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Low-temperature electrical transport in bilayer manganite La1.2Sr1.8Mn2O7
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The temperatureT and magnetic-fieldH dependences of anisotropic in-planerab and out-of-planerc

resistivities are investigated in single crystals of the bilayer manganite La1.2Sr1.8Mn2O7. Below the Curie
transition temperatureTc5125 K,rab andrc display almost the same temperature dependence with an up-turn
around 50 K. In the metallic regime~50 K <T< 110 K!, both rab(T) andrc(T) follow a T9/2 dependence,
consistent with the two-magnon scattering. We found that the value of the proportionality coefficientBab

f it and
the ratio of the exchange interactionJab /Jc , obtained by fitting the data, are in excellent agreement with the
calculatedBab based on the two-magnon model andJab /Jc deduced from neutron scattering, respectively. This
provides further support for this scattering mechanism. At even lowerT, in the nonmetallic regime (T
,50 K), both the in-planesab and out-of-planesc conductivities obey aT1/2 dependence, consistent with
weak-localization effects. Hence this demonstrates the three-dimensional metallic nature of the bilayer man-
ganite La1.2Sr1.8Mn2O7 at T,Tc .

DOI: 10.1103/PhysRevB.65.134439 PACS number~s!: 75.30.Vn, 72.15.2v, 72.10.2d
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I. INTRODUCTION

There is growing interest in the low-temperature electri
transport phenomena of perovskite manganites in orde
elucidate the microscopic origin of the colossal magneto
sistance~CMR! effect.1–6 Recent studies of single crystals
three-dimensional ~3D! pseudocubic compound
R12xAxMnO3 (R is a trivalent rare-earth ion andA is a di-
valent alkaline-earth ion! show a T2 dependence of the
resistivity,2–4 which has been interpreted as eith
electron-electron3,4 or one-magnon2 scattering. However
low-temperature resistivity measurements of epitaxial t
films of La12xCaxMnO3 provide support for the presence
small-polaron conduction in the ferromagnetic~FM! state.5,6

In the same system, aT9/2 term attributed to electron-magno
scattering was also found in theT dependence of resistivity
at low temperatures.1,6 Therefore, the low-temperature ele
trical transport mechanism of manganites remains contro
sial, and is far from being fully understood.

The bilayer manganite La222xSr112xMn2O7 has proven to
be a fruitful system for understanding the CMR, and was
focus of many recent investigations.7,8 This is an ideal sys-
tem for the study of the low-temperature conduction mec
nism. Its reduced dimensionality gives rise to anisotro
characteristics of charge transport and magnetic prope
and also enhances the CMR effect near the magnetic tra
tion temperature, although at the cost of reducing it to ab
100 K.7 The magnetic structure of heavily doped bilay
compounds always shows the coexistence of FM and ant
romagnetic~AFM! correlations.9–12 The magnetic correla
tions are predominantly FM within the two-dimension
MnO2 layers, while the magnetic coupling between t
MnO2 layers changes from FM forx<0.4 to canted AFM for
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x.0.4. The interplay between FM double-exchange a
AFM superexchange interactions between Mn ions in th
compounds becomes more subtle, and is expected to b
sponsible for the unusual transport properties observed in
bilayer manganites. For examples,~i! an upturn in the resis-
tivity at low temperatures is generally observed for thex
50.30,15 0.35,16 0.38,15 and 0.4~Refs. 7,13 and 14! samples;
and~ii ! despite the anisotropic crystal structure,17 rab andrc

of the x5 0.38 compound display virtually identical tem
perature dependences at low temperatures, indicating
same conduction mechanism in bothab andc directions.15

Much effort has been devoted to understanding the lo
temperature electrical transport properties of bilayer man
nites. Okuda, Kimura, and Tokura16 found that the in-plane
conductivitysab of x50.35 single crystals is almost propo
tional toT1/2 for T, 4 K, indicating weak localization. This
square-root temperature dependence ofsab was also ob-
served in thex5 0.40 samples.14 Recently, Abrikosov, based
on the theory of quantum interference, showed thatsab(T)
andsc(T) should be isotropic and proportional totw

21/2 ~the
phase coherence destruction probabilitytw

21}T for the 3D
conduction! in the 3D ~low-temperature! regime.18 It is
therefore desirable from the experimental point of view
determinesc(T) of bilayer manganites and, hence, to esta
lish which scattering mechanism is mainly responsible
the low-temperature transport properties of this system.
important question is also whether there is any common c
duction mechanism responsible for the low-temperature e
trical transport in both the infinite-layer and bilayer mang
nites.

