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The switching of ferromagnetic-to-antiferromagnetic coupling of magnetization in the superlattices

consisting of two ferromagnetic metals La0.7Sr0.3MnO3 (LSMO) and SrRuO3 (SRO) grown on

(001) oriented SrTiO3 has been observed by changing the orientation of the field from

out–of–plane to in–plane direction. Such switching of magnetic coupling strongly depends on the

stacking order of La0.7Sr0.3MnO3 and SrRuO3 layers in the superlattice of 20 unit cell (u.c.)/

n (¼ 3 or 5) u.c. thickness configuration. This is explained by the structural distortion in the MnO6

and RuO6 octahedra along the out-of-plane direction due to the observed stress. VC 2011 American

Institute of Physics. [doi:10.1063/1.3673295]

Several interesting magnetic properties of the interfaces

of La0.7Sr0.3MnO3 (LSMO) and SrRuO3 (SRO) multilayers

have been reported.1–5 For instance, Ke et al.1 have observed

exchange bias effect in the magnetic structure consisting of

FM bilayer composed of La0.67Sr0.33MnO3 and SrRuO3.

Very recently, Ziese et al.2 have studied La0.7Sr0.3MnO3 and

SrRuO3 superlattices and observed strong antiferromagnetic

interlayer coupling depended delicately on magnetocrystal-

line anisotropy. These superlattices also show inverted hys-

teresis loop due to strong exchange bias between

La0.7Sr0.3MnO3 and SrRuO3.
3 While Thota et al. have

observed crossover between inverse and conventional mag-

netic entropy changes with temperature.5 In our earlier study,

we found enhanced magnetization and antiferromagnetic

coupling in La0.7Sr0.3MnO3 and SrRuO3 superlattices.4

These observations are attributed to the possible modifica-

tion in the stereochemistry of the Ru and Mn ions in the

interfacial region. We have further studied the magnetic

properties of the LSMO-SRO superlattices grown on (001)

oriented SrTiO3 (STO) for both stacking sequences of con-

stituents with 20 u.c./n u.c. thickness configuration. The

enhanced magnetization and antiferromagnetic coupling

strongly indicates the influence of stacking sequences. In

addition, these samples also show the switching of ferromag-

netic coupling to antiferromagnetic coupling by changing the

orientation of magnetic field from in–plane to out–of–plane

direction. Therefore, this study may open a constructive

approach for buffer layer and electrode used in spintronic

devices and for the magnetic refrigeration application.5

The multitarget pulsed laser deposition technique has

been used to grow thin films of LSMO and SRO and their

superlattice structures on (001) oriented STO substrates. The

detail of the deposition process has been described previ-

ously.4 The deposition rates for SRO and LSMO layer are

calibrated individually for each laser pulse of energy density

�3 J/cm2 and it seems to be almost the same �0.73 Å/pulse.

Series of superlattice structures with STO/20-u.c. LSMO/

n-u.c. SRO and STO/20-u.c. SRO/n-u.c. LSMO configura-

tions for n¼ 3 and 5 were synthesized by repeating the

bilayer, 15 times. Note that in all samples, the bottom layer is

20 u.c. thick while the top layer is either 3 u.c. or 5 u.c. thick.

The periodic modulations in composition were calculated

using established deposition rates of LSMO and SRO

obtained from the positions of superlattice reflections in x-ray

h-2h scans. The epitaxial growth and structural characteriza-

tion of the multilayer and single layer films were performed

using x-ray diffraction. The magnetization (M) measurements

were carried out using a superconducting quantum interfer-

ence device based magnetometer (Quantum Design MPMS-

5). The field-cooled magnetization is measured by cooling the

sample below room temperature in the presence of magnetic

fields along the [100] and [001] directions of the STO sub-

strate. The orientation of the magnetic field during the field-

cooled measurements remains similar to that of the cooling

field.

