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Chemical pressure control of the spin-valve magnetoresistance in La1.4Sr1.6Mn2O7
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and PRESTO, JST, Chiyoda-ku, Tokyo 102, Japan

M. Itoh
Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan

~Received 21 October 1998!

Comprehensive chemical substitution effects on the magnetic and transport properties have been investi-
gated for single crystals of (La12zNdz)1.4Sr1.6Mn2O7 with bilayer structure. In this system, the Nd-doping
procedure changes the ground state from ferromagnetic~FM! to antiferromagnetic~AFM!, in the latter of
which the FM bilayer alternates along thec axis. In the Nd-doped compounds, application of an external
magnetic field (Hic) induces an AFM-FM metamagnetic transition. The transition accompanies a switching-
like reduction of the current-perpendicular-to-plane resistivity, which can be viewed as a spin-valve magne-
toresistance~MR!. We have derived magnetic phase diagrams, and discuss controllability of the spin-valve MR
by chemical pressure.@S0163-1829~99!03713-3#
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I. INTRODUCTION

Manganese oxide with perovskitelike structure has stim
lated interest because of their magnetoresistive~MR!
properties;1 they exhibit extremely large change in resistan
in response to applied magnetic field. But for technologi
applications to magnetic memory or switching device to
viable, great improvements are needed in the field sens
ity. The so-called bilayer manganites La222xSr112xMn2O7

seems to be promising; thex50.4 compound2 shows a large
MR near above the insulator-metal transition temperat
Tc5126 K. In this compound, the MnO2 sheets are isolate
by two La~Sr!O planes, keeping the two-dimensional ne
works of the MnO6 octahedra. Recently, Kimuraet al. have
reported a low-field magnetoresistance in the lo
temperature phase for La1.4Sr1.6Mn2O7 (x50.3) ~Ref. 3!
and enhancement of the MR under hydrostatic pressure.4 Al-
though exact magnetic structure as well as the origin of
MR remains controversial, this observation suggests the
tentialities of the bilayer manganites for applications. To u
derstand the origin of the low-field MR atx50.3, we have
performed a comprehensive study of magnetic and trans
properties for (La12zNdz)1.4Sr1.6Mn2O7 with systematic
variation ofz (z50.00, 0.03, 0.07, 0.10, 0.20, and 0.30!.

Up to now, extensive studies on the lattice and magn
structure were performed on La222xSr112xMn2O7.5–8 In this
system, the hole-doping procedure not only decreases
nominal concentration of theeg carriers, but significantly
release the static Jahn-Teller~JT! distortion of the MnO6
octahedra:9 averaged JT distortion D defined by
^dMn-O(out)&/dMn-O(in) decreases fromD51.03 at x50.3 to
1.00 x50.5. Such a variation of the JT distortion shou
affect the orbital character of theeg electrons, and hence th
magnetotransport properties. Moritomoet al.9 have investi-
gated the ground state properties f
(La12zNdz)222xSr112xMn2O7 (x50.4–0.5! with systemati-
cally changingz and x, and have found that thex>0.45
PRB 590163-1829/99/59~13!/8789~6!/$15.00
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region is dominated by a layered-type antiferromagne
(A-type AFM! state. In this magnetic structure, FM MnO2
sheet alternates along thec axis ~intrabilayer coupling is
negative!.7,9 Such a magnetic structure is interpreted in ter
of formation of a pseudo-two-dimensionaldx22y2 band,
which causes the FM double-exchange interaction10 within
the MnO2 sheet and AFM superexchange coupling betwe
the adjacent sheets~within the bilayer!. Similar A-type mag-
netic structure has been observed even in the cu
manganites11 R12xSrxMnO3 (R5La12zNdz) suggesting
that the basic physics is similar between the bilayer and
bic manganites. Contrary to the case atx50.420.5, the
MnO6 octahedra atx50.3 significantly elongates along thec
axis (D51.03), which causes stabilization of thed3z22r 2

orbital as compared with thedx22y2 state. Kubotaet al.8

have performed a powder neutron diffraction study on
melt-grown La1.4Sr1.6Mn2O7; the obtained pattern at 15 K
can be reproduced with FM spin structure with magne
moment of 2.960.15mB along thec axis.

Similarly to the case of hole doping, substitution of th
smaller Nd31 ions for La31 ions ~chemical pressure! signifi-
cantly influence the magnetotransport properties of the
layer manganites. For example, the FM metallic state ax
50.4 disappears when the Nd31 concentration~z! exceeds
40%.12 Such a chemical pressure effect has been ascribe
the enhanced static JT distortion and resultant change o
orbital character of theeg electrons fromdx22y2-like to
d3z22y2-like. Thus, chemical pressure is a powerful tec
nique to control the material parameters and hence the ph
cal properties, such as the MR property.

