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First-order field-induced transition, magnetoresistance, and giant magnetostriction in single
crystals of „La0.4Pr0.6…1.2Sr1.8Mn2O7
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The well-established paraferromagnetic transition (Tc) accompanied by a semiconductor-metal transition in
the bilayer manganite La1.2Sr1.8Mn2O7 was found to be suppressed in single crystals of
(La0.4Pr0.6!1.2Sr1.8Mn2O7. However, a first-order field-induced transition was observed accompanied by a huge
decrease of thec-axis resistance by a factor of one million. The magnetoresistance data correlate well with an
equally large negative magnetostriction. In addition, strong anisotropic properties are observed. The data reflect
the presence of unusual interplay among spin, charge, and orbital degrees of freedom in this layered structure.
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The discovery of a colossal magnetoresistance~CMR! ef-
fect followed by the observation of other interesting ph
nomena such as charge ordering, isotope effect, etc., in
Mn perovskites Ln12xDxMnO3 ~Ln5rare earths; D5Ca, Sr,
Ba, Pb! has stimulated further research into these fascina
group of materials.1 Several models1–5 based on the double
exchange~DE! interaction, Jahn-Teller distortion, antiferro
magnetic~AF! superexchange, charge-orbital ordering int
action, phase separation, etc., are presently proposed t
count for some of the unusual properties observed.
parallel to the data relative to this group of compounds,
teresting results have been reported on then52 compounds
of the Ruddlesden-Popper series generally described
(Ln12xDx)n11MnnO3n11 . In the n52 bilayer Mn perov-
skite, two MnO6 layers are alternately stacked wi
(Ln,D)2O2 layers along thec axis of the structure whereas i
the case of Ln12xDxMnO3, which is then5` term of the
series, the MnO6 octahedra extend all over the space. T
reduced dimensionality of then52 compounds has bee
shown to have interesting consequences on their phys
properties. Thus, the compound La1.2Sr1.8Mn2O7 exhibits6 a
paramagnetic-to-ferromagnetic transition~PFT! at Tc
;125 K, accompanied by a semiconductor to metal tran
tion ~SMT! and the CMR reaches 98% nearTc . Further, in
this compound, there is a possibility of interplay betwe
hybridization and chemical potential. At room temperatu
the Mn-O bonds are found to be longer in thez direction than
in the x-y plane.7 This would imply occupation of the
3dz22r 2 orbital while the hybridization would favor the oc
cupation of the 3dx22y2 one. This would affect the magnetic
transport and magnetoelastic properties as was also po
out by Kimuraet al.8 in their studies wherein they varied th
nominal hole concentrationx between 0.3 and 0.45 in
La222xSr112xMn2O7. We have, in contrast, kept the ho
density constant atx50.4 and investigated the effect of th
ionic radius at the rare-earth site on the physical propertie
(La12zPrz)1.2Sr1.8Mn2O7 compounds.

We have found recently9,10 that for Pr(z50.2), Tc de-
creases from 125 to 98 K, this change being accompanie
a SMT at 98 K and that the magnitude and sign of the lat
0163-1829/2001/64~1!/012407~4!/$20.00 64 0124
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striction were strongly affected. As we further increased
z concentration of Pr to 0.6, we noted that the spontane
magnetic order was absent but found a field-induced fi
order PFT accompanied by a dramatic decrease in resist
by a factor of one million. This huge magnetoresistan
~MR!, measured with current and magnetic field parallel
thec axis, was correlated with an equally large magnetost
tion ~MS!.

We present here detailed magnetization~M!, resistivity
~r!, MR and MS studies as a function of magnetic field a
temperature, carried out in both theab plane and along thec
axis of az50.6 single crystal. Our results demonstrate t
presence of unusual interplay among the spin, charge,
orbital degrees of freedom in this layered structure.

Single crystals of (La12zPrz)1.2Sr1.8Mn2O7, with z50.6,
were grown from sintered rods of same nominal composit
by the floating-zone method using a mirror furnace. Cryst
could be cleaved, yielding to shiny surfaces. X-ray Lau¨e pat-
terns have indicated the cleaved surface to be the ab p
with, therefore, thec axis perpendicular to it. The x-ray pow
der pattern obtained by crushing part of the cleaved cry
did not indicate the presence of any additional phases and
lattice parameters were calculated to bea53.863 Å andc
520.150 Å. Thus, the substitution by Pr has resulted in
small contraction of thea parameter and an expansion of th
c parameter since, forz50, we founda53.875 Å andc
520.13 Å. This will have important consequences on
magnetic anisotropy, magnetization, CMR and magnetos
tion, as will be shown below. The composition of the cleav
surface of the sample, as revealed by energy-dispersive x
analysis, was very close to that of the starting rods. T
dimensions of the crystals for ther and MS experiments
were typically 3.432.8 mm2 in theab plane and 1 mm along
thec axis. A commercial SQUID~Quantum Design! magne-
tometer was used to measureM, r, and MR, as a function of
temperature and field. Four sputtered gold pads with sil
paste and indium wires were used for electrical contacts.
resistivity measurements withI i to thec axis, ring type con-
tacts on both sides of the crystal platelet were used, as
scribed by Kimuraet al.8 The thermal expansion in theab
©2001 The American Physical Society07-1
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plane and along thec axis were measured by means of
conventional strain gauge technique using a Giffo
McMohan-type helium refrigerator. Magnetostriction
fields higher than 5 T were carried out at the High Fiel
Laboratory of Tohoku University.