The pseudocubic lattice parameter of STO (3.905 Å) is

smaller than that of the SRO (3.93 Å) but larger than that of

the LSMO (3.88 Å). Thus, STO provides in-plane tensile

stress and compressive stress for the epitaxial growth of

LSMO and SRO with lattice mismatch �0.64% and þ0.64%,

respectively. However, the LSMO-SRO superlattice stabilizes

pseudocubic phases of these perovskites on STO substrate

irrespective of the bottom layer. The h-2h x-ray scan of the

superlattices with n¼ 3, around the (001) reflection of STO,

are shown in the Fig. 1. We have carried out quantitative

refinement of x-ray diffraction profile of these superlattice

structures using DIFFAX program.4 The simulated profiles of

the superlattice with n¼ 3 around the (001) reflection of STO

are also plotted in the Fig. 1. The simulated profile using the

calibrated thickness is in good agreement with the position of

the Kiessig fringes and their relative intensity ratio. Though

we have observed up to 5th order satellite peaks, only 0th and

1st order satellite peaks are shown to have a clear view of the

influence of observed strain of the superlattice structure. The

out-of-plane lattice parameters “c” calculated from 0th order

peak positions of STO/[20-u.c. LSMO/n-u.c. SRO]x15 and

STO/[20-u.c. SRO/n-u.c. LSMO]x15 superlattices with n¼ 3

and 5 are shown in the Table I. The observed out-of-plane lat-

tice parameter of STO/[20-u.c. LSMO/n-u.c. SRO]x15 super-

lattice with n¼ 3 is smaller than that of the bulk LSMO, so

the in-plane lattice parameter of the same superlattice is larger
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than that of the LSMO assuming the conservation of volume.

Thus, this superlattice has in-plane tensile stress as expected

from the lattice mismatch between the STO and LSMO.

Similarly, the presence of in-plane compressive stress in

STO/[20-u.c. SRO/n-u.c. LSMO]x15 superlattices with n¼ 3

is confirmed from the observed “c” of this superlattice. Fur-

thermore, the decrease in the change in out-of-plane lattice

parameter “Dc” i.e., the decrease of observed stress irrespec-

tive of the bottom layer, strongly support the structural

change in the superlattice due to the size effect. This indicates

the relaxation of the in-plane stress due to the increase in the

bilayer thickness in LSMO-SRO superlattice systems with

both the stacking orders.

Figure 2 shows the field cooled (FC) temperature depend-

ent magnetization M(T) curves of four superlattices. These

measurements were carried out in-presence of 0.1T field ori-

ented along the [001] and [100] directions of STO. The M(T)

curves show the onset of spontaneous magnetization of the

STO/[20-u.c. LSMO/n-u.c. SRO]x15 superlattices (Figs. 2(a)

and 2(b)) occurs at �360K while it is observed at relatively

lower temperature �320K for STO/[20-u.c. SRO/n-u.c.

LSMO]x15 superlattices. The difference in the TC of the super-

lattices with both stacking order sequences of the LSMO and

SRO layers is attributed to the finite size effect (i.e., the reduced

dimensionality along the out-of-plane direction which causes

the cutoff of some characteristic length). As the superlattices

are cooled further below �320K, their M(T) curves are signifi-

cantly diverse for different spacer layer, spacer layer thickness,

and the orientation of the magnetic field. For example, the in-

plane magnetization of STO/[20-u.c. LSMO/3-u.c. SRO]x15
superlattice increases gradually on cooling below �320K up to

�40K but then decreases down to lowest temperature, while

the out-of-plane M(T) shows a distinct cusp around 60K (TN
Neel temperature). The drop in magnetization, at a temperature

which we have marked TN, could be due to disordered inter-

face.4 A similar AFM exchange coupling has been observed in

La0.6Sr0.4MnO3/Sr0.7Ca0.3RuO3/La0.6Sr0.4MnO3 trilayers by

Uozu et al.6 and in La0.67Sr0.33MnO3/SrRuO3 bilayers by Ke

et al.1 However, as the SRO layer thickness increases to 5 u.c.,

the TN of in-plane as well as out-of-plane M(T) is shifted to

higher temperature (�110K). In addition, a plateau is observed

around �200K in the out-of-plane M(T) curve. The values of

TN and TC
* (TC

* is the temperature at which the SRO layer

becomes ferromagnetic since the magnetization rises sharply

below this temperature) of the STO/[20-u.c. LSMO/5-u.c.