In this paper, we address the above issues through re
tivity measurements on La1.2Sr1.8Mn2O7 single crystals, per-
©2002 The American Physical Society39-1
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formed at low temperatures and in magnetic fields app
parallel to theab plane. The anisotropic resistivitiesrab(T)
and rc(T) are proportional toT9/2 in the intermediate tem
perature regime belowTc . This points toward a two-magno
scattering mechanism responsible for the electrical diss
tion in this T range. The validity of this scattering mech
nism is further supported by theH dependence of the pro
portionality coefficientsBab,c

f it obtained by fitting the data an
by the fact that the value ofBab

f it and the ratio of the exchang
interactionJab /Jc obtained by fitting the data are in excelle
agreement with the calculatedBab based on the two-magno
model andJab /Jc deduced from neutron scattering, respe
tively. At lower temperatures, in the nonmetallic regim
(]r/]T,0), both anisotropic conductivitiessab(T) and
sc(T) exhibit aT1/2 dependence, a result of electron-electr
correlations, which is consistent with the weak-localizati
effect in a 3D disordered metal. The common mechanis
responsible for both the in-plane and out-of-plane electr
transport indicate the 3D metallic nature of the bilayer m
ganite La1.2Sr1.8Mn2O7 at T,Tc .

II. EXPERIMENTAL DETAILS

Single crystals of La1.2Sr1.8Mn2O7 were grown from sin-
tered rods of the same nominal composition by the floati
zone method using a mirror furnace, as described in de
elsewhere.19 Plate-shaped crystals were separated mech
cally from the bar. X-ray diffraction confirmed that the su
faces of the plates are parallel to the crystallographicab
plane. The crystal chosen for systematic transport meas
ments had mirror surfaces on both faces. We determinedrab
and rc as functions of temperatureT(1.9<T<400 K) and
magnetic-fieldH(0<H<14 T) by performing multiterminal
transport measurements using the electrical contact con
ration of the flux transformer, as described previously.20,21

The magnetic fieldH was applied parallel to the MnO2 lay-
ers (Hiab plane!.

III. RESULTS AND DISCUSSION

The T dependence of the magnetic susceptibilityx mea-
sured in a lowH(H510 Oe) is shown in the inset to Fig
1~b!. The sample exhibits a paramagnetic~PM!-FM transi-
tion at the Curie transition temperatureTc5 125 K, which is
consistent with previous reports.7,17At T, 50 K, the suscep-
tibility slightly decreases with decreasingT, in good agree-
ment with recent reports.14,17 As typically seen in other
studies,7,17,22an additional transition appears around 290
most likely due to trace amounts of impurities23 ~inter-
growth! that, however, represent only about 0.1% of the v
ume fraction of the sample.22

Figures 1~a! and 1~b! show the temperature profiles ofrab
and rc , and of the anisotropyrc /rab , respectively, mea-
sured in zero magnetic field. The metal-insulator transit
takes place atTMI5 130 K for both situations: current par
allel (rab) and perpendicular (rc) to the MnO2 layers. The
anisotropyrc /rab increases with decreasingT, reaches its
maximum value of 165 atTMI , decreases abruptly just be
low Tc , and depends weakly onT for T,Tc with an average
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value of ;90, comparable to other measurements.7,13 We
note that the values of bothrab andrc are, over the whole
measuredT range, appreciably smaller than those repor
previously,7 attesting to the high quality of our single crysta

The H and T dependences ofrab and rc are shown in
Figs. 2~a! and 2~b!, respectively, for the temperature rang
from 2 to 120 K. The characteristic negative magnetore
tivity in both rab and rc is clearly seen over the wholeT
range. At the same time,rc /rab has a weakerH dependence
@see the inset of Fig. 2~b!#. An interesting feature ofrab(T)
andrc(T) is the appearance of a weak nonmetallic behav
for T, 50 K in zero field, which shifts to higher tempera
tures with increasing magnetic-field.