In this paper, we systematically investigate the chemi
pressure effect on the magnetotransport properties for
bilayer manganites atx50.3 @(La12zNdz)1.4Sr1.6Mn2O7#,
which shows a large low-field MR. A part of the results
z50.1 has been published as a short article:13 we report on
the AFM structure, in which ferromagnetic bilayer alternat
along thec axis, as well as a switchinglike MR below;40
K. The switchinglike MR is found to be driven by the field
8789 ©1999 The American Physical Society
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8790 PRB 59Y. MORITOMO AND M. ITOH
induced AFM-FM transition, and hence is interpreted
terms of theopen and shutnatural spin valve. Here, we con
centrate our attention on the chemical pressure effects
magnetic phase diagram as well as the spin-valve MR.
ratio of the current-perpendicular-to-plane~CPP! MR de-
fined byrc(0)/rc(H) significantly increases with increasin
z though the switching field increases; the MR ratio at 0.5
and at 40 K is;110% at z50.00,;180% at z50.03,
;310% atz50.07, and;710% atz50.10. The contents o
the present paper are the following. After describing the
perimental details in Sec. II, we present prototypical mag
totransport properties for the FM (z50.0) and AFM (z
50.1) compounds~Sec. III!. Section IV is devoted to the
chemical pressure effects on the resistivity, magnetiza
curve, and magnetic phase diagram. In Sec. V, we disc
controllability of the spin-valve MR by chemical pressure.
summary comes in Sec. VI.

II. EXPERIMENT

Single crystals of (La12zNdz)1.4Sr1.6Mn2O7 (0.0>z
>0.3) were grown by the floating-zone method at a feed
speed of 14–20 mm/h. Stoichiometric mixture of comm
cial La2O3, Nd2O3, SrCO3, and Mn3O4 powder was
ground and calcined two times at 130021350 °C for 24 h.
The resulting powder was pressed into a rod with a size
5 mmf360 mm and sintered at 1350 °C for 24–48 h. T
ingredient could be melted congruently in a flow of a
Large crystals, typically 4 mm in diameter and 20 mm
length, were obtained with two well-defined facets, whi
correspond to the crystallographicab plane. Powder x-ray
diffraction measurements at room temperature and Riet
analysis14 indicate that the crystals were nearly single pha
The crystal symmetry is tetragonal (I4/mmm; Z52) over
the whole concentration range.

The obtained lattice constantsa andc are plotted in Fig.
1; open and closed circles are fora and c values, respec-
tively. Lattice constanta gradually decreases with increa
of z, while c remains nearly constant. A similar trend of th
lattice constants has been observed also atx50.4 ~Ref. 12!
andx50.5.7 Note that thec value atx50.3 ~520.30–20.32
Å! is much larger than that of thex50.4 ~520.15–20.16

FIG. 1. Lattice constants for (La12zNdz)1.4Sr1.6Mn2O7 . Open
and closed circles stand fora andc.
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Å!,12 reflecting the enhanced static JT distortion.9

For four-probe resistivity measurements, the crystal w
cut into a rectangular shape, typically of 131.5(ab)
33(c)mm3, and electrical contacts were made with a he
treatment-type silver paint. Special care was taken for
quality of the crystal used in the CPP-MR measurement
avoid any extrinsic effects due to grain boundaries. In all
MR measurements, the external magnetic field is app
perpendicular to the MnO2 (Hic), or along the easy axis
The temperature dependence of magnetization was meas
after cooling down to 5 K in zero field~ZFC! using a super-
conducting quantum interference device~SQUID! magneto-
meter. In the measurements of the field dependence of m
netization or resistivity, the crystal was annealed af
respective field runs in the zero field at;100 K (@TN) to
eliminate any field-hysteresis effects. The upper and low
critical fields Hc,u and Hc,l are determined from the inflec
tion points of theMc-H curves in the field-increasing an
-decreasing runs, respectively.

