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We present a low temperature x-ray photoemission electron microscopy study of the bi-layered

manganite compound La1:2Sr1:8Mn2O7 (BL-LSMO) to investigate the influence of stacking faults,

which are structurally and magnetically different from the bi-layered host. In BL-LSMO, small

magnetic moment persists to T� ¼ 300 K, well above the Curie temperature of 120 K (TC). Our

magnetic images show that 3D stacking faults are responsible for the T� transition. Furthermore,

close to the TC, stacking faults are well coupled to the bi-layered host with latter magnetic domains

controlling the spin direction of the stacking faults. Contrary to recent reports, we find that stacking

faults do not seed magnetic domains in the host via an exchange spring mechanism and the

intrinsic TC of the BL-LSMO is not lower than 120 K. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4754618]

Intrinsic properties of complex correlated oxides are

extremely susceptible to external perturbations, such as mag-

netic field, pressure,1 and interfaces with other oxides.2 The

latter situation can naturally occur in classes of layered

oxides, where regions with different number of transition-

metal-oxygen layers exist within the matrix of the layered

host material; these intergrowths are known as stacking

faults (SFs).3 Therefore, in these systems, we may have

regions with different electronic and magnetic properties

from the host, and these SFs have the potential to redefine

the host properties. Now, it is generally believed that the co-

operative or competitive interactions between intrinsic and

extrinsic forces in correlated oxides produce spectacular phe-

nomena such as colossal magnetoresistance (CMR) in man-

ganites. Therefore, to fully understand the behavior of

layered correlated oxide systems, we must understand how

SFs interact with the host material and influence its intrinsic

properties.

The bi-layered (BL) manganite compound, La2�2xSr1þ2x

Mn2O7 (BL-LSMO) displays very strong CMR effect4 and

are known to contain SFs.3,5,6 These are one of the most

investigated manganite compounds with techniques such as

angle resolved photoemission spectroscopy (ARPES)7 and,

very recently, it has been shown that SFs can influence the

ARPES results.8 In spite of these developments, questions

remain regarding the magnetic behavior of the system. For

simplicity, let us focus on the most studied doping level of

x¼ 0.4, La1:2Sr1:8Mn2O7, which has a Curie temperature

(TC) of 120 K. Bulk magnetization measurements on sam-

ples, with � 0.1% volume fraction of SF, have found two

transition temperatures, 120 K and 300 K.6 It has been specu-

lated that the magnetization remaining above TC, 300 K mag-

netic transition, is due to the existence of SFs and the 120 K

transition is the intrinsic TC of the host BL LSMO.6,9 How-

ever, more recently, there was a report that intrinsic TC for

BL-LSMO is around 105 K rather than 120 K and that the

SFs artificially increased TC to its generally accepted

value.10

Overall, this gives rise to a number of fundamental ques-

tions: What is the intrinsic ferromagnetic TC of BL-LSMO?

Do the BL matrix and the SFs interact magnetically, in

particular, can � 1% volume fraction of SF influence the for-

mation of magnetic domains in the BL host? It is not easy to

address these questions due to the lack of a spectro-

microscopy technique with magnetic sensitivity that is tuned

FIG. 1. (a) Mn L edge absorption (bottom) and XMCD spectra (top). (b)

XMCD amplitude as a function of temperature at 641.5 eV showing two

magnetic transitions, TC at 120 K and T� at 300 K. The ratio between 300 K

and 120 K jump varies from sample to sample. This is an example of one of

the largest ratio.

a)Author to whom correspondence should be addressed. Electronic mail:

hossain@slac.stanford.edu.
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to the mesoscopic length scales of the SFs. In this letter, we

explore these issues using element specific spectro-

microscopic evidence.

Single crystals of BL-LSMO La1:2Sr1:8Mn2O7 (x ¼ 0:4)

were grown by the traveling-solvent float-zone method.9

X-ray photoemission electron microscopy (X-PEEM) and

macroscopic x-ray magnetic circular dichroism (XMCD)

experiments were performed at beamlines 11.0.1 (PEEM-3)

and 6.3.1, respectively, at the Advanced Light Source

(ALS), Lawrence Berkeley National Laboratory. In both

measurements, the samples were cleaved in air immediately

before being introduced into the vacuum chamber. It is im-

portant to note that Freeland et al. found a monolayer of

magnetically dead layer at the surface of a sample that they,

like us, cleaved in air.11 This is not an issue for us because

PEEM has a probing depth of � 5 to 10 nm, and we are able

to measure clear magnetic XMCD signal in microscopy and

spectroscopy. XMCD measurements were done with fixed

helicity circularly polarized x-rays (beam diameter � 1 mm)

with an alternating magnetic field of 0.2 T, applied normal to

the sample ab plane. Full polarization control was available

for the PEEM measurements, where the liquid He flow rate

into the cryostat was used to control temperature so that no

stray magnetic field from an external heater could perturb

the system.

