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Abstract
Magnetic thin films and multilayers exhibit various intriguing physical

properties which are different from those of the bulk due to the effects of

epitaxial strain, surface and interfacial effects, lowered dimensionality, and

inter-layer coupling. They often exhibit magnetic anisotropy due to the

combined effects of anisotropic electronic structure and spin-orbit interac-

tion (SOI). Understanding the microscopic origin of the magnetic anisotropy

in ferromagnetic thin films and controlling it have been one of the ma-

jor research topics both from scientific and technological points of view.

Since their magnetic properties are governed by mutual coupling of spin,

charge, orbital, and lattice degrees of freedoms, it is highly desired to clar-

ify the detailed electronic structures in order to elucidate the microscopic

origin of their magnetic properties, especially the magnetic anisotropy. Soft

x-ray spectroscopy, including x-ray absorption spectroscopy (XAS), x-ray

magnetic circular dichroism (XMCD), and x-ray magnetic linear dichroism

(XMLD), has been a powerful probe for the electronic states and magnetism

of 3d transition-metal compounds. Since electronic structures and mag-

netism can be highly anisotropic in thin films and multilayers, soft x-ray

spectroscopy with varying incident angles and magnetic-field angles will give

new insights into the physical properties of thin films.

In the present thesis, using the ‘vector-magnet’ apparatus for soft x-ray

spectroscopy which has been newly developed by our group, I have worked

on the angle-dependent XAS, XMCD, and XMLD measurements and the

development of the analysis methods for them, and have studied the elec-

tronic structures and their anisotropies of La1−xSrxMnO3 (LSMO) thin films.

LSMO is a material which shows ferromagnetic metallicity in the widest

ranges of hole concentration x and has highest Curie temperature above

the room temperature among colossal-magnetoresistive perovskite mangan-

ites. From the angle-dependent XMCD experiments, it has been demon-

strated that the anisotropy of the spin-density distribution of Mn 3d elec-

trons changes depending on the epitaxial strain and that it is correlated with

the change of strain-induced magnetic anisotropy. From the XMLD experi-

ments, changes in the charge-density anisotropy of Mn 3d electrons induced

by the spin polarization has been observed, which can be understood as the

inverse process of the strain-induced magnetic anisotropy.

The present studies will not only deepen our understanding of the re-

lationship between the electronic structure and the magnetic properties of

manganite thin films, but also pave the way for elucidating the origin of

magnetic anisotropy in transition-metal thin films in terms of microscopic

electronic structure.
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Chapter 1

Introduction

With the progress in sample growth technique in recent years, it has be-

come possible to fabricate magnetic thin films and multilayers of metals

and transition-metal oxides, with controlling their structures in the atomic

scale. They generally exhibit a wide variety of intriguing magnetic and elec-

tric properties which are different from those of the bulk, due to the effects of

epitaxial strain, surface and interfacial effects, lowered dimensionality, and

inter-layer coupling [1]. Some of these thin films and multilayers exhibit

perpendicular magnetic anisotropy (PMA), namely, the easy magnetization

axis is along the perpendicular direction to the sample despite the demag-

netizing field within the film. Magnetic thin films with PMA have potential

application for, e.g., high-density magnetic recording media and spintronics

devices [1]. Clarifying the physical origin of magnetic anisotropy in ferro-

magnetic thin films and controlling it have been major research topics not

only from technological points of view but also from scientific point of view.

In general, magnetism and magnetic anisotropy of ferromagnetic thin

films are governed by their electronic states of transition-metal d electrons

through spin-orbit interaction (SOI). X-ray magnetic circular dichroism

(XMCD) using synchrotron x rays has been a useful spectroscopic method

for revealing the electronic state of these systems. It has advantages that

one can obtain information about spin and orbital magnetic moments and

microscopic electronic structure such as chemical valence and strength of

crystal fields in an element-selective way, and that high signal intensities

can be obtained even if the volume fraction of the ferromagetic sample is

low as in thin films and multilayers. Moreover, it has been theoretically pro-

posed that, from the angular dependence of XMCD spectra, one can also ex-

tract a physical quantity called “magnetic dipole” MT, which represents the

anisotropic distribution of the spin-density, i.e., the preferential orbital occu-

pation of spin-polarized electrons [2,3]. It has also been pointed out that, by
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using linearly polarized x rays instead of circularly polarized ones, one can

obtain information about the electronic and magnetic state of d electrons

complementary to those from XMCD. This technique is called x-ray mag-

netic linear dichroism (XMLD), and gives information about the anisotropic

charge distribution, i.e., the deformation of electron orbitals induced by spin

polarization. The angle-dependent XMCD and XMLD spectroscopy can be

utilized to reveal the anisotropic electronic state of ferromagnetic materials

and, therefore, can provide great clues on the microscopic mechanism of the

magnetic anisotropy of magnetic thin films and multilayers. However, there

have been few experimental studies so far which utilize the angle-dependent

XMCD and XMLD methods, due to the experimental limitation that the

magnetic-field direction is fixed parallel to the incident x rays in conventional