III. FERROMAGNETIC AND ANTIFERROMAGNETIC
GROUND STATE

The parent La1.4Sr1.6Mn2O7 shows successive magnet
transitions:8 the magnetic phase changes from paramagn
~PM; T>TN8;100 K!, AFM (TN8>T>TC;70 K!, to FM
(T<TC). In the intermediate AFM phase, the FM bilay
alternates along thec axis. The easy axis changes from th
in-plane direction in the AFM phase to the out-of-plane
rection in the FM state. We show in Fig. 2~a! the temperature
and~b! field variation of the out-of-plane component (M c) of
magnetization for prototypical FM (La1.4Sr1.6Mn2O7;
z50.0) and AFM @(La0.9Nd0.1)1.4Sr1.6Mn2O7; z50.1#
compounds. Atz50.0 ~solid curve!, anomalies are observe
at the corresponding transition temperatures, i.e.,TN8 and
TC , in theMc-T curve. Magnetization at 5 K (<TC) readily
saturates atm0H50.2 T, and the saturated value (53.5mB)
is nearly the ideal value (53.7mB). Such a behavior is typi-
cal of the ferromagnetic manganites.

On the other hand, theMc-T curve at z50.1 ~broken
curve! shows a kink structure atTN;60 K, indicating an
AFM transition. In our previous work,13 we have measured
the neutron powder pattern on the melt-grownz50.1 com-
pound, and have found that the FM bilayer alternates al
thec axis in the AFM state. The estimated magnetic mom
at 15 K is 3.360.05mB along thec axis. TheMc-H curve
increases gradually with field below;0.4 T, and then
steeply jumps up to 2.7mB near the ideal value, indicating a
metamagnetic transition from the AFM state to FM sta
The prominent field hysteresis of order of 0.1 T suggests
the transition accompanies some structural change.

Here, let us consider effects of the spin-ordering on
transport properties. The effective transfer integralteff in the
double-exchange system10 is expressed as

teff5t0 cos~u/2!, ~1!

wheret0 andu are bare transfer integral and relative angle
the adjacentt2g spins. In this model, theeg carriers cannot
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hop into the adjacent bilayers in the AFM state (u5p),
which can be viewed as ashutstate of the spin valve. Theeg
carriers, however, can hop into the bilayers in the FM st
~openstate;u50). In this context, the metamagnetic tran
tion at z50.1 is regarded as a transition from theshutstate
~<0.4 T! to openstate~>0.4 T!. Actually, we have observed
a concomitant switchinglike MR atz50.1.13

In Fig. 3, we show anisotropic resistivity for~a! FM (z
50.0) and~b! AFM (z51.0) compounds together with th
rc-T curve measured under a field of 0.5 T~thin curve!. In
the FM compound (z50.0; upper panel!, both the compo-
nents (rab and rc) of resistivity show insulating behavio
(dr/dT<0) in the PM state, but steeply drop belowTN8
(;100 K! due to the reduced spin scattering in the sp
ordered state. Such a insulator-metal behavior of therc-T
curve is consistent with the resistivity data reported
Kimura.3 However, we cannot reproduce the metallic beh
ior of the rab component aboveTN8 reported in the same
literature, though we have checked several crystal ing
Therefore, we suspect that the metallic behavior is due
some extrinsic effects, such as intergrowth of the multila
compound inevitably introduced in the crystal growth proc
dure. A prominent MR~see thin curve! is observed only
around the insulator-metal transition temperature (;100 K!.
Such a MR is ascribed to field-induced shift of the transit
temperature.

A similar insulating behavior is observed atz50.1 in the
PM state~lower panel!, though suppression ofrab is ob-
served below;200 K. We should emphasize that absolu

FIG. 2. ~a! Temperature variation of out-of-plane compone
Mc of magnetization for La1.4Sr1.6Mn2O7 (z50.0) and
(La0.9Nd0.1)1.4Sr1.6Mn2O7 (z50.1). TC andTN(TN8) means Curie
and Néel temperatures, respectively.Mc was measured after coo
ing down to 5 K in thezero field~ZFC!. ~b! TheMc-T curve at 5 K
for z50.0 and 0.1.
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value of resistivity in the spin-ordered phase is much
hanced in both components: therab(rc) value increases
from ;0.04 V cm(;2 V cm) at z50.0 to ;0.4 V cm
(;20 V cm) at z50.1. Such an enhancement may refle
the reduced one-electron bandwidth in the AFM state, wh
enhances the Anderson localization effect. Large MR beh
ior is observed not only around the insulator-metal transit
temperature (;80 K!, but in the spin-ordered phase belo
TN(560 K!. The latter MR should be ascribed to the spi
valve MR, because the MR is observed only in the AF
compound.