Field-cooled~FC! and zero-field-cooled~ZFC! magneti-
zation ~Biab andc! of a fraction of the single crystal, as
function of temperature, are shown Fig. 1. The ZFC mag
tization increased strongly asT decreased below 100 K bu
decreased starting from 28 K, even in a field of 5 T. The
data differed strongly from the ZFC data forT,28 K and
did not show any decrease at 28 K. This possibly indica
the presence of a spin-glass-like state or to the coexistenc
antiferromagnetic and ferromagnetic clusters. The data
ther indicated that the magnetization anisotropyMab /Mc
had decreased considerably due to the Pr substitution f
about 6–8 to less than 1. In Fig. 2 are shownM vs B~iab
plane and toc axis! data at selected temperatures. The m
important observation which can be made is the first-or
transition at 15 K withBi@001# at about 3 T. This transition
at 15 K, due to strong anisotropy, takes place at a higher fi
value of 4 T whenBiab. Whereas thec-axis magnetization
at 15 K showed a large hysteresis, the in-plane data did
show any. ForT.50 K, both the out of plane and in-plan
magnetization data were reversible.

Now, let us consider the transport properties. In the
sence of any applied field,r showed a semiconductorlik
behavior asT decreased both withI ia and I ic ~Fig. 3!. An
anisotropy amounting torc /ra560 was observed at 300 K
and increased dramatically to 23105 asT decreased to 5 K
Note that in the case of the unsubstituted compound,5 this
ratio was equal to 100 reflecting a very strong lattice eff
on the anisotropy. Further, a field-induced SMT was o
served. The maximum in the resistivity that was found at
K, in the case ofI iBi@110#, was shifted to a higher tempera
ture ~100 K! for I iBi@001#. The huge negative magnetor
sistance is best illustrated in Figs. 4~a!–4~c! where the resis-
tance ~R! of the sample, as a function ofB at selected
temperatures, is shown. Notice a close relation betweeR

FIG. 1. ZFC and FC magnetization~M! as a function of tem-
perature in a field of 4.8 T withBi@001# and @100#.
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andM as a function ofB for a givenT. The protocol for these
measurements, for eachT, was the following: first, the
sample was heated to 300 K, cooled to temperatureT, and
the data taken by increasing the field. ForI iBi@110# at 10 K,
MR hardly changed forB,5 T but decreased by a factor o
5 at B55.5 T. A sizeable hysteresis was observed whenB
was decreased to zero. At 25 K,R started decreasing forB
;3.5 T and resulted in a large decrease by a factor of 2
asB was increased to 4 T. A large hysteresis was obser

FIG. 2. M as a function ofB at selected temperatures with~a!
Bi@100# and ~b! Bic axis.

FIG. 3. Resistivity as function of temperature in zero and in
field of B55 T for with I i@001#iB and I i@100#iB.
7-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 012407
but the MR was zero forB50. For T560 K, the MR was
still large but no hysteresis was observed. The curves w
symmetrical on field reversal.

The data obtained forI i@001#iB are quite dramatic and
are very different from what is described above. At 5 K, f
B.4 T, R decreased rapidly and the value of MR reache
huge value of one million. A large hysteresis was obser
asB was decreased to zero and the sample retained the loR
value, even when the field direction was reversed and t
switched off. One had to wait for hours beforeR increased.
The relaxation studies will be reported elsewhere. For
,T,50 K, a huge decrease inR was found to occur at lowe
fields, accompanied by a hysteresis. ForT>50 K, no hyster-
esis was observed.