XMCD apparatus.

The purpose of the present studies in this thesis is to clarify the re-

lationship between the macroscopic magnetic properties and the electronic

structure of magnetic thin films, especially the orbital occupation and the

spin states, by XMCD and XMLD spectroscopies. Using a newly-developed

XMCD apparatus with a vector-type magnet [4], it has become possible to

measure the field-angle dependence of the XMCD spectra, which can be uti-

lized for studying the magnetic anisotropy of ferromagnetic thin films. The

main focus in the present studies is put on thin films of the ferromagnetic

transition-metal oxide La1−xSrxMnO3 (LSMO), which is well known for its

novel magnetic properties such as colossal magnetoresistance (CMR) and

half metallicity. The present studies show that the magnetic anisotropy of

the LSMO thin films induced by epitaxial strain from the substrate is asso-

ciated with the anisotropy of the spin-density distribution, i.e., the magnetic

dipole MT. By comparison with previous x-ray linear dichroism studies, it

has also been found that the preferential orbital occupation of spin-polarized

and spin-unpolarized electrons are different. This may be one of the possi-

ble origins of magnetic dead layers formed at the surface and interfaces of

LSMO thin films, which have been reported in previous studies [5–8].

The present thesis is organized as follows. The physical properties of

LSMO and its thin films are introduced in Chap. 2. The basic principles of

XMCD and XMLD are summarized in Chap. 3. The experimental details

of are described in Chap. 4. In Chap. 5, study of the thickness-dependent

magnetic transition in LSMO thin films by conventional XMCD is presented.

A phase-mixed nature of the thickness-dependent phase transition has been

revealed from the magnetic-field dependence of the XMCD intensities. Chap.

6 is devoted for the angle-dependent XMCD study on the LSMO thin films

using the vector-XMCD apparatus. In this study, the magnetic dipole MT

has been detected and its substrate dependence is discussed in conjunction
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with the magnetic anisotropy of the films. Chap. 7 describes the XMLD

study on the LSMO thin films using the same vector-XMCD apparatus.

The results show that the charge distribution of the Mn 3d electrons are

changed by spin polarization through SOI. Finally, summaries and future

prospects are presented in Chap. 8.
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Chapter 2

Physical properties of

La1−xSrxMnO3 thin films

2.1 Perovskite-type transition-metal oxides

Perovskite-type 3d transition metal oxides (TMOs) ABO3 have been exten-

sively studied for decades due to their wide variety of novel physical phenom-

ena such as metal-insulator transition (MIT), complex magnetic transitions,

and charge/orbital ordering (CO/OO) [9]. The strong Coulomb correlation

between the transition-metal (TM) 3d electrons and the complex mutual

coupling of the charge, spin, orbital, and lattice degrees of freedom lead to

these novel phenomena. Figure 2.1(a) describes the crystal structure of the

perovskite-type oxides ABO3. The TM atom (B) is surrounded by six oxy-

gen atoms octahedrally and these BO6 octahedra form a network by sharing

their corners as shown in Fig. 2.1(b). The rare-earth atoms (A) are located

at the interstitial sites of the octahedra and serve as electron donors into the

TM 3d-O 2p bands.

The physical properties of the perovskite-type TMOs can be controlled

by changing either of the bandwidth (bandwidth control) or the electron

concentration (filling control) of the TM 3d-O 2p bands [9]. As shown in Fig.

