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Two-dimensional intrinsic and extrinsic ferromagnetic behavior of layered La ,Sr; gMn,0- single
crystals
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The low-field magnetizatio and susceptibilityy are reported for the two-layered Ruddleson-Popper
phase SrQ.a; ,SrMnO3), for x=0.4(denoted La,Sr; gMn,0O;) with an in-plane magnetic easy axis. As
approaches the Curie temperatUie.= 116 K) on cooling, where the metal-insulator transition occurs in zero
field, y diverges asH Y, with §=21+5. Also, near an extrinsic Curie transition attributed +®.1%
volume fraction of intergrowths aT* =2.47 T, M scales as (2 T/T)#, with 3=0.25+0.02. These
results can be understood within the context of two-dimensi¥Yamodels, and provide some perspective of
the layered manganitefS0163-18208)02102-X]

The revival of interest in manganite perovskites is drivenand drops on cooling by two orders of magnitude for both
by the observation of colossal magnetoresista€®R)  the current in theb planep,,, and the current perpendicular
effects’™ The CMR can be understood at an elementaryto the planep..® Subsequently, Kimurat al° studied the
level within the context of double-exchange theogs a  x=0.3 member of this series and reported thatdheis is
field-enhanced metal-insulatdMlI) transition at the Curie the easy axis, and that the resistivity behavior is different
temperaturel . Within this framework the singly occupied than for thex= 0.4 material;p,,, underwent its slope reversal
ey level of the high-spin Mn3 state lies above the triply at an elevated temperature that we will deridte while p,
occupiedt,y level and can be Jahn-Teller split due to the plummeted aff ¢ (~90 K). From the observations in Ref. 10
lowering of the octahedral symmetry of the oxygen ligandsa picture emerged that incorporates the following elements:
The g4 electron can hop across an oxygen site in a spin{i) there are two transitiongii) they are both intrinsiciii )
conserving mannefdouble-exchange proces® the corre- the upper transition is due to double-exchange coupling
sponding unoccupied, level of a neighboring Mnh* siteif  within the layers, andiv) the lower transition is due to in-
the two sites are spin aligneddence, thee, electron can terplanar tunneling. In the present work we examine the
delocalize afl -, which is where all the Mn sites spin align. x=0.4 material and also find two transitions, as for the
This is, however, an oversimplification and much of thex=0.3 material, but we differ with Ref. 10 concerning points
physics of the CMR materials still needs to be elucidated(ii)—(iv) above. We find that tha axis is the easy axis in our
including the role of polaronic conduction, and the micro- material, and that although there are two transitions, the up-
magnetic understanding of the lack of significant remanenceer transition atT* is extrinsic and attributed to trace
reported for these material$. amounts of intergrowths, identified via transmission electron

Recently, layered variants of the perovskite structuremicroscopy(TEM), and as are also known to occur in the
analogous to the layered cuprates, have been explored withyered cuprates. Thus, we conclude that it is the Curie tran-
the expectation that they will provide new insights and inter-sition atT that is dominated by double-exchange consider-
esting physics in their own right due to unique anisot-ations. Quantitatively, we also find unusual scaling of both
ropies and dimensionality effects!® For example, the low-field susceptibility near the intrinsic transitioniTat,

La, ,Sr; gMn,0O; was introduced by Moritomaet al” who  andof the magnetization with temperature below the extrin-
identified its concomitant Curie and MI transitions and CMRsic transition atT*=2.47 T, for the impurities (inter-

at T¢c~120 K, and short-range ordéBRO aboveT.. The growthg that represent only-0.1% volume fraction of the
structure remains tetragondld(mmmj throughout the tran- sample.

sitions and consists of an insulating blocking layer separating The synthesis and neutron-scattering structural determina-
two conducting manganese-oxide layers, as represented Iipns of our samples have been described previdtily.
the formula Sr@La;_,Sr,MnQO3), with x=0.4 andn=2. Single crystals of La,Sr; gMn,O; were prepared from pow-
[The structure evolves into that of the three-dimensionalers of the oxides and grown in a floating-zone image fur-
(3D) perovskites as increases to infinity.For x=0.4, the  nace in flowing oxygef.This yielded a boule about 1 cm in
resistivity vs temperature at the MI transition reverses slopaiameter and 8 cm in length that contained many single crys-
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FIG. 1. M vsT for La, ,Sr; gMn,O; measured withH parallel to H (G)
thea axis. T¢ and T* identify intrinsic and extrinsic Curie transi-
tions, respectively. FIG. 2. M vs H for Lay ,Sr, gMn,O; below (260 K) and above

