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Translating reproducible phase-separated texture in manganites into reproducible two-state
low-field magnetoresistance: An imaging and transport study
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In thin-film La,(Cay4MnO;, conducting-tip and magnetic force microscopy reveal a pattern of nanoscale
phase separation that is reproducible across cooling runs. This pattern represents the intersection of buried
three-dimensional filamentary ferromagnetic metallic pathways with the sample surface. As an interlayer in
current-perpendicular-to-the-plane trilayer devices, this phase-separated material magnetically decouples fer-
romagnetic metallic Laj;Cay3;MnOj3 electrodes which switch sharply. This yields sharp two-state low-field
magnetoresistance that is also reproducible across cooling runs. The reproducibility and the magnitude of the
resistance jump are linked to highly resistive (~107'2 ) m?) constrained domain walls in the pathways of the
phase-separated interlayer. Phase separation is normally associated with high-field colossal magnetoresistance
and, therefore, its exploitation here to produce low-field effects is unusual.
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The manganites rose to prominence in the 1990s with the
discovery! of colossal magnetoresistance (CMR), i.e., large
changes in electrical resistance driven by large magnetic
fields. Interest persists for two reasons. First, the ferromag-
netic metallic (FMM) phase is attractive for spintronics? be-
cause the conduction-electron-spin polarization®* approaches
100 % and is therefore much higher than the values recorded
for common magnetic metals such as cobalt (Ref. 5) ~40 %.
Second, manganites of appropriate composition display com-
plex magnetic and electronic phase-separation phenomena
over a wide range of length scales.®” Here, using epitaxial
thin films, we investigate and exploit both the spin-polarized
FMM phase and phase separation.

High-field magnetoresistance®® (MR) in chemically
single-phase manganites is circumstantially? associated with
magnetic and electronic phase separation.®” Phase separation
strongly influences MR effects, but phase separation is not a
prerequisite for MR effects, which could (in principle) arise
via the interconversion of very different homogeneous
phases. In practice, phase separation arises near first-order
phase transitions due to nucleation and pinning by imperfec-
tions and is associated with pronounced MR effects showing
either large high-field jumps,®® e.g., 10'° %, or continuous
responses.! Continuous MR responses, such as the prototypi-
cal CMR effect,! are so large (~10° % at 6 T) that even a
small applied magnetic field H produces a substantial MR
(~50 % at 10 mT). Therefore, low-field memory effects aris-
ing due to phase separation can be large and subtle.!”

Low-field MR in manganites has not hitherto been asso-
ciated with phase separation. Large low-field effects arise
when H serves to align and misalign magnetic domains on
either side of grain boundaries,!' tunnel barriers,'>!* and
nanoconstrictions.'*-1® Small low-field effects in nominally
single-domain unpatterned continuous crystals!” are a mani-
festation of the high-field CMR effect; when the magnetiza-
tion switches to align with H, the local magnetic order is
enhanced and the resistivity p drops sharply.
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PACS number(s): 75.47.Lx, 73.43.Qt, 75.60.Ch, 81.16.Rf

Unlike in the bulk, thin-film Laj¢Cay4,MnO;5 lies at the
edge of the FMM phase field.'® Its FMM volume fraction
(<50 %) is therefore smaller than it is in the bulk!® (where it
approaches 100 %) but no microscopic details of the appar-
ent phase coexistence have been published. Here we reveal
percolating FMM pathways in a phase-separated 55 nm
Lag ¢Cay 4sMnO; film using scanning probe techniques. Next,
we demonstrate how to exploit this phase separation in
Lao_7Ca0'3MnO3/LaO'6CaO.4MnO3/Lao.7Ca0_3MnO3 deViCCS,
where the phase-separated interlayer represents a weak mag-
netic link that decouples the FMM Laj,Cay3;MnO; elec-
trodes [cf. magnetic tunnel junctions'>!® and giant MR
(GMR) multilayers].  Current-perpendicular-to-the-plane
(CPP) MR measurements yield two distinct states of resis-
tance. We associate the high-resistance state with constrained
domain walls in the FMM pathways of the interlayer.

The 55 nm Laj¢Cay,MnO; film was grown by pulsed
laser deposition (A=248 nm, 1 Hz, 2.0 J/cm?, 800 °C,
15 Pa of flowing O,, and target-substrate distance=8 cm)
from a stoichiometric target (Praxair) on polished 10X5
X 0.5 mm?® NdGaO; (001) substrates (orthorhombic Pbnm)
and annealed in situ (~50 kPa O,, 750 °C, and 1.5 h) be-
fore cooling (10 °C/min) to room temperature (RT).
Trilayer growth was similar (except the target-substrate dis-
tance was 6.5 cm, the anneal was 1 h at 800 °C, and the
cooling was uncontrolled). CPP devices (bottom electrode
parallel to [100]) were fabricated from trilayers with in situ
Au metallization (2.5 J/cm?, RT, base pressure ~10™* Pa,
and target-substrate distance=6.5 c¢m) via a procedure pre-
viously used'? for magnetic tunnel junctions (optical lithog-
raphy, Ar ion milling, and sputtered SiO, and Au). Layer
thicknesses were determined from film fringes in w-26 x-ray
scans about NdGaO; (004) taken with a Philips X’ Pert high-
resolution diffractometer (A\=1.54 A, Ge monochromator).