2.2(a), TMOs tend to become Mott insulators when the ratio of the Coulomb

interaction U to the bandwidth W (U/W ) is large and the electron filling is

close to an integer. The bandwidth can be controlled by doping atoms with

different ionic radius into either of the A or B site to induce the distortion

and/or rotation of the BO6 octahedra [Fig. 2.1(b)]. The bonding length or

the angle of the B-O-B chain changes due to this distortion or rotation of

the octahedra, resulting in the changes in the bandwidth. The degree of the

crystal distortion can be quantified using the tolerance factor f defined by
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(a)

A

B

O

(b)

Figure 2.1: Crystal structures of perovskite-type transition-metal oxides

(TMOs) ABO3. (a) Unit cell of the cubic perovskite structure. (b) Or-

thorhombic (left) and tetragonal (middle) crystal structures with distortion

and/or rotation of the BO6 octahedra, and cubic (right) crystal structure

without distortion or rotation of the octahedra. Panel (a) is adapted from

Ref. [10] and (b) is adapted from Ref. [11].

the following equation:

f = (rA + rO)/
√

2(rB + rO), (2.1)

where rA, rB, and rO are the ionic radii of A, B, and O, respectively [9].

The crystal structure becomes cubic in the case of f ∼ 1. When f deviates

significantly from 1, rotation and/or distortion of the octahedra are induced

and the crystal symmetry is lowered down to rhombohedral or orthorhombic.

The electron concentration can be controlled by doping atoms with different

valence, e.g., substituting Sr2+ for La3+ or Ca2+ for Y3+ in the A site.

Figure 2.2(b) schematically describes MITs for various TMOs. Substituting

different atoms into the A or B site leads to the changes in the bandwidth

and/or the electron filling, resulting in MITs.

2.2 Perovskite-type manganites

2.2.1 Transport and magnetic properties

Among the perovskite-type TMOs, the manganese oxides (manganites)

AMnO3 have been of great interest due to their intriguing magnetic prop-

erties. Figure 2.3 shows the phase diagrams for various perovskite-type

manganites R3+
1−xA

2+
x MnO3 (R = rare-earth atom, A = alkaline-earth

atom). The parent compounds RMnO3 are antiferromagnetic Mott insu-

lators (AFM-I) with canted magnetic moment in the ground state. Upon

substitution of the alkaline-earth atom A for the rare-earth atom R, holes are
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(a) (b)

Figure 2.2: Metal-insulator transitions (MITs) in perovskite-type TMOs.

(a) Schematic illustration of the bandwidth-controlled and filling-controlled

MITs. (b) Metal-insulator phase diagram for various TMOs. Reproduced

from Refs. [9] and [12].

doped and the systems tend to turn into ferromagnetic and metallic phases.

The ferromagnetic phases are most stabilized around x ∼ 0.2-0.4 and the

systems again turn into antiferromagnetic insulating phases with further hole

doping. Among the compounds in Fig. 2.3, La1−xSrxMnO3 (LSMO, toler-

ance factor f = 0.930 at x = 0.3 [13]) has the widest bandwidth W due to its

small crystal distortion, Pr1−xCaxMnO3 (PCMO, f = 0.906 at x = 0.3 [13])

has the narrowest W due to large distortion, and Nd1−xSrxMnO3 (NSMO,

f = 0.917 at x = 0.3 [13]) and La1−xCaxMnO3 (LCMO, f = 0.916 at

x = 0.3 [13]) have intermediate values. In accordance with this, LSMO ex-

hibits a ferromagnetic metallic (FM-M) phase in the widest range of x and

has the Curie temperature (TC) higher than room temperature, whereas the

ranges of the FM-M phase is narrower in NSMO and LCMO, and the metallic

phase is completely suppressed in PCMO. In the systems where the crystal

distortion is large like PCMO, electron correlation plays important roles and

charge-ordered (CO) states are often observed around certain doping levels,

as shown in Fig. 2.3.

One of the most notable phenomena in perovskite-type manganites is

colossal magnetoresistance (CMR) [14–16]. CMR is a extraordinarily large

reduction of electric resistivity under external magnetic field. Figure 2.4

shows the examples of the CMR effect observed in LSMO (x = 0.175) [17]

and LCMO (x = 0.3) [16]. CMR is often observed near the boundary

between the FM-M and AFM-I phases in the phase diagram of Fig. 2.3.

As shown later, the CMR effect originates from the phase transition in a

microscopic scale from the AFM-I to the FM-M phases induced by magnetic

field.

Among all the manganites, LSMO in the optimal doping range of the
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Figure 2.3: Phase diagrams for various manganese oxides R1−xAxMnO3.