In the infinite-layer La12xSrxMnO3 ~0.10 <x< 0.17!
samples, a similar low-temperature upturn in resistivity h
been identified with the vestiges of the structuralO! to O8
transition in the FM phase.24 Temperature-dependen
neutron-diffraction studies on La1.2Sr1.8Mn2O7 do not show
any structural transition occurring at low-temperatures.17 The
upturn in the resistivity of La1.2Sr1.8Mn2O7 at low tempera-
tures is accompanied by a decrease of the ac susceptib
which is related to the reentrant spin glass phase,14 an indi-
cation of a crossover from a FM to a canted state.25 The
canted structure at low temperatures comes from the com
ing interactions along thec-axis Mn-O-Mn bonds, i.e., the
AFM superexchange interaction between half-filledt2g orbit-
als and the FM double-exchange interaction viaeg conduc-
tion electrons.25

FIG. 1. TemperatureT dependences of~a! in-planerab and out-
of-plane rc resistivities measured in zero magnetic field and~b!
anisotropyrc /rab for La1.2Sr1.8Mn2O7. Inset: ac susceptibilityx as
a function of temperature measured in a magnetic fieldH510 Oe.
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In ordinary FM metals, the contribution to resistance fro
the s-d interaction is known to be proportional toT2

at low temperatures.26,27 This T2 dependence of resis
tivity was generally observed in single crystals
La12xSrxMnO3(x.0.18),3 La12xCaxMnO3(x>0.22),4 and
La0.67~Pb,Ca! 0.33MnO3,2 and was attributed to eithe
electron-electron3,4 or one-magnon2 scattering. However, ou
low-temperature resistivity data~50 K <T< 110 K! of
La1.2Sr1.8Mn2O7 single crystals, measured in various appli
magnetic fields, do not follow aT2 dependence of the form
r(T)5r01AT2. Therefore, the electron-electron scatteri
mechanism does not contribute torab,c(T). This indicates
that the conduction mechanism in this bilayer manganite
different from that in the infinite-layer compounds. In fac
specific-heat measurements on bilayer manganites16 showed
that their reduced dimensionality, compared to infinite-la
manganites, enhances the magnetic specific heat, but
not affect the electronic specific heat coefficientg, indicating
the presence of an anomalous carrier scattering process
as electron-phonon, electron-magnon, or a combination
them.

Polaronic transport was recently shown to be a poss
conduction mechanism inR12xAxMnO3 at T,Tc .5,6,28Zhao
and co-workers5,6 reported that the resistivity below 100 K i
epitaxial thin films of La12xCaxMnO3(x50.25 and 0.4!
grown on ~100! LaAlO3 substrates can be well fitted wit
r5r01Evs /sinh2(\vs/2kBT) (vs is the frequency of a sof

FIG. 2. Plot of~a! the in-plane resistivityrab and ~b! the out-
of-plane resistivityrc vs temperatureT for La1.2Sr1.8Mn2O7 mea-
sured in applied magnetic fieldsH up to 14 T. Inset: Anisotropy
rc /rab vs T in the temperature range from 2 to 120 K measu
under variousH.
13443
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optical mode!, providing evidence for small-polaron metalli
conduction in the FM state. We found that our resistivity da
of La1.2Sr1.8Mn2O7 cannot be adequately fitted with this e
pression. Presently, there is no experimental evidence of
presence of small polarons in the FM state of bilayer m
ganites. In fact, recent Raman-scattering data
La1.2Sr1.8Mn2O7 single crystals suggested the formation
small polaronsonly at T.Tc .29 Moreover, x-ray- and
neutron-scattering measurements30 on La1.2Sr1.8Mn2O7 di-
rectly demonstrated that the polarons disappear abruptl
the FM transition because of the sudden charge deloca
tion. On the other hand, the giant magnetotherm
conductivity31 observed in La1.2Sr1.8Mn2O7 indicated that
spin-fluctuation scattering or magnon contribution is dom
nant over other carrier scattering processes.