(330 K) T". The inset shows a TEM micrograph with a 50-nm
tals. Crystals from parts of the boule were crushed into &cale marker. This image thus contains about one intergrowth for
powder for neutron-diffraction measuremehishile the re-  every 2000 A.
maining single crystals were used for magnetometry and
magnetoresistancéMR) measurements. Magnetometry of ~200 A, i.e., it is resolution limited(Above T¢, it is not
samples from different regions of the boule exhibited no depossible to place a quantitative value on the coherence based
tectable inhomogeneities. MR measureménttilized stan-  on the neutron-diffraction scans reported since no magnetic
dard, four-point contacts made with silver paint on samplesnoment was refiney.
that are typically X1x1 mn?. MagnetizationM and sus- An effort was made to extract an experimental magneti-
ceptibility y measurements were made in a Quantum Desigiation exponent below* for the impurity phase. Within
PPMS system equipped Wit 9 Tsuperconducting solenoid. 10% of T*, M(H=15 Oe) scales as @T/T*)#, with
The trapped flux in the solenoit-15 Og was monitored  g=0.25+0.02, as shown in Fig. 3, for which* was also a
and field values have been adjusted accordingly. The platsitting parameter(The same values are observed in 30 Oe.
lets used for magnetometry are similar in Shape to those Useﬂ‘ andﬁ have correlated errors of 1 K and =0.03, respec-
for resistance measurements and weight 4 to 8 mg. The magyely, for statistical confidence levels99%) The 8 value
netization measurements reported herein utilize fields apcoincides, within experimental error, with that of the critical
plied along the easy axis of the crystals, which is alongethe magnetization exponent ¢&/128=0.231) reported for the
axis within the layered structure. finite-size 2DXY model!* Similar experimental values have
A Fligur(]?_ %dshf;lOWS at]edtransgioﬁjc anﬁ T:: that appear in - peen reported for ultrathin ferromagnetic films with in-plane
the low-fie Vs ata. Besides the Curie transition at magnetic anisotrop}? as well as SICuO,.Cl,,** a 2D
116 K, the additionall* transition at 287 K also appears in Heisenberg antiferromagnet. In theory, the Y model

Fig. 1 in 15 Oe, but there is no remaner(mzo for H hshould not exhibit LRO at finitd, but ordering is permitted
<1 Oe M forrrr:s a pl_ateau c.)f. '°Whr.‘“"".9r!"uqe pelov¥ €ach once the symmetry is broken, by either a finite-size effect, or
transition. For the Curie transition this is indicative of a do-y . presence of a magnetic field, or a weak in-plane fourfold

main state rather than a saturation state, as will be discuss%%isotropy anticipated from the crystal structiteat would
later. Figure 2 illustrates the magnetization above and belo ield nonuniversal scaling exponept®r any other infini-

" : . .
™, Wh'.c h shows paramagnetic and ferromag_net|c FeSPONSERasimal anisotropy. The actual value of teexponent can
respectively. Belowl* the remanent moment is barely non-

vanishing at~0.5 mug/Mn, and the coercive field is<10
Oe. Above 10 OeM increases linearly wittH, as for a
paramagnetic response superimposed on a saturated ferro-
magnetic signal. This saturated ferromagnetic component
only represents-~0.1% volume fraction of the sample and
therefore can be considered as originating from an impurity
phase. The inset of Fig. 2 shows a TEM micrograph of the
sample(with the ¢ axis in the plane of the pictureTwo
intergrowths are easily seen in an otherwise perfect crystal. p
While neutron diffraction has previously identified the
long-range ordefLRO) ferromagnetic state beloW. with 0.7 : '
fully developed magnetic moments on the Mn sites, it fails to 0.01 %
detect Mn moments abovi..° This could be either because 1-T/T
their values are Sma[b.t 0.1% volume fraCtiO)’]OI’ because FIG. 3. Log_k_)g p|ot of M vs reduced temperature Showing
the length scale of the magnetic scattering is too short to betraight line fit toT* = 287 K and3=0.25+0.02 within 10% of
detected. BelowT the neutron powder-diffraction experi- T*. M vs T/T* is displayed in the inset along with the power-law
ments show that the magnetic coherence length is larger thdin. The tail extends to 15% abovE* .
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FIG. 6. They vs H data on a linear scale as used in Fig. 5.
0 10 20
H (kOe) Now we turn our attention to the Curie transition at 116

