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Magnetic properties of epitaxially grown ultrathin La2/3Sr1/3MnO3 (LSMO) films down to a thickness

of one unit cell (u.c.) have been systematically investigated by studying their magnetic behaviors with

Co capping layers. For LSMO thickness below 3 u.c., the Co/LSMO bilayers exhibit strong exchange

bias (EB) effects after field cooling, suggesting the existence of antiferromagnetic (AFM) phase at the

interfaces in ultrathin LSMO. The presence of exchange bias effect for the bilayer with 1 u.c. thick

LSMO further demonstrates that the AFM ordering of the LSMO is C-type AFM ordering structure.

For 10 u.c. LSMO, the magnetic properties are clearly not altered by the capping Co film, suggesting

that the observed phenomena are caused by the intrinsic properties of LSMO. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4754594]

Understanding the magnetic and electronic properties of

the interfaces created between two different perovskite oxides

have gained significant attention in recent years, due to their

interesting physics as well as potential application in oxide-

based electronic devices. Many unexpected phenomena, such

as two-dimensional (2D) high mobility electron gas, 2D

superconductivity, and interfacial ferromagnetism have been

discovered in those interfaces.1–3 The interfacial effects also

play a particularly important role in the performance of many

devices, e.g., magnetic tunnel junctions (MTJs) and multifer-

roic memory devices.4,5 An important case is the MTJs of

La2/3Sr1/3MnO3 (LSMO)/SrTiO3 (STO)/LSMO, of which the

tunneling magnetoresistance (TMR) is in excess of 1800% at

low temperature.4,6 The observed TMR, however, dramati-

cally decreases even when the temperature is far below the

Curie temperature, TC, of LSMO, suggesting the presence of a

so-called “dead-layer,” i.e., a layer with depressed magnetiza-

tion and insulating properties at LSMO/STO interface.7 The

“dead-layer” is widely observed in many systems and the

thickness depends on both the oxide films and the insulating

substrates. For LSMO, it is �4 nm on STO (001), �3 nm on

NdGaO3 (110), and �5 nm on LaAlO3 (001).7,8

Because the electronic and magnetic properties of the

interfaces between two oxides are sensitive to epitaxial

strain,9 broken symmetry,10 oxygen stoichiometry,11 growth

orientation,12 and polarity discontinuity,1–3 the physics of

such systems is quite complex and still not well understood.

For example, the spin state of “dead-layer” remains contro-

versial, partially owing to the difficulty to characterize their

properties, particularly for film thickness down to one or two

unit cells (u.c.). Transport and magnetic measurements have

shown the presence of spin canting state in the “dead-layer.”13

Low-temperature magnetic force microscopy suggested the

phase-segregated state of ferromagnetic (FM) metal and

charge-ordered insulating phases, driven by nonuniform distri-

bution of strain localized at interface.14 In particular, using

x-ray magnetic linear dichroism (XMLD) to measure LSMO

down to 5–6 u.c., some authors reported a preferential eg (3z2-r2)

out-of-plane orbital occupation at LSMO/STO interface,

suggesting a C-type antiferromagnetic (AFM) phase.9,15

However, using the same experimental technique, Huijben

et al. have shown an opposite result of a preferential eg (x2-y2)

in-plane orbital ordering.7 For the characterization of AFM

phases, polarized neutron reflectivity is probably one of the

best techniques.16 It is, however, hard to measure ultrathin

film with the thickness down to a few unit cells.