Kubo and Ohata32 calculated the low-temperature resi
tance produced by a scattering of holes by spin waves, on
basis of an effective Hamiltonian for double-exchange in
spin wave approximation. They found that the contributi
from the two-magnon scattering process is proportiona
T9/2, and that the proportionality coefficient has, in the ca
of a simple parabolic band, the analytical expression giv
by

B5
3\R6kF

5

32pe2S2 S m

M D 9/2S kB

EF
D 9/2S 2.5210.0017

M

mD . ~1!

Here R is the hopping distance of theeg electrons in the
in-plane or out-of-plane direction,S is the effective spin of a
Mn ion, the Fermi energyEF is measured from the ban
center, andM andm are the effective masses of a hole and
spin wave, respectively. In terms of the hole concentrat
per unit cell n, the effective hopping integralt!, and the
average spin stiffnessD!, the coefficientB can be rewritten
as6

B5
R\

482p7e2S2

~6p2n!5/3

~0.52/32n2/3!9/2S R2kB

D! D 9/2

3S 2.5210.0017
D!

R2t!D . ~2!

Here the following simple relationships had been us
RkF5(6p2n)1/3, M /m5D!/(R2t!), and EF
5t!(6p2)2/3(0.52/32n2/3).

To reveal the two-magnon scattering nature of the re
tivity in La1.2Sr1.8Mn2O7, in Figs. 3~a! and 3~b! we plot the
measuredrab(T) andrc(T), respectively, along with the fits
of these data withr(T)5r01BT9/2. Both rab(T) andrc(T)
follow a T9/2 dependence~solid lines in the figures! in the T
range of 50 to 110 K remarkably well for different applie
magnetic fields. The fitting parameters forrab(T) andrc(T),
measured in zeroH, are Bab

f it54.04310213V cm/K9/2 and
Bc

f it52.83310211V cm/K9/2, respectively.
We determine next the zero-field value ofBab from Eq.

~2!, and compare it with the value of the corresponding
ting parameter. In La1.2Sr1.8Mn2O7, the hole concentration
n[x50.40, the in-plane hopping distance is the Mn-Mn d

d

9-3
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tanceRab53.87Å,17 the magnitude of the effective spin
S51.8,33 the effective stiffness constant Dab

!

5151 meV Å2 based on recent neutron scatteri
measurements,34 and t!540 meV as estimated from th
measured effective plasma frequency.6 With these values for
different physical quantities, Eq.~2! gives Bab51.01
310213 V cm/K9/2. This value ofBab has the same order o
magnitude as the fitting parameterBab

f it , showing that the
two-magnon scattering can account for theT dependence o
resistivity of La1.2Sr1.8Mn2O7 in the metallic range of tem
peratures.

In a conventional Heisenberg system, the spin-wave s
nessD scales with the strength of the magnetic exchan
coupling J and can be expressed asD5JSR2.35 Since
0.0017D!/R2t!!2.52, one can ignore this term from Eq.~2!.
Hence one obtains the following expression for the ratio
the in-planeJab and interlayerJc exchange interactions:

Jab

Jc
5S Bc

Bab

Rab

Rc
D 2/9

. ~3!

With the values ofBab andBc obtained from the fitting, the
hopping distanceRab given above, and the out-of-plane ho
ping distance as the Mn-Mn distance between the MnO2 lay-
ers Rc53.88 Å,17 the above equation givesJab /Jc52.6.
This value is in excellent agreement with the value of 2
determined from inelastic neutron-scattering measurem
on La1.2Sr1.8Mn2O7.36 This result further indicates that th

FIG. 3. ~a! In-plane resistivityrab and~b! out-of-plane resistiv-
ity rc vs temperatureT for La1.2Sr1.8Mn2O7 measured under variou
applied magnetic fieldsH. The solid lines are fits of the data with
T9/2 dependence.
13443
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two-magnon scattering plays a dominant role in bothrab(T)
andrc(T) for 50<T<110 K.