IV. CHEMICAL PRESSURE EFFECTS

A. Magnetotransport properties

Now let us proceed to the chemical pressure effects on
magnetotransport properties. Figure 4 shows in-plane c
ponentrab of resistivity at variousz. Downward arrows rep-
resentTN determined by the magnetization measurements
definite insulator-metal transition is observed at;100 K at
z50.0. With increase ofz, the insulator-metal transition be
comes blurred and therab value in the AFM state increase
significantly. One may notice a prominent upturn of resist
ity in the AFM state, which is possibly due to the Anders
localization effect.@Note that the upturn is observed in th
field-induced FM state atz50.1, see Fig. 3~b!.#

The chemical pressure significantly affects the metam
netic behavior as well. Figure 5 shows a prototypical out-
plane componentMc of magnetization curves for~a! z

t FIG. 3. Temperature variation of the in-planerab and out-of-
planerc components of resistivity for~a! La1.4Sr1.6Mn2O7 (z50.0!
and ~b! (La0.9Nd0.1)1.4Sr1.6Mn2O7 (z50.1). Thin curves represen
therc-T curves measured under a field of 0.5 T after cooling do
to 5 K in thezero field~ZFC!.
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8792 PRB 59Y. MORITOMO AND M. ITOH
50.03, ~b! z50.07, and ~c! z50.10. At z50.10 ~lower
panel!, a definite AFM-FM transition is induced for at;0.4
T (;0.3 T! at 10 K ~30 K! in the field-increasing run. With
further increase of temperature, theM c-T curve shows a PM
behavior~see the 70 and 100 K curve!. A similar behavior is
observed atz50.07 ~middle panel! except for slight shift of
the critical field toward the low field region. Atz50.03~up-

FIG. 4. Temperature variation of the in-planerab components
of resistivity for (La12zNdz)1.4Sr1.6Mn2O7 . A downward arrow in-
dicates the Ne´el temperatureTN .

FIG. 5. Out-of-plane componentMc of magnetization curves
for (La12zNdz)1.4Sr1.6Mn2O7 : ~a! z50.03, ~b! z50.07, and~c! z
50.10.
per panel!, however, the magnetization curve increases m
notonously even at the lowest temperature: theMc value at
10 K readily saturates atm0H50.4 T, and the saturated valu
(53.2mB) is nearly the ideal value. Such a behavior sugge
that the ground state is FM atz50.03. Observation of the
spin-valve MR atz50.03 ~see Fig. 8!, however, implies a
stacking-fault-like bilayer with antiparallel spins, whic
works as ashutvalve in the serially connected open-valve

B. Magnetic phase diagram

Using theMc-H curves discussed above at various te
perature, we have determined the magnetic phase diagr
Fig. 6 and Fig. 7 are for low- and high-z compounds, respec
tively. The upper and lower critical fieldsHc,u andHc,l are
determined from the inflection points of theMc-H curves in
the field-increasing and -decreasing runs, respectively. AF
FM, and PM denote the antiferromagnetic, ferromagne
and paramagnetic states, respectively. Atz50.05 ~upper
panel in Fig. 6!, the AFM state exists only in the limited
region belowm0H50.3 T. In other words, application o
external magnetic field (<0.3 T; Hic) forcedly aligns the
t2g spins, oropensthe spin valve. Similar phase diagrams a
obtained for z50.07 ~middle panel! and z50.10 ~lower

FIG. 6. Magnetic phase diagrams for (La12zNdz)1.4Sr1.6Mn2O7 :
~a! z50.05,~b! z50.07, and~c! z50.10. Open and filled circles ar
the upper (Hc,u) and lower (Hc,l) critical fields, respectively. AFM,
FM, and PM denote antiferromagnetic, ferromagnetic, and pa
magnetic phases, respectively. Hatched areas stand for bistab
gions.
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panel! although the critical fields increase gradually. Wi
further increase ofz, the AFM state becomes much robu
against the external magnetic field. For example, magn
field more than 1 T is necessary to induce the AFM-FM
transition atz>0.2 ~see middle panel of Fig. 7!.

Such a strong competition between the AFM and F
state is originated in the fact that the three-dimensional m
netic structure is govern by week interbilayer exchange c
pling. Note that the intrabilayer coupling is positive in th
AFM state, making a sharp contrast with theA-type AFM
state observed at x>0.45.7 In the case of
La1.4Sr1.6Mn2O7 (z50.0), the FM double-exchange intera
tion between the bilayer slightly overwhelms the inhere
AFM superexchangelike interaction, and the FM grou
state is realized. Such a subtle balance between the pos
and negative interbilayer couplings can be inverted by sli
structural modification induced by Nd doping, and the ne
tive coupling dominates beyondz50.05. To elucidate the
microscopic origin of the interbilayer exchange coupling, d
tailed neutron powder diffraction measurements are now
progress. An external magnetic field cants the antiparallelt2g

spins in the adjacent bilayers, which switches on the inte

FIG. 7. Magnetic phase diagrams for (La12zNdz)1.4Sr1.6Mn2O7 :
~a! z50.1,~b! z50.2, and~c! z50.3. Open and filled circles are th
upper (Hc,u) and lower (Hc,l) critical fields, respectively. AFM,
FM, and PM denote antiferromagnetic, ferromagnetic and param
netic phases, respectively. Hatched areas stand for bistable reg
ic
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layer hopping of theeg carriers. As a result, the AFM groun
state becomes unstable and the AFM-FM transition is
duced.