Each symbol in the figure denotes: P: paramagnetic, F: ferromagnetic, C:

canted antiferromagnetic, AF: antiferromagnetic, CO: charge-ordered, I: in-

sulator, and M: metal. ‘CAFI’ denotes the canted antiferromagnetic insula-

tor with charge ordering. Reproduced from Ref. [9].

(b)(a)

Figure 2.4: Colossal magnetoresistance (CMR) in (a) LSMO (x = 0.175)

and (b) LCMO (x = 1/3). Panel (a) adapted from Ref. [17] and (b) from

Ref. [16].
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(a) (b)

Figure 2.5: Half metallicity of LSMO. (a) Schematic band diagram for a half-

metallic material. (b) Spin-resolved photoemission spectroscopy for half-

metallic LSMO (x = 0.3). Panel (a) adapted from Ref. [14] and (b) from

Ref. [18].

FM-M phase is known to show half metallicity. A half-metallic material is a

ferromagnetic material which is conductive for electrons with one spin direc-

tion but is insulating for electrons with the other spin direction, as schemat-

ically shown in Fig. 2.5(a). The half-metallic nature of LSMO has been

confirmed by spin-resolved photoemission spectroscopy (PES), as shown in

Fig. 2.5(b) [18]. Since this half-metallic property can be utilized for spin-

filters or magnetically-driven switching devices such as magnetic tunneling

junctions (MTJs), LSMO has been regarded as a candidate material in the

field of spin-electronics (spintronics).

2.2.2 Electronic structure and spin interactions

In order to explain the electric and magnetic properties of the perovskite-

type manganites including the CMR effect, one has to consider their mi-

croscopic electronic structure. Figure 2.6(a) and 2.6(b) schematically illus-

trate the energy levels of Mn 3d electrons in perovskite-type manganites

R1−xAxMnO3 with cubic and tetragonal crystal structures, respectively. In

the case of the cubic structure [Fig. 2.6(a)], the five d orbitals are split into

two sublevels, the eg (x2 − y2/3z2 − r2) and the t2g (xy/yz/zx) levels, due

to the crystal field (10Dq) produced by the surrounding oxygen atoms. The
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x2 – y2

3z2 – r2

xy

yz,zx

|8Cp|

|6Cp|

10Dq

(Cp< 0)

(b)

10Dq

(a)

e
g

t
2g

O
h

D
4h

Mn

O

Figure 2.6: Energy levels of the Mn 3d electrons under the (a) octahedral

(Oh) and (b) tetrahedral (D4h) symmetry. Panel (b) adapted from Ref. [21].

The images of the clusters has been drawn by using XCrySDen [22].

Mn ions are in a mixed valence state of Mn3+ (3d4) and Mn4+ (3d3) (the

average valence of Mn being 3 + x), and thus the t2g majority-spin band is

fully occupied while the eg majority-spin band is partially occupied. There-

fore, the electronic states in the eg band play an important role in order to

understand the physical properties of manganites. In the case of the tetrag-

onal structure, the eg and t2g sublevels are further split as shown in Fig.

2.6(b), since the x- or y-axis and the z-axis become inequivalent. Thus, in

the case of Mn3+, either of the x2 − y2 or 3z2 − r2 orbital is preferentially

occupied depending on the sign of the distortion (elongation or shrinkage of

the MnO6 octahedra), and a charge- and orbital-ordered insulating phase is

often stabilized [19]. In some manganite systems with Mn3+ valence, such a

crystal distortion spontaneously occurs in order to lower the total electron

energy [20], which is known as Jahn-Teller effect.



2.2. Perovskite-type manganites 11
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Figure 2.7: Description of the double-exchange (DE) interaction. (a) Elec-

tronic states of a Mn3+-O-Mn4+ chain in a spin-parallel configuration. (b)

Same as (a) but in a spin-antiparallel configuration. The DE interaction

favors the spin-parallel configuration (a).

The ferromagnetism of hole-doped perovskite-type manganites can be

explained in terms of double-exchange (DE) interaction, which is schemati-

cally shown in Fig. 2.7. DE interaction acts between Mn3+ and Mn4+ ions,

and stabilizes ferromagnetic spin configuration. It originates from the fact

that the probability of electron hopping depends on the relative directions of

the spins of the two ions: The spin directions of the t2g and eg electrons in a

Mn ion have to be the same due to strong Hund coupling JH between them.