A variable-temperature scanning probe microscope con-
structed in house?® was used to acquire the 77 K conducting-
tip atomic force microscopy (CAFM) (Ti-Pt coated tips, lat-
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FIG. 1. Magnetic and electrical properties of an unpatterned
55 nm Lag ¢Cay 4MnO; film. (a) Magnetization M at 48 K, and (b)
resistivity p at 78 K versus H applied along [100].

eral resolution ~10 nm) and magnetic force microscopy
(MFM) (Co-Cr coated tips, lateral resolution ~100 nm) im-
ages. The 293 K CAFM image was acquired with a Digital
Instruments MultiMode atomic force microscope (AFM).
Magnetic measurements were performed using a Princeton
Measurements Corporation vibrating sample magnetometer
and the paramagnetic substrate contribution was removed via
a linear fit at high field. Four-terminal resistivity measure-
ments of the film were performed at 50 uA in a continuous-
flow cryostat with current and applied field along [100].
Four-terminal CPP device measurements were performed at
100 A in a He closed-cycle cryostat with the applied field
along [100]. Current-voltage characteristics were linear up to
150 wpA at all measurement temperatures (20-300 K) and
fields (£0.5 T). All transport measurements and magnetom-
etry of films and devices were performed after zero-field
cooling and the subsequent application of an applied field
that was large enough to remove magnetic domains. This
applied field was not unduly large in order to minimize the
possibility of irreversible FMM phase-fraction enlarge-
ment.'”

Magnetometry of a 55 nm La, (Cay 4,MnO; film [Fig. 1(a)]
records a small low-temperature FMM volume fraction
(~42 %) and a suppressed Curie temperature T (~150 K)
as expected.'® We confirm an in-plane uniaxial easy axis®!
along [100] but note that for films of such extreme compo-
sition, the anisotropy can vary with deposition run.??> The
film is insulating at RT and becomes metallic on cooling
through 7,=145 K=T¢. At 78 K, p(H) shows sharp drops
near the coercive field [Fig. 1(b)] due to magnetization re-
versal and CMR as discussed earlier. At other fields, p(H) is
linear and |dp/dH|=64 % T~' is larger than the cor-
responding value of 2 % T~' for homogenous FMM
La ¢7Cag 33MnO; films? due to the influence of H on FMM
volume fraction.

CAFM images of the 55 nm LajCay4MnO5 film taken
below T, in the macroscopically metallic state, reveal a
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FIG. 2. (Color online) Conducting-tip atomic force microscopy
(CAFM) images of the 55 nm Laj¢Cag4MnO; film. Two-point re-
sistance R measurements between the conductive nanoscale tip and
a biased electrical contact located remotely on the film surface were

normalized by the median value R for each image. The main image
was taken below T}, at 77 K (R=6 MQ) and the inset was taken

above T), at 293 K (R=25 k). When the sample is macroscopi-
cally metallic below T, the electronic structure exhibits phase sepa-
ration on a range of length scales.

phase separation into electrically conducting and insulating
regions. Conducting regions that percolate and reach the film
surface appear bright in the CAFM image shown in Fig. 2,
where the contrast represents the current that flows between
the scanned tip and a biased electrode on the film surface.
Isolated conducting regions cannot be detected by this
method since they are not connected to the percolated con-
ducting network; their apparent existence in Fig. 2 demon-
strates that some percolating pathways pass underneath the
film surface, i.e., the phase separation is three dimensional.
The in-plane length scale for phase separation is seen to
range from 30 nm, which is comparable with the film thick-
ness, up to several hundred nanometers. The unexpected in-
plane elongations along [100] could be due to stress arising
from the asymmetry of the epitaxial mismatch between
Lay¢CagsMnO; (a/b=1.002) and NdGaO; (b/a=1.013). A
CAFM image taken at RT>T), (inset of Fig. 2) shows dras-
tically reduced variations in contrast implying that the film is
electrically homogeneous. Therefore, the low-temperature
electronic structure may (in principle) be reset by an excur-
sion to RT.