In order to determine the magnetic state of LSMO dead

layer, here, we utilize the exchange bias (EB) effects, which

generally occur between ferromagnets and ferrimagnets,

antiferromagnets, and spin glasses.17,18 The exchange cou-

pling through the interface gives rise to a unidirectional shift

in the magnetic hysteresis loop as well as an increase of

the magnetic coercivity for the FM layer. In this work, we

deposited a very thin layer of Co on ultrathin LSMO films

epitaxially grown on STO(001) substrates. We observed

strong EB effects and coercivity enhancement for LSMO

thicknesses below 3 u.c. (�0.4 nm/u.c.). The ferrimagnetic

ordering and spin glass phase are ruled out at the interface of

LSMO/STO in LSMO by the magnetization measurements,

suggesting the presence of AFM. The EB effects rapidly dis-

appear with increasing temperature. For 10 u.c. thick LSMO,

Co/LSMO and uncoated LSMO show similar magnetic behav-

iors, indicating LSMO properties are not modified by Co

capping layer and the exchange bias effect is not caused by the

oxidation of the Co. Furthermore, the observation of EB down

to 1 u.c. LSMO demonstrates the C-type AFM ordering struc-

ture other than A-type. The EB effects provide an easy way to

study the magnetic states of ultrathin oxide films.

Epitaxial LSMO films were grown on TiO2-terminated

STO (001) substrates using pulsed laser deposition by applying

a KrF excimer laser at a repetition of 2 Hz and a laser fluence

of �2 J/cm2. The sample growth temperature and oxygen pres-

sure were 750 �C and 1� 10�5 Torr, respectively. The growth

was monitored in situ by reflection high-energy electron dif-

fraction (RHEED) and the film thickness was controlled at sin-

gle atomic level by the intensity oscillations of the RHEED

spot. After the film growth, the substrate heater was immedi-

ately turned off to quench the sample to room temperature,a)Electronic mail: dwu@nju.edu.cn.
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which was demonstrated to help the growth of high quality

LSMO films.19 Then, the LSMO films were transferred into

another vacuum chamber of base pressure of 7� 10�8 Torr

without breaking vacuum to deposit Co and the capping layers.

The deposition rate of Co was 1.2 nm/min, monitored by a

quartz thickness monitor. After less than 5 min, a capping layer

of 100 nm tris (8-hydroxyquinolinolato) aluminum III (Alq3)

organic film was deposited to prevent the oxidation of Co

films. The magnetic measurements were carried out with the

magnetic field applied within the film plane and along the

(100) direction of STO using the superconducting quantum in-

terference device (SQUID) magnetometer.

The lattice constants of LSMO and STO are 0.387 and

0.390 nm, respectively. This small lattice mismatch allows

epitaxial growth of LSMO, manifested by the same RHEED

patterns of LSMO films and STO. The RHEED patterns of

LSMO films keep the same at growth temperature and room

temperature, indicating the preservation of the structure after

cooling from growth temperature. Clear RHEED oscillations

are observed [inset of Fig. 1(a)], suggesting layer-by-layer

growth, consistent with earlier study.7,19 The RHEED oscil-

lations should be absent in step-flow growth and the ampli-

tude of RHEED oscillations should remain constant in ideal

layer-by-layer growth with a periodic variation of the rough-

ness. The change of oscillation amplitude may represent the

variation of the roughness. We observe a gradual increase of

background of the RHEED oscillation, which needs further

simulation to understand and is also observed in previous

work on LSMO and LaAlO3 grown on STO substrates.1,19

Furthermore, Fig. 1(a) shows a typical surface morphology

of ultrathin LSMO films, measured by ex situ atomic force

microscopy at room temperature. The atomically flat terraces

and 1 u.c. step height resemble the surface of the STO sub-

strate, confirming the layer-by-layer growth and suggesting

that one period of RHEED oscillation corresponds to 1 u.c.

thick LSMO.

In Fig. 1(b), we display the field-cooled (FC) magnetiza-

tion as a function of the temperature for bare LSMO film

with thickness of 3 and 20 u.c. under a magnetic field of

100 Oe. For 3 u.c. film, the ferromagnetism is almost com-

pletely depressed, which is consistent with recent reports,7

ruling out the possibility of ferrimagnetic ordering. In con-

trast to 3 u.c. film, the 20 u.c. film clearly exhibits FM order

up to 340 K, which is in agreement with Ref. 7 and close to

the Curie temperature of bulk LSMO (�370 K). Since the TC

of LSMO is sensitive to oxygen stoichiometry,7 the fact

that TC of 20 u.c. thick LSMO is close to TC of bulk LSMO

infers that the oxygen stoichiometry of LSMO is almost O3.