SRO]x15 superlattice is relatively lower and higher respectively

compared to the values observed in the Ref. 4. In order to ver-

ify the origin of this change in TN and TC
*, we have covered

the STO/[20-u.c. LSMO/5-u.c. SRO]x15 superlattice with

20 u.c. thick LSMO and found similar magnetic properties as

observed in Ref. 4. This experiment concluded that the 20 u.c.

thick LSMO top layer provides uniform interfaces to the spacer

layers has strong influence on the magnetic properties of the

STO/[20-u.c. LSMO/n-u.c. SRO]x15 superlattice. The observed

TN in M(T) for both the orientations of magnetic field indicates

the presence of antiferromagnetic coupling between the LSMO

and SRO. In contrast, the TN (� 150K) and TC
* (� 150K) are

observed in the in-plane and out-of-plane M(T), respectively,

as the order of LSMO and SRO is reversed in the superlattice

with same thickness configuration. Note that no significant

change of TN and TC
* for different values of LSMO spacer

layer thickness in the STO/[20-u.c. SRO/n-u.c. LSMO]x15
superlattices with n¼ 3 and 5 is observed, although there is a

remarkable variation of magnetic behavior below the TN and

TC
* in the in-plane and out-of-plane M(T), respectively. The

observed M(T) curve indicates that the coupling between SRO

and LSMO is antiferromagnetic in-the-plane and ferromagnetic

along out-of-plane of the superlattices.

The magnetic properties of these superlattices at 10K are

also investigated for field oriented along the [001] and [100]

FIG. 1. The experimental (solid line) and simulated (DIFFaX) (dotted line)

h-2h x-ray diffraction profiles of (a) (001)STO/[20-u.c. LSMO/3-u.c.

SRO]x15 and (b) (001)STO/[20-u.c. SRO/3-u.c. LSMO]x15 superlattices. The

(001) Bragg’s reflection of STO as well as the satellite peaks (0th and6 1st

orders) are indicated.

TABLE I. Out-of-plane lattice parameter “c” of various superlattices and the percentage of change of the “c” with respect to the lattice parameter “cb” of the

bottom layer in bulk form. The error of “c” and “Dc/cb” calculated from experimental uncertainty (i.e., least count 0.001� of x-ray diffractometer) and the error

due to the uncertainty of the fit to the 0th order peak position of the superlattice.

Out-of-plane lattice parameter (Å) (Dc/cb) (%)

Sample n¼ 3 n¼ 5 n¼ 3 n¼ 5

STO/(20 u.c.)SRO/(n u.c.)LSMO 3.94586 0.00018 3.93766 0.00022 0.4026 0.0045 0.1936 0.0056

STO/(20 u.c.)LSMO/(n u.c.)SRO 3.86536 0.00018 3.87316 0.00018 0.3786 0.0045 0.1776 0.0045
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directions of STO. The zero-field-cooled magnetization of

these superlattices at various field M(H) is shown in the

Fig. 3. The diamagnetic contribution of the substrate to M(H)