The field dependences ofBab
f it andBc

f it of La1.2Sr1.8Mn2O7

for 50<T<110 K are shown in Figs. 4~a! and 4~b!, respec-
tively. Both Bab

f it andBc
f it areH dependent, implying a strong

sensitivity of the two-magnon scattering to external field
and saturate at high fields. The decrease ofBab

f it andBc
f it with

increasingH is the source of the small negative magneto
sistance for 50<T< 110 K. Their H dependence is also
consistent with the spin-wave scattering mechanism. Inde
the spin-wave scattering itself should decrease with incre
ing H. The effect of an applied field is to open an energy g
D5gm(H14pMs) in the magnon spectrum. This can b
argued simply on the basis of a reduction in the spin-wa
density by the applied field due to an increase in the ene
gap appearing in the dispersion relation for the magnon
ergy,«p5Dq21D, whereq is the magnon-wave vector.

Figures 5~a! and 5~b! are plots ofsab(T) andsc(T), re-
spectively, of La1.2Sr1.8Mn2O7 in the low-T range, down to
1.9 K, measured inH50 and 14 T. Bothsab andsc follow
a T1/2 dependence below a certainT, which increases with
increasingH. To our knowledge, this is the first report of
T1/2 dependence ofsc of a bilayer manganite. TheT1/2 de-
pendence ofsab is in agreement with previous reports bo
in La1.2Sr1.8Mn2O7 ~Ref. 14! and in La1.3Sr1.7Mn2O7 for 30
mK <T<2 K.16 It was suggested16 that the observedT1/2

dependence ofsab is consistent with weak-localization ef
fects in ordered 3D metals,37,38where the density of states a

FIG. 4. Magnetic-fieldH dependence of the coefficients~a! Bab

and ~b! Bc of the T9/2 functional dependence of the resistivities
the temperature range 50 to 110 K for La1.2Sr1.8Mn2O7. The lines
are guides to the eyes.
9-4
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the Fermi level has aT1/2 singularity due to the influence o
interference of the inelastic electron-electron interaction
the elastic impurity scattering of the electrons.38 In the
present case, the electrons are diffusive instead of fre
propagating, leading to a profound modification of the tra

FIG. 5. ~a! In-plane conductivitysab and ~b! out-of-plane con-
ductivity sc vs T1/2 for La1.2Sr1.8Mn2O7 measured down to 1.9 K
and in applied magnetic fieldsH50 and 14 T.
e
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tional view based on the Fermi-liquid theory of metals. Co
sidering the strong anisotropy of the crystal structure and
the conductivity, the bilayer manganites appear to be m
2D like. However,sc(T) clearly follows the sameT1/2 de-
pendence at low temperatures, consistent with 3D we
localization effects in disordered metals. ThisT1/2 behavior
in both sab(T) and sc(T) confirms the 3D nature of the
metallic state, and is in good agreement with the theory
quantum interference in highly anisotropic layered met
developed by Abrikosov.18

IV. CONCLUSION

We performed simultaneous in-plane and out-of-pla
resistivity measurements on a bilayer mangan
La1.2Sr1.8Mn2O7 single crystal in magnetic fields applied pa
allel to theab-plane. Bothrab(T) andrc(T) display aT9/2

dependence for 50<T<110 K. ThisT dependence and th
magnitude of the fitting parameter are consistent with
two-magnon scattering mechanism. The excellent agreem
between the ratio of the exchange interactionsJab /Jc ob-
tained by fitting the data and that deduced from neutr
scattering provides further support for the validity of th
scattering mechanism. Below 50 K, bothsab(T) andsc(T)
follow a T1/2 dependence, which is consistent with the theo
of quantum interference or weak-localization effects in 3
disordered metals. The same temperature dependenc
both conductivities strongly indicates that the bilay
La1.2Sr1.8Mn2O7 has a 3D metallic nature atT,Tc .
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