When the neighboring Mn ions have the same spin directions [Fig. 2.7(a)],

the d3z2−r2 electrons of the Mn3+ ion can hop into the d3z2−r2 orbital of the

Mn4+ ions via the O 2pz orbital, and thus there is an energy gain due to the

transfer integral t between Mn and O. When the spins of the neighboring Mn

atoms are antiparallel [Fig. 2.7(b)], however, hopping of the d3z2−r2 electron

from Mn3+ to Mn4+ is prohibited due to JH, resulting in no energy gain by

t. This is the reason for the ferromagnetic spin interaction between Mn3+

and Mn4+ ions.

In addition to the DE interaction, superexchange (SE) interaction also

plays a role (Fig. 2.8). SE interaction acts between two neighboring Mn3+

ions and stabilizes antiferromagnetic spin coupling. It can be derived from

the perturbation theory: When the neighboring Mn spins are antiparallel

[Fig. 2.8(a)], there are more virtual excitation paths due to the electron

transfer (t) than the case where the Mn spins are parallel [Fig. 2.8(b)], and

thus the ground-state energy becomes lower in the former case, as can be

understood from the formula of the perturbation theory. Therefore, it follows

that the antiferromagnetic spin coupling is preferred between the two Mn3+

ions.

The competition between the DE and SE spin interactions, together

with the preferential orbital occupation induced by the crystal distortion,

governs the electric and magnetic properties of manganites.
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Figure 2.8: Description of the superexchange (SE) interaction. (a) Electronic

states of a Mn3+-O-Mn3+ chain in a spin-antiparallel configuration. (b) Same

as (a) but in a spin-parallel configuration. The gray arrows represent the

virtual excitations in the perturbation theory. The SE interaction favors the

spin-antiparallel configuration (a).

2.2.3 Phase-separation model

The ferromagnetic insulating (FM-I) phase in the phase diagram of mangan-

ites (Fig. 2.3) cannot be explained by the simple DE model because both the

metallicity and the ferromagnetism are associated with the electron hopping

and they should appear at the same time within the model. In order to

resolve this problem, a phase-separation model has been proposed [23, 24].

In this model, one assumes that the AFM-I and the FM-M phases are sepa-

rated but are mixed together in a microscopic scale. If the volume fraction

of the FM-M phase is finite but small, there is no electric conduction path

which goes through the entire system and hence it becomes insulating in a

macroscopic scale, although finite ferromagnetic moment remains. In this

way, the FM-I phase near the boundary of the AFM-I and FM-M phases

can be explained. This model also explains the CMR effect, because small

increase in the volume fraction of the FM-M phase due to magnetic field can

build the electric conduction path and thus can lead to a quick decrease in
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(a) (b)

Figure 2.9: Electronic phase separation in manganites. (a) Dark-field

transmission electron microscope (TEM) image of La2/8Pr3/8Ca3/8MnO3

(LPCMO) taken at T = 20 K The dashed line is guides for the eye. (b) Scan-

ning tunneling spectroscopic (STS) images (610 nm × 610 nm) of LCMO

(x ∼ 0.3) taken at slightly below TC (∼ 220 K). dI/dV at a bias voltage

of 3 V are plotted. Each panel, from left to right and top to bottom, shows

the images taken under the magnetic fields of 0, 0.3, 1, 3, 5, and 9 T. Panel

(a) adapted from Ref. [23] and (b) from [24].

resistivity.

The phase separation between the AFM-I and FM-M phases are

experimentally confirmed in several studies [23, 24]. Figure 2.9(a)

shows the dark-field transmission electron microscope (TEM) image of

La2/8Pr3/8Ca3/8MnO3 (LPCMO, TC ∼ 55 K) at T = 20 K obtained from the

superlattice peak of charge order [23]. The dark and bright areas indicate

the charge-ordered and metallic regions, respectively. This image clearly

indicates that charge-ordered insulating domain still exists even below TC

in a sub-micrometer scale, supporting the phase-separation model. Figure

2.9(b) shows the scanning tunneling spectroscopic (STS) images of LCMO

(x ∼ 0.3) taken at slightly below TC (∼ 220 K) [24]. Each panel, from left

to right and top to bottom, shows the images taken under the magnetic

fields of 0, 0.3, 1, 3, 5, and 9 T. The spatial variations in the electronic

phases in a sub-micrometer scale and the transition from insulating (light

color) to metallic (dark color) domains by applying magnetic field are clearly

observed. Note that this inhomogeneity in electronic phases is generally ir-

relevant of that of the surface topology, namely, it is an intrinsic property

of CMR manganites [24].
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2.3 Physical properties of TMO thin films

When TMOs are grown in the form of thin films, their physical properties

are governed not only by the factors mentioned above, but also by addi-

tional factors characteristic of thin films, such as their thickness, substrate,

and surface and interfaces with neighboring layers. In this section, physical

properties of TMO thin films, especially of manganites, are discussed.