FIG. 4. ~a! Normalized resistivity as a function ofB with
I iBi@110# at selected temperatures~b!, ~c! Resistance as a functio
of B with I iBi@001# at selected temperatures.
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Let us discuss now the striction as a function of tempe
ture and magnetostriction~MS! at selected temperatures, as
function of B, which have a strong bearing on MR effec
@Figs. 5~a!–5~c!#. The data for z50 are taken from
Ogasawaraet al.9 The sample withz50.6 did not show any
anomalies as was seen forz50 near 120 K indicating the
absence of any spontaneous order in the present compo
However, we note that the striction for this sample, es
cially along thec axis, was quite large and negative at a
temperatures. The MS data show quite interesting featu

FIG. 5. ~a! dL(T)/L(300 K! as a function of temperature mea
sured along the ab plane and along thec axis for two concentrations
of Pr,z50 and 0.6.~b! The ab-plane magnetostriction as a functi
of field at selected temperatures forz50.6, ~c! The c-axis magne-
tostriction as a function of field at selected temperatures foz
50.6.
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At 4.2 K, the MS~along thec axis! remained constant as
function of B until 5 T and suddenly showed a very lar
decrease forB.6 T. As the field was reduced to zero,
large hysteresis was observed. AsT was increased to 30 an
50 K, the change in the magnitude of MS remained the s
but the decrease occurred at lower fields and the width o
transition decreased considerably very similar to thec-axis
resistivity vsB data. The MS in the ab plane also showe
hysteresis but it was positive and about 4 times smaller.

We will discuss now qualitatively our findings conside
ing data reported on similar compounds and availa
models.1–5 The occurrence of a first-order PFT transition
companied by a similar first-order transition in MR and M
is not so common. The field-induced PFT~Ref. 12! as well
as the volume striction,13 showing hysteretic effects tha
were observed12 in Pr12xCaxMnO3, were attributed to a
melting of the insulating charge-ordered state. However
our compound, no charge ordering effects seem to
present.

Let us compare our data to those reported on the
substituted (z50.4) compound by Moritomoet al.,11 and on
the x50.45 hole doped compound by Kimuraet al.8 Note,
however, that for the Nd-substituted samples, neitherc-axis
MR nor MS were reported. Thex50.45 sample is selecte
for comparison because of a similar semiconductor beha
in the absence of field. TheM vs T and theM vs B data of
our sample resemble very much those reported for the
substituted samples and possibly indicates the presen
spin clusters or magnetic domains consisting of Mn31 and
Mn41 with well localizedeg electrons, leading to an insula
ing ground state. The striction data of thex50.45 sample
resemble very much those found for our sample. For
in-plane FM interaction to be effective, as in the case of
x50.4 sample, the a parameter should have an optim
value8 and thus our sample should show an increase in s
tion upon cooling. However, what we observed was a
crease and hence no spontaneous magnetic order cou
expected. At 10 K, asB increased from zero, forI iBic axis,
thoughM increased rapidly,r did not show any change, eve
though the clusters or domains might have been part
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aligned. Nor was there any change in MS. It was only wh
the sample was fully magnetized thatr showed a rapid de
crease by a factor of one million, accompanied by a con
erable decrease in MS. Whereas the percolation/phase s
ration model as well as the double exchange mechanism
account for the observed SMT and the MR, an explanatio
the MS is hard to come by.

Let us look at the resistivity data reported on thex
50.45 sample in comparison with those presented here
both cases, there is an absence of SMT forB50 but a field-
induced transition was observed. The resistivity anisotro
~at 5 K! and thec-axis MR were larger by a factor of 200 an
20, respectively, in our sample. Further, whereas our sam
exhibited respectively negative and positive values
dLc(5T)/Lc(0) anddLa(5T)/La(0) at ;5 K, the x50.45
sample showed an exactly opposite behavior. However,
suggest that the mechanism involved in both these c
should be the same and related to the mixing of the
orbital states 3dx22y2 and 3dz22r 2. The various field-induced
properties observed should result from changes in the or
occupancy of theeg electron.8 It is interesting that an attemp
was made recently to study theoretically the phase diag
of the double-layered perovskite taking into account orb
degeneracy, the strong Coulomb repulsion, and coup
with the lattice deformation.14 An extension to the presen
system should be rewarding.

In summary, we have observed a field-induced first-or
para to ferromagnetic transition accompanied by a h
c-axis resistance decrease of one million and a giant nega
magnetostriction in the single crystals
~La0.4Pr0.6!1.2Sr1.8Mn2O7. The data can be understood qua
tatively as resulting from an interplay between charge a
orbital degrees of freedom accentuated by lattice diso
and anisotropy induced by Pr substitution and the laye
structure of the compound. Several interesting questions
lated to the nature of the ferromagnetic ground state
relaxation effects have to be answered before a comp
understanding can be reached. Our data further point ou
possibility of finely tuning several unusual properties
proper substitution in this quasi-two-dimensional compou
v.
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