Moreover, the magnetizations of LSMO as a function of

temperature under zero-field-cooling and field-cooling con-

ditions for both samples show similar curve, suggesting that

LSMO is not spin glass state.

The magnetic properties of depositing an ultrathin Co

layer on top of LSMO films are subsequently investigated.

Fig. 2 shows the magnetic hysteresis loops of a Co (2 nm)/

LSMO (2 u.c.) bilayer, which were measured at 5 K after the

sample was cooled down from 300 K to 5 K in a magnetic

field of 10 kOe and �10 kOe, respectively. Obviously, the

center of the loops is shifted away from zero-field and to the

opposite direction with respect to the cooling field. This loop

FIG. 1. (a) AFM micrograph of 4 u.c. LSMO, showing a clear step-and-ter-

race surface. The inset is RHEED intensity as a function of time for growth

of 4 u.c. LSMO. (b) Temperature dependence of the magnetization of bare

LSMO films with thickness of 3 u.c. and 20 u.c., respectively.

FIG. 2. Magnetic hysteresis loops measured at 5 K after 610 kOe FC,

respectively. The loops are shifted toward the opposite direction of the cool-

ing field.
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shift phenomenon is a classical EB behavior due to the

exchange coupling between ferromagnets and ferrimagnets,

antiferromagnets, and spin glasses. Since the ferrimagnetic

ordering and spin glass phase are ruled out, the EB effect

suggests that the AFM phase appears in LSMO. The phase

separation between a FM phase and an AFM phase was

proposed in thin manganite films.14 We cannot exclude the

nonexistence of FM phase from this measurement. In addi-

tion, the pinned uncompensated moments can lead to EB

effects.18 Although a measurable vertical shift in hysteresis

loop is not observed, this possibility cannot be ruled out. The

EB field, HEB¼ (HCþ�HC�)/2, where HCþ and HC� are the

absolute value of coercive field of increasing and decreasing

branch of the hysteresis loop, respectively, is about 820 Oe.

Moreover, the AFM phase is able to hinder the FM rotation

through exchange coupling to enhance the coercive field,

HC¼ jHCþþHC�j/2. Indeed, HC increases about seven

times as compared to that of the same thickness Co film

grown on much thicker LSMO with FM state [Fig. 4(b)],

which also supports the presence of AFM phase in ultrathin

LSMO films.

The magnetic properties of LSMO ultrathin films may

be modified if they are in contact with other metals and insu-

lating materials, probably due to interface reaction, interface

doping and electrostatic screening effects.20,21 Therefore, Co

layer may modify LSMO magnetic properties and lead to EB

effects. In order to rule out this possibility, we performed the

magnetic characterization by SQUID on LSMO (10 u.c.) and

Co (2 nm)/LSMO (10 u.c.), shown in Fig. 3. The temperature

dependent magnetization of Co/LSMO bilayers exhibits a

similar trend with that of LSMO. After the magnetic contri-

bution of Co is subtracted, which is separately measured on

Co (2 nm)/STO (001), the data, red triangle symbols in

Fig. 3, are almost identical to that of LSMO, demonstrating

that the Co layer has no detectable impact on the LSMO. In

contrast, a dramatic reduction of TC and a lower saturation

magnetization for about 10 u.c. thick LSMO was observed

by capping a Au layer.21 Therefore, we conclude that the observed EB effect is caused by the intrinsic properties of

ultrathin LSMO. We note that magnetic properties of

Co/LSMO bilayers are dramatically modified by depositing

Al as capping layer, but not by the organic capping layer,

due to magnetic properties of Co strongly altered by the

extensive intermixture between Al and Co films.22

Fig. 4(a) shows hysteresis loops of another sample Co

(2 nm)/LSMO (2 u.c.) bilayer at different temperatures after

10 kOe FC from 300 K. The temperature dependence HEB

has been summarized in the inset of Fig. 4(a). We can find

that HEB decreases rapidly with increasing temperature,

accompanied by the decrease of HC. This implies that the

AFM/FM exchange interaction is responsible for the enhance-

ment of HC. And HEB is almost zero when the temperature is

approaching 40 K, representing the N�eel temperature of AFM

phase. This is much lower than the N�eel temperature of CoO,

suggesting that the EB effects are not caused by CoO.