The standard (spatially averaged) XMCD and XAS

spectra as a function of temperature, with an applied mag-

netic field of 0.2 T, are shown in Fig. 1(a). While there is

strong intensity variation between the XMCD spectra, the

lineshape is insensitive to the temperature. Interestingly, as

shown in Fig. 1(b), the XMCD magnitude as a function of

temperature drops around 120 K (TC) and disappears around

300 K (T�). TC is consistent with the onset of bi-layered fer-

romagnetism but to find the origin of T�, we need a spectro-

scopic technique with spatial resolution, magnetic sensitivity

such as x-ray PEEM.

It is important to note that the XMCD measurements

shown in Fig. 1 were performed on a sample chosen for its

strong magnetic transition at T� compared to that at TC,

while the following PEEM measurements are done on sam-

ples with magnetization curves comparable to Ref. 6, i.e.,

samples with �0:1% volume fraction of SF. Figs. 2(a)–2(d)

show spatially resolved PEEM XMCD images, which are

obtained by taking images with left (rþ) and right (r�) cir-

cularly polarized light and calculating the asymmetry

ðrþ � r�Þ=ðrþ þ r�Þ. Fig. 2(a) shows an XMCD image at

115 K, just below the TC, showing large ferromagnetic

domains. Just above TC, at 121 K (Fig. 2(b)) most of the sam-

ple is nonmagnetic but some smaller ferromagnetic regions

remain. By moving into other areas on the sample (Figs. 2(c)

and 2(d)), we have found these surviving patches of ferro-

magnetism in different sizes and shapes. We will refer them

as T� domains. We did not find any magnetic signal in T� do-

main areas at 310 K (T > T�) above 1% noise level. We used

our XMCD images taken as a function of temperature in an

area free from the T� domains to generate a magnetization

curve, which is shown in Fig. 2(e). There is an overall mono-

tonic rise of magnetization below TC and, most importantly,

it is clear that in BL-LSMO regions the remnant magnetiza-

tion goes to zero above 120 K. We can estimate the SF vol-

ume fraction from the SF surface area coverage which we

found out to be �0:15% in an area of 300� 300 lm2,

roughly in agreement with the estimation in Ref. 6. To sum-

marize, Figs. 2(a)–2(d) show that T� and TC are Curie tem-

peratures for difference regions within the sample and we

need to perform spatially resolved spectroscopy to find out

the difference between these regions.

One of the goals of the spectroscopic studies is to detect

structural difference between the T� and TC regions. Here,

we present spectroscopic analysis of the oxygen K edge

spectra since O atoms hybridize with both La/Sr and Mn

sites and therefore carry all the structural anisotropy infor-

mation whereas Mn atoms are always surrounded by only O

sites and therefore only carry indirect structural information.

On top of this, O K edge spectra are much easier to interpret

since multiplet effects are much less for 1s! 2p transitions,

unlike 2p! 3d transitions (Mn L edge) where 2 p and 3 d ra-

dial wave functions have substantial overlap.12

We performed spatially resolved spectroscopy with

PEEM by tuning the incident photon energy, obtaining a

spectrum from every pixel of the image. Figs. 2(f) and 2(g)

show spectra taken with linearly polarized x-rays with polar-

ization parallel to the ab plane (red spectra) and the c axis

(blue) from T� domains (f) and BL regions (g) defined by the

red and green boxes, �0:5� 0:5 lm window, in Fig. 2(b),

respectively. While Fig. 2(f) shows no difference between

the spectra taken with E k a=b and E k c (to be precise, E,

30� away from the c axis), (g) shows a clear difference,
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FIG. 2. (a,b) PEEM XMCD images¼ðrþ � r�Þ =ðrþ þ r�Þ at the Mn L3-

edge (641.5 eV) at 115 and 121 K. (c,d) XMCD images from different

regions at 121 K. All images are �36� 36 lm. (e) Temperature dependence

of the XMCD amplitude from PEEM XMCD images in a region free from

SFs showing no magnetic signal above 120 K. DT is used in Fig. 3. (f,g) O K

edge spectra taken with E k a=b (red) and E k c (blue) in SF and BL region

of the sample, integrated over �0:5� 0:5 lm window, at 121 K.

