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Low-temperature electrical transport in bilayer manganite La; ,Sr; gMn,0-
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The temperaturel and magnetic-fieldHd dependences of anisotropic in-plapg, and out-of-planep,
resistivities are investigated in single crystals of the bilayer manganiteSktaVin,O,. Below the Curie
transition temperatur€.= 125 K, p,,, andp. display almost the same temperature dependence with an up-turn
around 50 K. In the metallic regim@&0 K <T< 110 K), both p,,(T) and p.(T) follow a T*? dependence,
consistent with the two-magnon scattering. We found that the value of the proportionality coeﬁigﬁmd
the ratio of the exchange interactidg,/J., obtained by fitting the data, are in excellent agreement with the
calculatedB,, based on the two-magnon model ahg/J. deduced from neutron scattering, respectively. This
provides further support for this scattering mechanism. At even Idlyein the nonmetallic regime T
<50 K), both the in-planeo,, and out-of-planer, conductivities obey &% dependence, consistent with
weak-localization effects. Hence this demonstrates the three-dimensional metallic nature of the bilayer man-
ganite La ,Sr, gMn,0; at T<T,.
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[. INTRODUCTION x>0.4. The interplay between FM double-exchange and
AFM superexchange interactions between Mn ions in these
There is growing interest in the low-temperature electricalcompounds becomes more subtle, and is expected to be re-
transport phenomena of perovskite manganites in order tsponsible for the unusual transport properties observed in the
elucidate the microscopic origin of the colossal magnetorebilayer manganites. For exampl€B, an upturn in the resis-
sistancgCMR) effect!~® Recent studies of single crystals of tivity at low temperatures is generally observed for the
three-dimensional  (3D) ~ pseudocubic ~ compounds =0.30/°0.35/°0.38; and 0.4(Refs. 7,13 and J4samples;
R1-xAxMnO; (R is a trivalent rare-earth ion andlis a di-  and(ii) despite the anisotropic crystal structdfe,, andp,
valent alkaline-earth ionshow aT? dependence of the of the x= 0.38 compound display virtually identical tem-
resistivity’* which has been interpreted as either perature dependences at low temperatures, indicating the
electron-electrofi* or one-magnoh scattering. However, <ame conduction mechanism in bath andc directionst®
Ipw-temperature resistivity .measurements of epitaxial thin Much effort has been devoted to understanding the low-
films of Lal*XC@MnO?’. prqwde support for the prese”gg of temperature electrical transport properties of bilayer manga-
Isrrlall-polaron C‘t’”d“j;‘ng}g{‘ n thft fgrrtorg?gnT(ﬂﬁt\/l) state- nites. Okuda, Kimura, and Tokufafound that the in-plane
sr::attee rsi??(\?v:\)slsa(leg)' foungrm ?ﬁi;jgpin doer?ceecc:?rr]eg:tgi]\?i?yn conductivity o,p, of x=0.35 single crystals is almost propor-
tional to T for T< 4 K, indicating weak localization. This

at low temperatures® Therefore, the low-temperature elec- - ¢ d q | b
trical transport mechanism of manganites remains controverduaré-root temperature epf ndenceogh was aiso ob-
served in thex= 0.40 samples$? Recently, Abrikosov, based