The LSMO thickness dependence of HEB and HC for Co

(2 nm)/LSMO at 5 K is presented in Fig. 4(b). The EB effects

are only observed for 1 and 2 u.c. LSMO. This provides an

estimation of AFM layer of about 2 u.c., which agrees with

previous report of the critical FM thickness of 3 u.c.,7 and

implies that the AFM phase only exists at the interface

FIG. 3. Temperature dependence of the magnetization of 10 u.c. LSMO film

with and without 2 nm Co capping layer, respectively. The diamagnetic

contribution from SrTiO3 substrate has been subtracted. The red triangle

symbols are obtained from the magnetization of 10 u.c. LSMO capped with

2 nm Co minus the magnetic contribution of Co capping layer (The magnet-

ization of Co was measured from a Co (2 nm)/STO (001) sample.).

FIG. 4. (a) Magnetic hysteresis loops of Co (2 nm)/LSMO (2 u.c.) bilayers

measured at different temperatures. The inset shows the exchange field as a

function of temperature. (b) Exchange bias field HE and coercive field Hc as

a function of LSMO thickness with 2 nm Co capping layer. The lines are

guide to the eyes.

122409-3 Shi et al. Appl. Phys. Lett. 101, 122409 (2012)



region. On the other hand, HC gradually decreases with

increasing LSMO thickness, even though EB disappears, and

are nearly constant for thickness above �7 u.c., which is

about the upper limit of the dead layer.7 This could be inter-

preted in terms of phase separation between FM and AFM.

As increasing LSMO thickness, the increase of carrier den-

sity weakens the superexchange AFM interaction and enhan-

ces the double-exchange FM interaction between Mn ions,

leading to phase separation between a FM phase and an

AFM phase, as suggested by recent theoretical and experi-

mental study.7,11,23 This decreases AFM interaction and

shrinks the AFM phase region, resulting in the reduction of

AFM anisotropy. For a weaker AFM anisotropy, AFM phase

is not sufficiently strong to bias the hysteresis loop, but it can

hinder the magnetization rotation of Co and enhance its coer-

civity. Therefore, the HC enhancement reflects the existence

of AFM phase. Since FM phase is clearly developed for

thickness above 3 u.c. [Fig. 1(b)],7 our results suggest a dis-

tinct electronic phase separation in thickness range of 3 u.c.

and �7 u.c. Moreover, the disappearance of EB for LSMO

well above the dead layer thickness excludes the possibility

that the Co drags oxygen from LSMO to form AFM CoO

and hence results in EB effects.

The AFM ordering structure in ultrathin LSMO/STO

(001) films is currently under debate. A-type and C-type

AFM structures are both proposed based on XMLD experi-

ments.7,9,15 In their experiments, they can only detect LSMO

thickness above 3 u.c., due to the limited sensitivity of

this technique. LSMO thickness dependent EB effects may

provide complementary evidence and insight into the AFM

structure. From an atomic moment picture, A-type and

C-type AFM ordering of 1 u.c. (001) plane is FM and AFM,

respectively. Therefore, EB can only be caused by one unit

cell thick C-type antiferromagnet, but not by A-type antifer-

romagnet. Based on this scenario, we believe that the LSMO

at the surface region is C-type AFM.

In summary, we utilize a Co capping layer as a probe to

investigate the magnetic properties of the ultrathin LSMO

films deposited on STO (001) substrates. The Co/LSMO

bilayers show a strong EB effect and enhanced coercivity for

the LSMO thickness below 3 u.c., suggesting an AFM order-

ing at the interfaces. With excluding the AFM order from the

Co capping layer, the AFM phase for LSMO thickness below

3 u.c. is demonstrated. The fact that the exchange bias effect

can be observed for the LSMO layer down to 1 u.c. suggests

the AFM structure of ultrathin LSMO film is C-type. The

coercivity enhancement of the Co layer is found for the

bilayers with the LSMO thickness of 3–7 u.c., indicating

the existence of an AFM phase originated from the phase

separation between a FM phase and an AFM phase.
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