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The low-field magnetization M and susceptibility ¥ are reported for the two-layered

Ruddleson-Popper phase SrO(La;-xSrxMnO3), for x = 0.4 (denoted La; 2Sr; gMnoO7)

with an in-plane magnetic easy axis. As T approaches the Curie temperature (Tc = 116 K)

. . ] -1/8'
on cooling, where the metal-insulator transition occurs in zero-field,  diverges as H

2

with &' = 21+5. Also, near an extrinsic Curie transition attributed to ~0.1% volume fraction

of intergrowths at T* = 2.47Tc, M scales as (1-T/T *)B, with B = 0.25+0.02. These

results can be understood within the context of 2D XY models, and provide a new
perspective of the layered manganites.
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The revival of interest in manganite perovskites is driven by the observation of
colossal magnetoresistance (CMR) effects.]4 The CMR can be understood at an
elementary level within the context of double-exchange theory> as a field-enhanced metal-
insulator (MI) transition at thé Curie temperature T. Within this framework the singly
occupied eg level of the high-spin Mn+3 state lies above the triply occupied 2, level and
can be Jahn-Teller split due to the lowering of the octahedral symmetry of the oxygen
ligands. The eg electron can hop across an oxygen site in a spin-conserving manner (double

. : o
exchange process) to the corresponding unoccupied eg level of a neighboring Mn ~ site if

the two sites are spin aligned. Hence, the eg electron can delocalize at TC, which is where

all the Mn sites spin align. This is, however, an oversirnpliﬁca.tion and much of the physics
of the CMR materials still needs to be elucidated, including the role of polaronic
conduction, and the micromagnetic understanding of the lack of significant remanence
reported for these materials.3.6

Recently layered variants of the perovskite structure, analogous to the layered
cuprates, have been explored with the expectation that they will provide new insights and
interesting physics in their own right due to unique anisotropies and dimensionality
effects.’-10 For example, Laj »Sr; §Mny,O7 was introduced by Moritomo et al.7” who
identified its concomitant Curie and MI transitions and CMR at Tc ~ 120 K, and short-
range order (SRO) above T¢. The structure remains tetragonal (J4/mmm) throughout the
transitions and consists of an insulating blocking layer separating two conducting
manganese-oxide layers, as represented by the formula SrO(Laj.xSrxMnO3), with x = 0.4
and n =2. (The structure evolves into that of the 3D perovskites as n—yes.) For x=0.4, the
resistivity p vs. temperature T at the MI transition reverses slope and drops on cooling by
~10? for both the current in the ab-plane, pap, and the current perpendicular to the plane,
pc.8 Subsequently, Kimura, et al.10 studied the x=0.3 member of this series and reported
that the c-axis is the easy axis, and that the p—behavior is different than for the x=0.4

material: pap underwent its slope reversal at an elevated T that we will denote T*, while p¢



plummeted at Tc (~ 90 K). A picture emerged from Ref. 10 that incorporates the following
elements: (i) there are two transitions, (ii) they are both intrinsic, (iii) the upper transition is
due to double-exchange coupling within the layers, and (iv) the lower transition is due to
interplanar tunneling. In the present work we examine the x=0.4 material and also find two
transitions, as for the x=0.3 material, but we differ with Ref. 10 concerning points (ii)-(iv)
above. We find that the g-axis is the easy axis in our material, and that althc;ugh there are
two transitions, the upper transition at T* is extrinsic and attributed to trace amounts of
intergrowths, identified via transmission electron microscopy (TEM), and as are also
known to occur in the layered cuprates. Thus, we conclude that it is the Curie transition at
Tc that is dominated by double-exchange considerations. Quantitatively, we also find
unusual scaling of both the low-field susceptibility  near the intrinsic t:ransition at Tc, and
of the magnetization M with T below the extrinsic transition at T* = 247Tc for the
impurities (intergrowths) that represent only ~0.1% volume fraction of the sample.

The synthesis and neutron scattering structural determinations of our samples have
been described previously.8:? Single crystals of LajSr; gMnyO7 were prepared from
powders of the oxides and grown in a floating-zone image furnace in flowing O,.8 This
yielded a boule about 1 c¢m in diameter and 8 cm in length which contained many si_ngle
crystals. Crystals from parts of the boule were crushed into a powder for neutron
diffraction measurements,” while the remaining single crystals were used for magnetometry
and MR measurements. Magnetometry of samples from different regions of the boule
exhibited no detectable inhomogeneities. MR measurements$ utilized standard, four-point
contacts made with silver paint on samples that are typically 2x1x1 mm3. M and ¥
measurements were made in a Quantum Design PPMS system equipped with a 9 T
superconducting solenoid. The trapped flux in the solenoid (~15 Oe) was monitored and
field values have been adjusted accordingly. The platelets used for magnetometry are

similar in shape to those used for the p measurements and weigh 4 to 8 mg. The



magnetization measurements reported herein utilize fields applied along the easy axis of the
crystals, which is along the a-axis within the layered structure.