sial, and is far from being fully understood. :
The bilayer manganite La,,Sr, . ,,Mn,O, has provento N the theory of quantum interference, showed thgf(T)
be a fruitful system for understanding the CMR, and was théindo¢(T) should be isotropic and proportional tg** (the
focus of many recent investigatioh8.This is an ideal sys- phase coherence destruction probabibig/locT for the 3D
tem for the study of the low-temperature conduction mechaeonduction in the 3D (low-temperaturg regime!® It is
nism. Its reduced dimensionality gives rise to anisotropicherefore desirable from the experimental point of view to
characteristics of charge transport and magnetic propertiedetermineo(T) of bilayer manganites and, hence, to estab-
and also enhances the CMR effect near the magnetic trandish which scattering mechanism is mainly responsible for
tion temperature, although at the cost of reducing it to abouthe low-temperature transport properties of this system. An
100 K. The magnetic structure of heavily doped bilayerimportant question is also whether there is any common con-
compounds always shows the coexistence of FM and antifeduction mechanism responsible for the low-temperature elec-
romagnetic(AFM) correlations’~*? The magnetic correla- trical transport in both the infinite-layer and bilayer manga-
tions are predominantly FM within the two-dimensional nites.
MnO, layers, while the magnetic coupling between the In this paper, we address the above issues through resis-
MnO, layers changes from FM for<0.4 to canted AFM for  tivity measurements on LaSr, gMn,0O; single crystals, per-
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formed at low temperatures and in magnetic fields applied 10°
parallel to theab plane. The anisotropic resistivitigg,(T) E La. .Sr. Mn.O. 3

. 9/2 : . - 1 f 1227187277 A
and p(T) are proportional tol”’< in the intermediate tem- 10" |

) : . H || ab planes
perature regime below, . This points toward a two-magnon ]

scattering mechanism responsible for the electrical dissipa-
tion in this T range. The validity of this scattering mecha-
nism is further supported by the dependence of the pro-
portionality coefficientﬁf,'tt,’C obtained by fitting the data and
by the fact that the value @&\ and the ratio of the exchange
interactiond,,/J. obtained by fitting the data are in excellent
agreement with the calculat®&},,, based on the two-magnon
model andJ,,/J; deduced from neutron scattering, respec-
tively. At lower temperatures, in the nonmetallic regime
(dpldT<0), both anisotropic conductivitieso,,(T) and
o<(T) exhibit aT*2 dependence, a result of electron-electron
correlations, which is consistent with the weak-localization
effect in a 3D disordered metal. The common mechanisms
responsible for both the in-plane and out-of-plane electrical
transport indicate the 3D metallic nature of the bilayer man-
ganite Lg ,Sr gMn,0; at T<T,.

Pabo (2 cm)

Il. EXPERIMENTAL DETAILS

Single crystals of La,Sr; gMn,O; were grown from sin-
tered rods of the same nominal composition by the floating-
zone method using a mirror furnace, as described in detail
elsewherée? Plate-shaped crystals were separated mechani- FIG. 1. Temperatur& dependences d@8) in-planep,;, and out-
cally from the bar. X-ray diffraction confirmed that the sur- of-plane p resistivities measured in zero magnetic field dhg
faces of the plates are parallel to the crystallograpiiic =~ @nisOtropypc/pap for Lay ;Sn Mn,0;. Inset: ac susceptibility as
plane. The crystal chosen for systematic transport measuré-function of temperature measured in a magnetic fiéid10 Oe.
ments had mirror surfaces on both faces. We determingd
and p, as functions of temperatufg(1.9<T<400 K) and value of ~90, comparable to other measuremérts We
magnetic-fieldH (0<H=14 T) by performing multiterminal note that the values of bott,, and p. are, over the whole
transport measurements using the electrical contact configumeasuredl range, appreciably smaller than those reported
ration of the flux transformer, as described previoGSf}.  previously! attesting to the high quality of our single crystal.

The magnetic fielH was applied parallel to the MnQay- The H and T dependences gb,, and p. are shown in
ers H||ab plane. Figs. 2a) and 2b), respectively, for the temperature range
from 2 to 120 K. The characteristic negative magnetoresis-