FIG. 4. M vs H for Lay ;Sr, Mn,0; (sweeping up and down in K. Figures 4, 5, and 6 shoMand x vs H for the specified
field) at several temperatures below and ab®ye The dashed line, temperaturesM vs H is initially linear both above and be-
denotedH™' | identifies the field at which the differential suscepti- low T, with no remanence apparent, but with slopes that
bility peaks(see the insgtand this corresponds to the MI transition increase on cooling. Abové&; (see, e.g., the 126 K data in
in the conduction. Fig. 4) the linear region is followed by an inflection point,

also be influenced by the fact that the transition is broadenegenqted_l’\’” » Which trgcks thg .ﬁeld enh_ancement of the con-
(see Fig. 3 insat And, finally, it is possible that double- comitant Ml and Curie transitions. This same trencHp,
exchange ferromagnets form different universality classe¥/@S reported in Refs. 8 and 9 from the resistivity data for this
than traditional magnets because of their fluctuating valenceomposition. Here we definély, as the field at which the
states that are not described in the Hamiltonians of the starfusceptibility peakssee Fig. 4 inset The H-T phase dia-
dard scaling models. gram is summarized in Fig. 7, which also shows the satura-

The small (~0.1% volume fraction and the two- tion field and the two neutron data poir{tdosed symbols
dimensionalg analysis combined with the TEM results indi- from Ref. 9 that delineate the LRO and SRO regions.
cate that the intergrowth&or which n#2) are the likely x Vs H diverges as a power law at low fieldee Figs. 5
cause of thel* transition. We can also speculate that inter-and 6. We represent this behavior phenomenologicallyas
growths are present in the=0.3 sample of Ref. 10 because ~H~%?. This implies that the approximate linearity iff vs
the samples in both studies were synthesized similarly, andl can be similarly represented &~H?*"Y? Fitting the
theM-H behavior in Ref. 10 folf <T* are similarly indica- low-field y data indicates tha®’ grows atT is approached.
tive of a trace impurity, rather than intrinsic 2D ordering asWe find thaté’=4+1 at 122 K, which is~6 K from T and
implied therein. Intergrowths might even be more prevalents’=21+5 at 116 K, which is withm 1 K of T. Below T¢
in that study and responsible for the broad and weak slopghe value of5' may simply reflect the domain state. At
reversal reported fop,, at T* . however, scaling theory should apply. Standard scaling

0.0025 theory would yieldM ~HY? andy~H~1  with §=15 for
. i . .

a 2D system(XY or Ising). Thus, our experimental power
laws forM andy seem to differ in sign and functional form
from their traditional values. However, within the theory of
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fields (open circleg and the M, (open diamondsfrom magnetiza-
FIG. 5. Log-log plot of ¥ vs H for single-crystal tion data, while the closed diamonds indicate the onset of LRO in
La; ,Snr gMn,0; nearT denotings’ values. the neutron-scattering refinements of Ref. 9.



57 BRIEF REPORTS 75

planar degenerate systerfishe exponent 1 = kgTc/4mJ  vergence described phenomenologically oy H =" with
for the XY model. Therefore, we can interpret our unusélal  5—21+5 at T.. The material also exhibits an extrinsic
exponent as indicatinggTc/J~12, which is comparable to  cyrie transition attributed te-0.1% volume fraction of in-
values found for similar high-spin 2D systefisThe inter- tergrowths atT*=2.47Tc and for which M scales as
esting point here is that the fluctuations n&arcould be 2D (L—T/T*)#, with B8 = 0.25-0.02. These results provide a

while the_tr_ansition its<_alf is 3Qin the sense thatap an(jpc new perspective on the layered manganites, in contrast to
both exhibit M behavior allc). Again, as was mentioned that proposed earlier. It is of the utmost importance to pursue

above, nonstandard scaling behavior might be possible 'hese divergent viewpoints in order to provide theorists with

double-exchange ferromagnet@nd in this regard un- . o . . A
. ; . . a baseline for describing the physics of this fascinating class
usual ferromagnetic and antiferromagnetic 2D fluctuations

extending well abov8 - for x=0.4 samples recently were of magnetic materials.
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