Figure 1 shows the transitions Tc and T* that appear in the low-field M vs. T data.
Besides the Tc at 116 K, the additional T* transition at 287 K also appears in Fig. 1 in 15
Oe, but there is no remanence (M=0 for H<1 Oe). M forms a plateau of low magnitude
below each transition. For Tc this is indicative of a domain state rather than a saturation
state, as will be discussed. Figure 2 illustrates M vs. H above and below T*, which shows
paramagnetic and ferromagnetic responses, respectively. Below T* the remanent moment is
only ~ 0.5 mup/Mn, and the coercivity is <10 Oe. Above 10 Oe, M«<H, as for a
paramagnetic response superimposed on a saturated ferromagr-letic signal. This saturated
ferromagnetic component represents only ~0.1 % volume fraction .o"f 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 c-axis in the plane of the picture). Two
intergrowths are easily seen in an otherwise perfect crystal. Preliminary estimates of the
intergrowth volume from this work are consistent with that quoted above.

While neutron diffraction previously identified the LRO ferromagnetic state below
Tc with fully developed magnetic moments on the Mn sites, it failed to detect Mn moments
above Tc.? This could be either because their values are small (at 0.1 % volume fr_acti.on)
or because the length scale of the magnetic scattering is too short to be detected. Below Tc
the neutron powder-diffraction experiments show that the magnetic coherence length is
larger than ~200 A, i.e. it is resolution limited. (Above Tg, it is not possible to place a
quantitative value on the coherence based on the neutron scans since no magnetic moment
was refined.)

An effort was made to extract an experimental magnetization exponent below T* for
the impurity phase. Within 10% of T*, M(H = 15 Oe) scales as (l—T/T*)B, with B =
0.25%0.02, as shown in Fig. 3, for which T* was also a fitting parameter. (The same

values are observed in 30 Oe. T* and B have correlated errors of +1 K and +0.03,




respectively, for statistical confidence levels >99%.) The B value coincides, within
experimental error, with that of the critical magnetization exponent (31t2/128 = 0.231)
reported for the finite-size 2D XY model.!! Similar experimental values have been reported
for ultrathin ferromagnetic films with in-plane magnetic anisotropy,12 as well as
SrpCu0,Cly ,13 a 2D Heisenberg antiferromagnet. In theory, the 2D XY model should not
exhibit LRO at finite 'f, but ordering is permitted once the symmetry is broken, by either a
finite-size effect, or the presence of a magnetic field, or a weak in-plane four-fold
anisotropy anticipated from the crystal structure (which would yield nonuniversal scaling
exponents), or any other infinitesimal anisotropy. The aétual_ value of the B-exponent can
also be influenced by the fact‘that the transition is broadened (see Fig. 3 inset). And,
finally, it is possible that double-exchange ferromagnets form differer;t universality classes
than traditional magnets because of their fluctuating valence states that are not described in
the Hamiltonians of the standard scaling models.

The small (~0.1%) volume fraction and the 2D B-analysis combined with the TEM
results indicate that the intergrowths (for which n # 2) are the likely cause of the T*
transition. We can also speculate that intergrowths are present in the x = 0.3 sample of Ref.
10 because the samples in both studies were synthesized similarly, and the M-H behavior
in Ref. 10 for T<T* are similarly indicative of a trace impurity, rather than full planar
ordering as claimed therein. Intergrowths might even be more prevaleﬁt in that study and
responsible for the broad and weak slope reversal reported for Pab at T*,

Now we turn our attention to the Tc at 116 K. Figures 4-6 show M and ¢ vs. H
for the specified temperatures. M vs. H is initially linear both above and below Tc, with no
remanence apparent, but with slopes that increase on cooling. Above T¢ (see e.g., the 126-
K data in Fig. 4) the linear region is followed by an inflection point, denoted Hyy, which
tracks the field enhancement of the concomitant MI and Curie transitions. This same trend
in Hymp was reported in Refs. 8 and 9 from the p data for this composition. Here we define

Hwm as the field at which x peaks (see Fig. 4 inset). The H-T phase diagram is summarized



in Fig. 7, which also shows the saturation field and the two neutron data points (closed
symbols) from Ref. 9 that delineate the LRO and SRO regions.