range. At the same time./p,, has a weakeH dependence

The T dependence of the magnetic susceptibijtynea- [see the inset of Fig.(B)]. An interesting feature gf,,(T)
sured in a lowH(H=10 Oe) is shown in the inset to Fig. andp.(T) is the appearance of a weak nonmetallic behavior
1(b). The sample exhibits a paramagneiRM)-FM transi-  for T< 50 K in zero field, which shifts to higher tempera-
tion at the Curie transition temperatufe= 125 K, which is  tures with increasing magnetic-field.
consistent with previous reports! At T< 50 K, the suscep- In the infinite-layer La_,SrMnO; (0.10 <x< 0.17)
tibility slightly decreases with decreasifig in good agree- samples, a similar low-temperature upturn in resistivity has
ment with recent report$:'” As typically seen in other been identified with the vestiges of the structugl to O’
studies’*"#an additional transition appears around 290 K,transiton in the FM phas& Temperature-dependent
most likely due to trace amounts of impurifds(inter-  neutron-diffraction studies on LaSr gMn,O; do not show
growth) that, however, represent only about 0.1% of the vol-any structural transition occurring at low-temperatureEhe
ume fraction of the sampfé. upturn in the resistivity of La,Sr; gMn,O; at low tempera-

Figures 1a) and Xb) show the temperature profiles @f,  tures is accompanied by a decrease of the ac susceptibility,
and p., and of the anisotropy./p,,, respectively, mea- which is related to the reentrant spin glass pHase indi-
sured in zero magnetic field. The metal-insulator transitiorcation of a crossover from a FM to a canted stat&@he
takes place al\, = 130 K for both situations: current par- canted structure at low temperatures comes from the compet-
allel (p,p) and perpendicularg) to the MnG layers. The ing interactions along the-axis Mn-O-Mn bonds, i.e., the
anisotropyp./pap increases with decreasing reaches its  AFM superexchange interaction between half-fillggorbit-
maximum value of 165 aly,, decreases abruptly just be- als and the FM double-exchange interaction ejaconduc-
low T, and depends weakly 6hfor T<T, with an average tion electrong®
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21 1 optical mode, providing evidence for small-polaron metallic
[ La, ,Sr, gMn 0, T ] conduction in the FM state. We found that our res.istivi.ty data
s oo v ; of La; ,Sr gMn,O, cannot be adequately fitted with this ex-
_18r e o7 . ] pression. Presently, there is no experimental evidence of the
g I n 3T } ] presence of small polarons in the FM state of bilayer man-
g r : $OTT v 1 ganites. In fact, recent Raman-scattering data for
£14 i o 14T v DDD ] La, »Sr gMn,0; single crystals suggested the formation of
8 small polaronsonly at T>T..?° Moreover, x-ray- and

neutron-scattering measureméfiten La, ,Sr, gMn,0O, di-
rectly demonstrated that the polarons disappear abruptly at
the FM transition because of the sudden charge delocaliza-
tion. On the other hand, the giant magnetothermal
conductivity? observed in La,Sr; gMn,O, indicated that

] spin-fluctuation scattering or magnon contribution is domi-
] nant over other carrier scattering processes.

] Kubo and Ohat¥ calculated the low-temperature resis-

] tance produced by a scattering of holes by spin waves, on the
] basis of an effective Hamiltonian for double-exchange in the
] spin wave approximation. They found that the contribution

] from the two-magnon scattering process is proportional to
] T92 and that the proportionality coefficient has, in the case
of a simple parabolic band, the analytical expression given

by
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FIG. 2. Plot of(a) the in-plane resistivity,, and (b) the out-

of-plane resistivityp, vs temperaturd for La; ;S gMn,0; mea-  Here R is the hopping distance of the, electrons in the

sured in applied magnetic fieldd up to 14 T. Inset: Anisotropy in-plane or out-of-plane directioigis the effective spin of a

pc!pap vs T in the temperature range from 2 to 120 K measuredMn ion, the Fermi energyeg is measured from the band

under variousH. center, andM andm are the effective masses of a hole and a
) o ) spin wave, respectively. In terms of the hole concentration
. . . . 2 | 1 X o 1 i

the s-d interaction is known to be proportional 18"  ayerage spin stiffness*, the coefficientd can be rewritten

at low temperature€?’ This T2 dependence of resis- &

tivity was generally observed in single crystals of

La; _,SrMnO5(x>0.18)3 La;_,CaMnO;(x=0.22)} and R (6725 | R%Kkg| %
LagsAPb,Ca,3MNn0;,> and was attributed to either = 5
electron-electroh’ or one-magnohscattering. However, our 487'e’S? (0.53-n?3)%2| D*
low-temperature resistivity datéb0 K <T=< 110 K) of .

