. 17, for exampl®ue to pressure, mains to be seen. Apparently, our model gives a very favor-
there emerges a constant term associated with impuritgble account when comparing with experiments. It is thus
scattering’’ For p., in contrast, we increase the weight of highly demanded that the INS experiment under different
o¢ by 45%(which mimics the increase of electronic conduc- pressures be performed to check whether pressure suppresses
tivity of the bandlike term and decrease the weight of™  the strength of the incommensurate spin-fluctuation spectral
by 15% (which mimics the decrease of the electronic con-function atQ; for SrL,RuQ,. Of course, we also hope that

ductivity associated with the hopping assisted by)ISF more data on electrical resistivity will be done in order to
Numerical results fop,, and p. versusT with the new  compare with our model.
weighting (dashed lingsare shown in Figs. @ and 4b), In summary, in this report we have studied the normal-

where original curvesalready given in Figs. 2 and)&re  state transport properties of Bu0, for both in-plane and
mcluded for companso(so_lld'll'nes). As seen in Flg. ), at out-of-plane resistivity ., and p.). We have shown that,
high temperatures the resistivity under pressutever than assuming there is a strong coupling between the carriegs of
the no pressure one. In other words, if pressure can alter the, ;4 ang the incommensurate spin fluctuatiGnsaddition
weights of T~ and ps(T) in pap as we assumethay then 4 the normal scattering of electrons by impurities and by
decrease_s as the pressure increases. In add!tlon, we predlc(l_')ﬁ\er electrons the temperature variations pf, and p,, of
cross point beFWee” the curves W'th and v_vlthqut pressureSrzRuo4 are governed by the incommensurate spin fluctua-
which is resulting from the impurity scattering induced by 5, *\yhose effect is observed to cover a wide temperature
the. pressurr—i. Wh|lesén Fig(B), we see the pressure alter the range. Based on these results, we argue that there is a strong
weights ofo¢ andoc™, and as a result, the peak temperaturec, pjing between the carriers gfband and the incommen-
Tw increases as the pressure increases. Moreover, at oY rate spin fluctuations in SRuQ,. It is due to this coupling

temperaturesp. decreases as the pressure increases; at.hig[hat leads to the anomalous behaviors ggf, and p. in
temperatures, in contrasp, increases as the pressure in- SKLRUO,.

creases.

If we accept the results of the above model calculation This work was supported by the NSC of Taiwan under
associated with pressure, we can understand not only ho@rant Nos. 91-2112-M-003-019 and 91-2112-M-003-020,
pressure makep,, decrease at high temperatures, gnd and by the National Natural Science Foundation of P.R.
increase at high temperatures and decrease at low tempei@hina under Grant No. 19974001 and the Education Com-
tures, but also the peak temperatdrg in p. increases as mission of Anhui.
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