132402-2 Hossain et al. Appl. Phys. Lett. 101, 132402 (2012)

Downloaded 11 Mar 2013 to 134.79.222.201. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



especially around 533 eV. This tells us that in-plane (ka=b
axis) and out-of-plane (kc) axis local electronic environ-

ments are different from each other in the majority of the

sample, where no magnetic domains are left above TC, as

expected for a quasi 2D system such as BL-LSMO. How-

ever, the in-plane and out-of-plane environments are essen-

tially the same in the T� domains. If we compare the spectral

features with published x-ray absorption data,13,14 we see

that the 533 eV peak is absent in cubic La1�xSrxMnO3 and

present in the E k a=b spectra on BL-LSMO. Indeed, oxygen

(O) peaks in the energy range of 533–536 eV are known to

be of La 5 d/Sr 4 d character,15 and (La,Sr)O planes are the

main difference between the crystal structure of cubic (3D)

and BL-LSMO. Combined with the fact that cubic manganite

La0:6Sr0:4 MnO3 (number of layers in Ruddlesden-Popper se-

ries, n ¼ 1) has a magnetic TC of � 350 K,1 this is a direct

confirmation that T� domains have a more 3-dimensional

character (2 < n � 1) and, therefore, are SFs. These results

directly connect the magnetic behavior with the dimensional-

ity of the Mn-O network.

So far, we have discussed properties of two seemingly

distinct type of magnetic domains. It is an important next

step to know if and how they might influence one another.

One possible mechanism is exchange spring, where a “hard”

magnet controls the magnetization direction of an adjacent

“soft” magnet, that is of tremendous interests in modern

spin-based electronics.16 There are theoretical predictions

that the required volume fraction of the hard magnet can be

as low as 9%, completely enclosed by the soft magnetic ma-

terial host, to raise the overall coercivity of the composite

material (Ref. 16, Fig. 2). Even though these ideas are being

extensively explored in metallic multilayers, they are much

less explored in correlated oxides, such as manganites.

In this context, it is important to note that Ref. 10 sug-

gests that the intrinsic TC of La1:2Sr1:8Mn2O7 is lower than

the measured value of 120 K and that this elevated TC is due

to the influence of higher TC SF magnetic domains on the

BL domains via an exchange spring mechanism. We con-

sider this hypothesis by direct spatially resolved XMCD

imaging of the magnetic domain formation close to 120 K, as

shown in Figs. 3(a)–3(f), as the sample is cooled across TC.

The white region at the center of Fig. 3(a) is a SF region

enclosed by non-magnetic gray BL-LSMO region. The tem-

perature difference between Figs. 3(a) and 3(f), DT � 10 K,

is defined in Fig. 2(e). First of all, we do not see any change

in the size of the SF domains below T� and hence can rule

out the possibility that the SFs are seeding domains in the ad-

jacent host BL system via the exchange spring mechanism.

Now, in Fig. 3(b), we note that the BL magnetic domains

start to form exactly at 120 K. This happens regardless of

their proximity to the SF domains. We checked this in sev-

eral regions of the sample, close to and far from the SF

domains, and with different cooling and warming rates. We

can also rule out the possibility of BL domains generated by

SF underneath the top layer because the average size of the

SFs is about 1�1 lm (SFs in Figs. 2(c) and 2(d) are some of

the largest we found within an area of �200�200 lm) and

the average size of BL domains are always larger than tens

of microns. By comparing with Fig. 1, where the sample has

a higher volume fraction of SF, we can conclude that BL TC

is also independent of the SF concentration. This confirms

that the intrinsic TC of La1:2Sr1:8Mn2O7 is indeed 120 K, not

lower and is not driven by coupling to the SFs.

As the images in Figs. 3(b)–3(d) show, the BL domain

structure fluctuates very close to TC. Something very inter-

esting happens between (d) and (f). At this point, we should

note that the SF region at the center of the frames is actually

a composite structure of two grains. In (e), as a BL domain

wall moves across the top SF grain, the spin direction of the

grain flips following that of the surrounding BL domain.

This continues in (f) with the BL domain completely enclos-

ing both of the SF grains and thereby flipping the spin direc-

tion of both. Overall, contrary to expectations, SFs do not act

as pinning sites for the BL domains; instead, they follow

orders from the host, which spontaneously becomes ferro-

magnetic at 120 K. The coupling between SF and BL can be

either due to strong exchange between SF and BL spins or to

the dipolar interaction driven by the much larger number of

spins, and hence bigger internal field (H), provided by the

local BL domain.

To summarize, the intrinsic TC of BL-LSMO is indeed

120 K, not lower. There is strong cooperation between the
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FIG. 3. A time sequence of XMCD cooling images (10� 10 lm) show development of the BL domains in the vicinity of TC (DT defined in Fig. 2(e)) and the

interplay between SF and BL ferromagnetic domains.
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two structurally and electronically different regions at Tc and

higher TC SF magnetism follow the spin direction of the sur-

rounding BL magnetic domains. Many other compounds in

the Ruddlesden-Popper series, such as cuprates and ruthen-

ates, may have SFs in them and a thorough PEEM study on a

broader class of materials is needed to find the general influ-

ence of SFs on the spectacular electronic properties of these

intriguing materials.
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