MFM images of the 55 nm Laj¢Cay,4MnO; film at 77 K
reveal a magnetic phase separation that is reproducible be-
tween cooling runs. Figure 3(a) was recorded after zero-field
cooling from RT. The magnetic contrast here reveals the
presence of a ferromagnetic domain structure but does not in
itself confirm the existence of phase separation. Figure 3(b)
was recorded after subsequently applying 36 mT along [100]
and removing it. This procedure aligns the magnetizations of
all ferromagnetic regions since 36 mT is sufficient to saturate
the magnetic hysteresis loop and this loop is square [Fig.
1(a)]. Therefore, the persistence of MFM contrast in Fig.
3(b) is attributed to regions of uniformly magnetized ferro-
magnetic material coexisting with regions of nonferromag-
netic material, i.e., phase separation. Indeed, no such contrast
is observed in MFM images of magnetized homogeneous
FMM films of Laj,Cag3MnO5; on NdGaOs, which also have
very square magnetic hysteresis loops.?!
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FIG. 3. (Color online) Magnetic force microscopy (MFM) im-
ages of a single 8 X8 um? area of the same 55 nm La, (Cay 4MnO;
film studied in Fig. 2. All images are displayed on an identical
contrast scale. Images (a)—(d) show zero-field data at 77 K after
different magnetic and thermal histories. After cooling from RT in
H=0, the magnetic contrast in (a) is significantly reduced by the
application and removal of a saturating field of 36 mT along [100]
prior to the collection of image (b). Images (c) and (d) correspond
to a repeat of this run. The insets, all from a single 1.2X 1.2 um?
area, show more clearly that the magnetic structure is subject to
strong run-to-run variations after cooling in H=0, (a), (c) but is
recovered with remarkable reproducibility by the application of the
field (b), (d).

A repeat zero-field cooling run for exactly the same area
of the film generated Figs. 3(c) and 3(d). It is particularly
apparent from the insets that the images taken after cooling
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FIG. 4. Magnetic measurements of an unpatterned

Lay,Cay3sMnO3(29 nm)/Lagy¢Cay4Mn0O3(29 nm)/Lagy;Cag3MnO3
(72 nm) trilayer. M(H) along [100] at 79 K shows two abrupt
jumps associated with top (2.9+0.2 mT) and bottom
(0.44x0.10 mT) layer switching. The more diffuse switching in
35-60 mT is due to the FMM regions of the Laj¢Cay4MnO; inter-
layer. Upper inset: w-26 x-ray scan about NdGaOj3 (004) taken with
a Philips X’Pert high-resolution diffractometer (\=1.54 A, Ge
monochromator). The observation of peaks for each component of
the trilayer confirms the epitaxy of the heterostructure. Lower inset:
Trilayer schematic (La;_,Ca,MnQOj3 is denoted LCMO x for clarity).
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FIG. 5. (Color online) CPP electrical measurements

after zero-field cooling to 25 K of a 5X5 um? mesa device pat-
terned from a Lay;Cap3;MnO3(20 nm)/Lagy¢CagsMnO3(20 nm)/
Lag7Cag3MnO5(50 nm) trilayer in which all layers are macro-
scopically metallic at the measurement temperature. The schematic
shows contact pads (thick lines) and voltage V and current / termi-
nals. Each of the three R(H) sweeps was measured after an excur-
sion to RT and we plot AR=R(H)-R(0) to eliminate small extrinsic
run-to-run variations in top contact resistance attributed to micro-
structural changes and other aging effects. For the three sweeps,
R(0)=97.9 Q (black), 96.2 Q (red), and 95.8 Q (blue). The
switching (jump magnitude and switching fields) is highly repro-
ducible from run to run and two distinct states are seen at H=0
(minor loop, inset). The upper switching field corresponds to the top
electrode (see main text).

[Figs. 3(a) and 3(c)] are very different but become very simi-
lar [Figs. 3(b) and 3(d)] after exposure to the magnetic field.
This similarity demonstrates that the pattern of phase sepa-
ration is fixed, e.g., due to fixed local variations in strain.?*-20
This interpretation suggests that the differences between
Figs. 3(a) and 3(c) arise due to different magnetic domain
configurations in a fixed pattern of ferromagnetic regions.

The insets of Figs. 3(b) and 3(d) reveal a modulation
along [100] on a length scale of several hundred nanometers.
This is consistent with the longest length scale seen by
CAFM (Fig. 2) suggesting a common origin. The finer
CAFM features obtained in contact mode cannot be resolved
in the MFM images, where the lateral resolution is poorer
due to, e.g., tip-sample separation (40 nm), finite tip volume,
and divergent fields.