Effect of epitaxial strain

When a TMO film is grown on the substrate, its in-plane lattice constants

tend to be the same as those of the substrate. Thus, the film undergoes

a compressive or tensile strain depending on the difference of the lattice

constants between the film and substrate. This is called epitaxial strain and

can largely affect the electronic phases of thin films. In general, the epitaxial

strain is gradually relaxed as the thickness of the film increases. In addition,

the strength of the epitaxial strain depends on the growth conditions of the

films.

For example, Konishi et al. [19] have investigated the electric and

magnetic properties of LSMO thin films grown on various substrates:

SrTiO3 (001) (STO), LaAlO3 (001) (LAO), and La0.3Sr0.7Al0.35Ta0.35O9

(001) (LSAT). which apply a tensile, compressive, and almost no strain,

respectively, along the in-plane directions of the film. The results are sum-

marized in Fig. 2.10 [19]. The LSMO (x = 0.3, 0.5) films, which are in the

FM-M phase in the bulk, tend to turn into the AFM-I phases under the

epitaxial strain (STO/LAO substrate), while the physical properties are al-

most the same as those of the bulk in the case of the LSAT substrate. The

experimental phase diagram is summarized in Fig. 2.10(b). From the com-

parison with the first-principles calculations [Fig. 2.10(c)], it has been shown

that the ground-state spin configuration is ‘A-type’ antiferromagnetism [top-

right picture of Fig. 2.10(a)] in the case of the large tensile strain (STO) and

‘C-type’ antiferromagnetism (top-left picture) in the case of the large com-

pressive strain (LAO). They also show from the first-principles calculations

that the Mn dx2−y2 (d3z2−r2) orbital is preferentially occupied in the case of

tensile (compressive) strain [19]. This can be understood as a consequence of

lowering of the symmetry from the cubic to the tetragonal crystal structure

(Fig. 2.6).

Surface and interfacial effect

The electronic structure at the surface or the interfaces of the film is in

general different from that in the bulk, and thus novel physical properties
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(a)
(b)

(c)

Figure 2.10: Physical properties of LSMO thin films grown on different sub-

strates. (a) Expected magnetic phases (top), temperature- (T -)dependence

of the magnetization (middle), and T -dependence of the resistivity and mag-

netoresistance (bottom), for the LSMO thin films with x = 0.3 (left), x = 0.5

(center) and the NSMO single crystals (right). C, F, and A denote the C-

type antiferromagnetic, ferromagnetic, and A-type antiferromagnetic phases,

respectively. The LSMO thin films have been grown on the SrTiO3 (001)

(STO), LaAlO3 (001) (LAO), and the La0.3Sr0.7Al0.35Ta0.35O9 (001) (LSAT)

substrates. (b)(c) Experimental (b) and calculated (c) phase diagrams as

functions of the Sr concentration x and the degree of the strain c/a (the

ratio of the out-of-plane lattice constant c to the in-plane lattice constant

a). Adapted from Ref. [19].

are often observed there. One of the most outstanding examples in TMO

heterostructures is the emergence of electric conductivity at the LAO/STO

interface [25]. Despite that both LAO and STO are band insulators, the

interface of them exhibits electric conduction, as shown in Fig. 2.11(a) [25].

Other studies on the LAO/STO heterostructures have shown that supercon-

ductivity [26] and possible ferromagnetism [27] appear at ultralow tempera-

ture (T . 0.3 K). This LAO/STO heterostructure system has been studied

extensively in order to clarify the origin of the metallicity at the interface.

In the early study by Ohtomo et al. [25], the metallicity has been ascribed

to the electron transfer from LAO to STO induced by the polar nature of

LAO: As shown in Figs. 2.11(b) [28], LAO consists of the alternate stack-
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Figure 2.11: Interfacial metallicity between LAO and STO. (a) Sheet resis-

tivity (Rxx) of the LAO (26 nm) thin film grown on the STO (001) substrate.