V. CONTROL OF THE SPIN-VALVE
MAGNETORESISTANCE

Reflecting the AFM-FM metamagnetic transition, th
CPP-MR shows a switchinglike behavior between the hi
resistive~the AFM state;shut state! and low-resistive~the
FM state;openstate! states. Figure 8 shows a prototypic
example of the CPP-MR as a function ofz at 5K ~a! and at
40 K ~b!. The CCP-MR shows a switching behavior near t
critical magnetic fields for the AFM-FM transition. For ex
ample, at 40 K~lower panel! the resistance ratio forz
50.10 steeply decreases near the upper critical fi
m0Hc,u @50.28 T; see the phase diagram of Fig. 6~c!#, and
then becomes nearly field independent. In the fie
decreasing run, the ratio begins to increase near the lo
critical field m0Hc,l (50.22 T!. Thus, the variation of the
CPP-MR in the present system can be viewed as a spin-v
MR.

The chemical pressure significantly influences magnitu
as well as field-sensitivity of the spin-valve MR. In the pa
ent La1.4Sr1.6Mn2O7 (z50.0), the CPP-MR at 5 K is small
and shows no switchinglike behavior. With only 3% dopin
of the smaller Nd31 ions, however, spin-valve MR appea
and the magnitude of the MR increases with Nd doping:
MR ratio @rc(0)/rc(H)# at 0.5 T and at 40 K increases from
;180% atz50.03 to ;310% atz50.07, to;710% atz
50.10. Thus, the magnitude of the MR correlates with t

g-
ns.

FIG. 8. Current-perpendicular-to-plane magnetoresista
~CPP-MR! for (La12zNdz)1.4Sr1.6Mn2O7 at 5 K ~a! and at 40 K~b!.
The magnetic field was applied perpendicular to the MnO2 sheet
(Hic).
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8794 PRB 59Y. MORITOMO AND M. ITOH
stability of the AFM state. The improved magnitude of t
MR, however, is attained at the cost of the field sensitiv
the switching field at 40 K~lower panel! increases from
;0.1 T atz50.03,;0.2 T atz50.07, and;0.3 atz50.10
in the field-increasing run. Accordingly, we can control t
spin-valve MR properties, i.e., magnitude and field sensi
ity, by chemical pressure.

Finally, let us comment on the interrelation between
present study and the pressure-enhanced low-field MR
La1.4Sr1.6Mn2O7. Kimura et al.4 have reported enhanceme
of the MR under hydrostatic pressure: the MR ratio at 0.5
and at 4.2 K increases from;400% ~switching field is;0.1
T! at 0.0 GPa to;1600% (;0.3 T! at 1.1 GPa. The im-
proved magnitude of MR and reduced field sensitivity is
same trend as observed in the chemical pressure effect.
suggests that hydrostatic pressure affects the spin-valve
also via modification of the interbilayer exchange couplin
If we choose the switching field as a crude measure for
scaling of the MR properties, the 0.0 and 1.1 GPa data
respond to thez50.03 ~Ref. 15! and z50.10 data. Thus
obtained scaling relation between the hydrostatic and che
cal pressures, i.e.,z'0.06P, whereP is the applied pressur
in units of GPa, is close to the relation observed in the cu
manganites.16
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VI. SUMMARY

In summary, we have systematically investigated che
cal pressure effects on the magnetotransport properties, m
netic phase diagram, and spin-valve MR f
(La12zNdz)1.4Sr1.6Mn2O7 with bilayer structure. In this sys
tem, the Nd doping changes the ground from ferromagn
~open state of spin-valve! to antiferromagnetic~shut state!
ones, in the latter of which FM bilayer alternates along thc
axis. We have found close correlation between the stab
of the AFM state and the spin-valve MR properties: the m
stable the AFM state becomes with increase ofz, the larger
the magnitude of the MR and the lower the field-sensitiv
become. Thus, we can optimize the spin-valve MR prop
ties by chemical pressure.
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