Magnetic measurements of an unpatterned
Lay;Cap3Mn0O5(29 nm)/Laj¢Cay4,MnOs (29 nm)/
Lay,CaysMnO; (72 nm) trilayer (Fig. 4) confirm®” that the
phase-separated interlayer (Figs. 2 and 3) decouples the mag-
netizations of the two outer FMM layers. CPP trilayer de-
vices (left inset of Fig. 5) therefore permit the exploitation of
this phase separation and its run-to-run persistence. At low
temperatures, the resistance R of a typical 5X5 um? mesa
CPP trilayer device is metallic and R(H) displays two-state
switching (Fig. 5). Equivalent results with mesas up to 19
X 19 um? confirm that the upper switching field is associ-
ated with the top electrode. Milling-induced defects®’ are
likely to be responsible for both the increase in switching
fields and the decrease in switching quality relative to the
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unpatterned trilayer (Fig. 4). Assuming the interlayer to be
unaffected by milling because it is essentially buried, the
fields associated with interlayer reversal in the CPP device
fall between the upper and lower switching fields. This guar-
antees that the resistance state of the device is determined by
the magnetic configuration of the Laj,Cay ;MnOj; electrodes;
in the parallel electrode configuration, the interlayer magne-
tization is aligned with the electrode magnetizations, mag-
netic domain walls are absent, and R is low; in the antipar-
allel electrode configuration, R is high due to the formation
of magnetic domain walls associated with the FMM path-
ways of the phase-separated interlayer. These domain walls
could span the FMM pathways or they could be extremely
sharp as discussed later.

The two distinct states of resistance in Fig. 5 represent an
improvement over our recent MR measurements®? of a
similar'® trilayer that was top contacted in the current-in-the-
plane (CIP) geometry. Because this trilayer was unpatterned,
the top and bottom layer magnetizations both switched at
smaller fields than those associated with interlayer reversal,
cf. Fig. 4. Therefore, the transition from the high-resistance
state to the low-resistance state with increasing |H| was gov-
erned by the magnetic reversal of the interlayer and, hence, it
was quasicontinuous rather than sharp. An additional advan-
tage of the CPP geometry employed here is that the current
pathways through the interlayer are better defined, which
permits the following quantitative analysis.

To establish the low-temperature domain-wall resistance-
area (RA) product for the CPP device, we compare R with
and without domain walls at H=0 via minor loops (right
inset of Fig. 5). In order to normalize the measured value of
AR=0.6 (), we assume that the relevant cross-sectional area
of FMM pathways in the interlayer is 20 %—42 % of the area
of the mesa. The upper bound assumes that the 42 % FMM
volume fraction—determined by magnetometry—represents
the appropriate areal fraction. The lower bound, which rec-
ognizes that not all FMM regions are necessarily part of the
percolating network, is calculated from the CAFM image

(Fig. 2) assuming a cutoff of R/R<0.4. These bounds yield
a small range 3X 10712 Q) m*><RA=6.3X 1072 0 m? that
lies within the spread of values recorded for manganite films
(i) with patterned and therefore potentially damaged con-
strictions [8 X 107" Q m? in Lay;Cay;MnO; (Ref. 14), 1.4
X107 Qm? in Lay,SrosMnO; (Ref. 15), and 2.5
X 10713 Q m? in La,5Sr,,3;MnO; (Ref. 16)], and (ii) without
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constrictions [1 X 10715 € m? in La,;SrysMnO; (Ref. 28)].
The large values of RA seen in manganites exceed the
values for standard magnetic metals such as cobalt®
(~107' Q m?) by more than six orders of magnitude. This
could be due to the formation of mesoscopic magnetic and
electronic structure at wall centers where the stability of the
FMM phase is reduced.”'* Indeed, mesoscopic structure is
common in the manganites®® but its possible existence here
could not be revealed by current-voltage characteristics be-
cause top contact resistance dominates. The large RA could
also be due to geometric constraints®! since (i) the domain
walls lie in filamentary FMM pathways (Fig. 1) and (ii) the
interlayer is thinner than the natural domain-wall width? of
38 =10 nm suggested for FMM phases of (La,Ca)MnOs.

In summary, we have demonstrated reproducible two-state
low-field MR in CPP manganite trilayer devices, where
FMM electrodes (Lag;Cay3MnO;) sandwich a phase-
separated interlayer (La, ¢Cay4MnQO;) associated with resis-
tive domain walls (RA~10"'2 ) m?). CAFM reveals that
thin films of the interlayer material possess filamentary con-
ducting pathways and MFM reveals a fixed pattern of phase
separation. We suggest that frozen-in local strain®*-2% fixes
the pattern of phase separation and underpins the reproduc-
ible device performance.

In the future, the deterministic control of local strain
could be exploited to define electrical circuits without®? the
need for top-down or bottom-up fabrication. This approach,
which is reminiscent of information storage in rewritable
CDs and DVDs, is attractive for miniaturization because it
permits the definition of lateral nanoscale features such as
our phase-separated FMM pathways without incurring
process-related damage.
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