X vs. H diverges as a power law at low field (see Fig. 5 and 6). We represent this
behavior phenomenologically as y, o< H -1/3'. This implies that the approximate linearity of
M vs. H can be similarly represented as M o< H!-1/8" Fitting the low-field i data indicates
that &' grows as Tc is approached. We find that &' = 4+1 at 122 K, which is ~6 K from Tc
and &' = 21%5 at 116 K, which is within 1 K of Tc. Below Tc the value of 3' may simply
reflect the domain state. At Tc however, scaling theory should apply. Standard scaling
theory would yield M ~ H1/® and 3 ~ H/8-1, with & = 15 for a 2D system (XY or Ising).
Thus, our experimental power laws for M and % seem to differ in sign and functional form
from their traditional values. However, within the theory of planar degenerate systems, 14
the exponent 1/8 = kgTc/4nJ for the XY model. Therefore, we can interpret our unusual &'
exponent as indicating kgT¢/J = 12, which is comparable to values found for similar high-
spin 2D systems.!5 The interesting point here is that the fluctuations near Tc could be 2D
while the transition itself is 3D (in the sense that Pab and p both exhibit MI behavior at
Tc). Again, as was mentioned above, nonstandard scaling behavior might occur in double-
exchange ferromagnets (and in this regard unusual fluctuations near Tc for x=0.4 samples
recently were reported by Perring ez al. 16 in neutron scattering experiments.)

Finally, we consider different scenarios to describe the lack of remanence. The first
is that of a conventional domain state, and the second is that the double layers of Mn-O-Mn
order ferromagnetically at Tc but successive double layers (or groupings of them) are
antiferromagnetically coupled with an extremely weak coupling constant. The neutron
powder diffraction of Ref. 9 would have detected this type of antiferromagnetic order.
However, a domain state as been inferred from previous work!7 on 3D CMR perovskites
that indicates that although M appears reversible, p can be hysteretic. Lastly, a more radical
possibility would be to consider that the system does not order in zero field at finite T, but

that the presence of even an infinitesimal anisotropy (due to an external field) induces the



LRO,!3 as in a 2D XY model. But this would suggest that the MI transition itself would
vanish in zero field according to the double exchange picture, since there would be no
Curie transition to align the spins on neighboring Mn sites. Since the MI transition is
known to persist in zero field, we can discard this ‘radical’ scenario. In fact, quite to the
contrary, the presence of an external magnetic field (for all CMR manga_nites) can be
viewed as suppressing the discrete LRO transition at Tc and replacing it with a broadened
transition characterized by inflection points in the p and M-H data.

In summary, 2D behavior is exemplified in single crystals of Laj 5Sr; gMnyO7, the
40% doped, two-layer variant of the CMR perovskite maﬁgan_ites. This material exhibits
LRO and an MI transition at Tc = 116 K and a susceptibility divergence described
phenomenologically by x = H -1/8 with §' = 2145 at Tc. The material also exhibits an
extrinsic Curie transition attributed to ~0.1% volume fraction of intergrowths at T* =
2.47T¢ and for which M scales as (1-T/T *)B, with B = 0.254+0.02. These results provide
a new perspective on the layered manganites, in contrast to that proposed earlier. It is of the

utmost importance to pursue these divergent viewpoints in order to provide theorists with a

baseline for describing the physics of this fascinating new class of magnetic materials.
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Figure Captions:

1.

Myuvs. T for Laj 2Sr; gMnyO7 measured with H parallel to the g-axis. Tc and T*
identify intrinsic and extrinsic Curie transitions, respectively.

M vs. H for Laj 2Sr; gMnyO7 below (260 K) and above (330 K) T*. The inset
shows a TEM micrograph with a 50-nm scale marker. This image thus contains about
one intergrowth for every 2000 A. :

Log-log plot of M vs. reduced temperature showing straight line fit to T* = 287 K
and f§ = 0.25%0.02 within 10% of T*. M vs. T/T* is displayed in the inset along with
the power law fit. The tail extends to 15% above T*.

M vs. H for Laj2Sr; gMnyO7 (sweeping up and down in field) at several
temperatures below and above T¢. The dashed line, denoted HM.'L identifies the field
at which the differential susceptibility peaks (see the inset) and this corresponds to the
MI transition in the conduction.

Log-log plot of % vs. H for single crystal Laj 2Sr;.8Mn07 near Tc denoting &'

values.

The y vs. H data on a linear scale as used in Fig. 5.
H-T phase diagram of Laj 2Sr; gMnyO7. The saturation fields (open circles) and the
Hmi (open diamonds) from magnetization data, while the closed diamonds indicate

the onset of LRO in the neutron scattering refinements of Ref. 9.
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