of these superlattices has been subtracted. The M(H) of STO/

[20-u.c. LSMO/n-u.c. SRO]x15 superlattices (Figs. 3(a) and

3(b)) exhibit magnetic anisotropy similar to that of the

LSMO.7 The saturation magnetization (MS) extracted from

the M(H) of the superlattice with 3 and 5 u.c. SRO spacer is

�3.5 and �3.0lB/u.c., respectively. The observed lower val-

ues of MS compared to the reported values4 is attributed to

the influence of 20 u.c. thick LSMO top layer. Nevertheless,

the superlattice with 3 u.c. SRO spacer shows higher MS com-

pared to the MS (�3.11lB/u.c.) calculated from the spin only

MS of the LSMO (3.34lB/Mn (Ref. 8)) and SRO (1.6lB/Ru

(Ref. 9)) while the superlattice with 5 u.c. thick SRO spacer

layer shows MS close to that of the calculated MS (�2.99lB/

u.c.). The enhanced magnetization and the higher value of

TC
* could be due to the modification of the charge states of

the Ru and Mn ions10 at the interfaces, and thereby an

increase in the effective thickness of the interfacial layer in

the superlattice.4 On the other hand, as the stacking order of

LSMO and SRO layer in the superlattice is reversed with

same thickness configuration, the M(H) of both the superlat-

tices show clear ferromagnetic hysteresis (Figs. 3(c) and

3(d)). Indeed, in-plane M(H) of both superlattices show dou-

ble hysteresis loop. At 5 tesla, the magnetization reaches

�1.5 and �1.2lB/u.c. for the superlattice with 3 and 5 u.c.

thick LSMO spacer layer, respectively, but does not fully

saturate even at 5 tesla field [unlike in the case of LSMO-

SRO superlattice (Ref. 2)]. The observed monotonic increase

of magnetization with the magnetic field even at 5 tesla of

the STO/[20-u.c. SRO/n-u.c. LSMO]x15 superlattices sug-

gests the presence of spin canting, spin reorientation, and

spin pinning/bias.11

FIG. 2. (Color online) Temperature de-

pendent 0.1 tesla field cooled magnetiza-

tion of (a) (001)STO/[20-u.c. LSMO/3-u.c.

SRO]x15, (b) (001)STO/[20-u.c. LSMO/

5-u.c. SRO]x15, (c) (001)STO/[20-u.c.

SRO/3-u.c. LSMO]x15, and (d) (001)STO/

[20-u.c. SRO/5-u.c. LSMO]x15 superlatti-

ces with field oriented along the plane and

out-of-plane. The arrows indicate the TC,

TC*, and TN.

FIG. 3. Field dependent magnetization at

10K with field oriented along the plane

and out-of-plane of (a) (001)STO/[20-u.c.

LSMO/3-u.c. SRO]x15, (b) (001)STO/

[20-u.c. LSMO/5-u.c. SRO]x15, (c)

(001)STO/[20-u.c. SRO/3-u.c. LSMO]x15,

and (d) (001)STO/[20-u.c. SRO/5-u.c.

LSMO]x15 superlattices.
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The observed stress, M(T) and M(H) of the LSMO–SRO

superlattices strongly depends on the stacking order of

LSMO and SRO layer for the 20 u.c./n u.c. thickness combi-

nation. Though the observed variation in the stress is obvious

due to the size effect, its influence on the magnetic properties

could be vital due to the distortion in the MnO6 (Ref. 12) and

RuO6 (Ref. 13). The switching of ferromagnetic to antiferro-

magnetic orientation of magnetization of the STO/[20-u.c.

SRO/n-u.c. LSMO]x15 superlattices by changing the field

from out–of–plane to in–plane direction is attributed to the

competing effect of distortion in the MnO6 and RuO6 octahe-

dra due to observed stress.

In conclusion, using two metal-like ferromagnets

La0.7Sr0.3MnO3 and SrRuO3 in the superlattices, we demon-

strate that the switching of ferromagnetic to antiferromag-

netic orientation of magnetization can be induced by

changing the field from out–of–plane to in–plane direction.

Such switching strongly depends on the stacking order of

LSMO and SRO layer in the superlattice of 20 u.c./n u.c.

thickness configuration. This is explained by the possibility

of the competing effect of distortion in the MnO6 and RuO6

due to the observed stress.
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