La; ,Sr gMNn,0O; single crystals, measured in various applied % ( 2 524 0_0017D_) ) 2
magnetic fields, do not follow @2 dependence of the form R2t*

p(T)=po+AT2. Therefore, the electron-electron scattering _ _ _ i
mechanism does not contribute i, (T). This indicates Here the following simple relationships had been used:

that the conduction mechanism in this bilayer manganite i5k52(627722/2)1/3' s 2l>/I/m=D*/(R2t*), and  Ef
different from that in the infinite-layer compounds. In fact, =t"(87%)#%(0.8°~n"). _ _
specific-heat measurements on bilayer mangafiig®wed To reveal the two-magnon scattering nature of the resis-

that their reduced dimensionality, compared to infinite-layeriVity in La, 2Sr gMn,O;, in Figs. 3a) and 3b) we plot the

manganites, enhances the magnetic specific heat, but doB¥asureg.y(T) andp(T), respectively, along with the fits

not affect the electronic specific heat coefficienindicating  Of these data withp(T) = po+BT*2 Both pp(T) andp(T)

the presence of an anomalous carrier scattering process su@iow a T2 dependencésolid lines in the figuresin the T

as electron-phonon, electron-magnon, or a combination oidnge of 50 to 110 K remarkably well for different applied

them. magnetic fields. The fitting parameters fgy,(T) andp.(T),
Polaronic transport was recently shown to be a possibléeasured in zerdd, are Bii=4.04<10 =0 cm/K*? and

conduction mechanism iR, _ , AMnO; atT<T..>®%zhao  Bl'=2.83x10 ) cm/K®? respectively.

and co-workers® reported that the resistivity below 100 K in We determine next the zero-field value Bf, from Eq.

epitaxial thin films of La_,CaMnO3(x=0.25 and 0.% (2), and compare it with the value of the corresponding fit-

grown on (100 LaAlO; substrates can be well fitted with ting parameter. In LgSr gMn,0O, the hole concentration

p=po+Ews/sintf(wd2kgT) (ws is the frequency of a soft n=x=0.40, the in-plane hopping distance is the Mn-Mn dis-
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FIG. 4. Magnetic-fieldH dependence of the coefficier® B,
and (b) B, of the T¥? functional dependence of the resistivities in
the temperature range 50 to 110 K foriL,&r gMn,O;. The lines
are guides to the eyes.

FIG. 3. (8 In-plane resistivityp,, and(b) out-of-plane resistiv-
ity p. vs temperaturd for La; ,Sr gMn,O; measured under various
applied magnetic fieldsl. The solid lines are fits of the data with a
T%2 dependence.

tanceR,,=3.87A " the magnitude of the effective spin is tWO-magnon scattering plays a dominant role in befXT)
S=1.8% the effective stiffness constant D;, ~ a@ndpc(T) for S0<T<110 K. ;
—151 meV R based on recent neutron scattering The field dependences Bfj andB{" of Lay ,St gMn,0;
measurement¥, and t*=40 meV as estimated from the for 50<T<110 K are shown in Figs.(4) and 4b), respec-
measured effective plasma frequefiaiith these values for  tively. Both Bl andB(" areH dependent, implying a strong
different physical quantities, Eq(2) gives B,,=1.01  sensitivity of the two-magnon scattering to external fields,
X 10712 O cm/K%2 This value ofB,, has the same order of and saturate at high fields. The decreasB/fffandB{" with
magnitude as the fitting parametBQt, showing that the increasingH is the source of the small negative magnetore-
two-magnon scattering can account for fhelependence of ~sistance for 50<T< 110 K. TheirH dependence is also
resistivity of La ,Sr gMn,0O; in the metallic range of tem- consistent with the spin-wave scattering mechanism. Indeed,
peratures. the spin-wave scattering itself should decrease with increas-
In a conventional Heisenberg system, the spin-wave stiffing H. The effect of an applied field is to open an energy gap
nessD scales with the strength of the magnetic exchangél =gu(H+47My) in the magnon spectrum. This can be
coupling J and can be expressed @&=JSR.® Since argued simply on the basis of a reduction in the spin-wave
0.001D*/R?*<2.52, one can ignore this term from Eg).  density by the applied field due to an increase in the energy
Hence one obtains the following expression for the ratio ofdap appearing in the dispersion relation for the magnon en-

the in-planel,, and interlayer], exchange interactions: ergy,e,=Dg*+A, whereq is the magnon-wave vector.
Figures %a) and 3b) are plots ofo,,(T) ando(T), re-
Jab [ Be Rap\?® spectively, of La,Sr gMn,O; in the low-T range, down to

J_c:(B_ab R_c ) 1.9 K, measured iti=0 and 14 T. Bothr,, and o follow

a T2 dependence below a certdli which increases with
With the values oB,;, andB, obtained from the fitting, the increasingH. To our knowledge, this is the first report of a
hopping distanc®,,, given above, and the out-of-plane hop- TY? dependence o, of a bilayer manganite. Th&'? de-
ping distance as the Mn-Mn distance between the Mia@  pendence ofr,, is in agreement with previous reports both
ers R,.=3.88 Al" the above equation gived,,/J.=2.6. in La; ,Sr, gMn,0O; (Ref. 14 and in La 3Sr; Mn,0; for 30
This value is in excellent agreement with the value of 2.8mK <T<2 K.'® It was suggestéf that the observed?
determined from inelastic neutron-scattering measurementependence oé,;, is consistent with weak-localization ef-
on La ,SK gMn,0-.%¢ This result further indicates that the fects in ordered 3D metafé;*®where the density of states at
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1.4 e tional view based on the Fermi-liquid theory of metals. Con-
[ ] sidering the strong anisotropy of the crystal structure and of
15l the conductivity, the bilayer manganites appear to be more
= 2D like. However,o(T) clearly follows the sam&*? de-
g L pendence at low temperatures, consistent with 3D weak-
T 12F localization effects in disordered metals. THi¥? behavior
f‘ [ in both o,,(T) and o(T) confirms the 3D nature of the
2 [ metallic state, and is in good agreement with the theory of
PR quantum interference in highly anisotropic layered metals
o [ developed by Abrikosot?
1.0 | &
15 k4 IV. CONCLUSION
[ We performed simultaneous in-plane and out-of-plane
14 i resistivity measurements on a bilayer manganite
—~13 [ La; ,Sr; gMn, 05 single crystal in magnetic fields applie%/g)ar-
‘s [ allel to theab-plane. Bothp,,(T) and p.(T) display aT
° 12 . dependence for 58T<110 K. ThisT dependence and the
] [ magnitude of the fitting parameter are consistent with the
0211 : two-magnon scattering mechanism. The excellent agreement
s between the ratio of the exchange interactidgg/J. ob-
10 [ tained by fitting the data and that deduced from neutron-
E o7 (b) ] scattering provides further support for the validity of this
Y I T FUTIT T T FUTTE PITT . scattering mechanism. Below 50 K, baily,(T) ando(T)
1 2 3 4 5 6 7 8 follow a T2 dependence, which is consistent with the theory
T2 (K2 of quantum interference or weak-localization effects in 3D

disordered metals. The same temperature dependence for
FIG. 5. (@ In-plane conductivityr,, and (b) out-of-plane con-  poth conductivities strongly indicates that the bilayer

ductivity o, vs TV for Lay ;S gVin,0; measured down to 1.9 K, g, ,Sr; gMn,O, has a 3D metallic nature &t<T..
and in applied magnetic fieldd=0 and 14 T.
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