(b)(c) Polar catastrophe model. (c) and (b) respectively represent the cases

where interfacial electron transfer occurs and does not occur. Panel (a)

adapted from Ref. [25] and (b)(c) from Ref. [28].

ing of the LaO+ and AlO−
2 layers. Such a stacking structure is, however,

energetically unfavorable because the Coulomb potential diverges as shown

in the right picture of Figs. 2.11(b) [28]. In order to avoid this energy di-

vergence, electrons are doped into the interfacial TiO2 layer, as shown in

Fig. 2.11(c), and the valence of Ti are shifted from 4+ to 3.5+. Hence, the

metallic conduction appears at the interface. This hypothesis, known as the

‘polar catastrophe’ model, has been tested both experimentally and theoret-

ically for a long time. Although some studies support the model, consensus

has not been reached because other studies have shown that different mech-

anism such as oxygen vacancy [29] or chemical interdiffusion [30] play more

important roles.

The physical properties of manganite thin films are also different from

those of the bulk due to the surface and interfacial effects. It has been re-

ported that the magnetic moment and Curie temperature of ferromagnetic

manganite thin films can be much suppressed near the surface and inter-

faces [5–8]. For example, magnetic tunneling junctions (MTJs) composed

of half-metallic LCMO or LSMO exhibit lower performances than expected

(e.g., lower Curie temperature or smaller magnetoresistance), due to the sup-

pression of the half metallicity near the interfaces with the barrier layer [5–7].

Another study has shown by magnetization-induced secondharmonic gener-

ation (MSHG), which is a probe to study the magnetizatic properties at the

interfaces, that ferromagnetic LSMO forms a magnetically ‘dead layer’ at the

interface with STO, as shown in Fig. 2.12 [8]. It has also shown that this

dead layer can be suppressed by inserting two unit cells (UCs) of LaMnO3,
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(a) (b)

Figure 2.12: Magnetic properties of LSMO (x = 0.4) thin films at the

interfaces studied by magnetization-induced secondharmonic generation

(MSHG). (a) Structure of the samples studied. In the left panel, two unit

cells (UCs) of STO or LAO are deposited on the LSMO thin films. In the

right panel, two UCs of LaMnO3 are inserted at the interface. (b) Experi-

mental geometry of MSHG (left) and the intensities of MSHG for the three

films mentioned above. Adapted from Ref. [8].

suggesting that hole doping at the interface may play an important role in

the formation of the dead layer [8]. Thus, clarifying the electric and mag-

netic properties at the interfaces and understanding the origin of them has

been of great interest, both from scientific and application point of view.

Dimensional effect

Dimensionality is another factor which governs the physical properties of

thin films. When the thickness of the film is reduced down to a few unit

cells (UCs), the system behaves like two-dimensionally rather than three-

dimensionally. This leads to the decrease of the bandwidth due to the re-

duced number of bonds along the out-of-plane direction [31–38], or the mod-

ulation of the band structure by the formation of the quantum-well states

[39]. Indeed, thickness-dependent metal-to-insulator transitions and mag-

netic transitions are observed in many TMOs, such as paramagnetic metals

SrVO3 [31] and LaNiO3 [32, 33], and ferromagnetic metals LSMO [34–36]

and SrRuO3 [37, 38]. Figure 2.13 shows the thickness-dependent metal-

to-insulator transition observed in ferromagnetic LSMO thin films [35] as

an example. As shown by the transport and magnetization data in Figs.

2.13(a) and 2.13(b), respectively, the LSMO (x = 0.3) films exhibit a metal-

to-insulator transition and concomitant weakening of ferromagnetism with

decreasing thickness. The photoemission spectra of the LSMO (x = 0.4) thin
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films [Fig. 2.13(c)] show the opening of an energy gap at the Fermi energy

(EF ) below the critical thickness of ∼ 6-8 UCs, indicating that the films turn

into an insulating phase. This large energy gap (& 0.5 eV) suggests that this

MIT is different from that observed in conventional metal thin films induced

by weak localization or Anderson localization [40–44], and that electron cor-

relation has to be taken into account in order to explain the mechanism of

the MIT.

It should be noted, however, the decrease of the film thickness also

results in the enhancement of the epitaxial strain and relative enhancement

of the surface and interfacial effects compared to the bulk. It is therefore

needed to separate these effects in order to correctly understand the physical

origin of the thickness-dependent phenomena.

Chemical effect

In addition to the abovementioned effects specific to thin films, chemical

effect cannot be ignored. Since the chemical states of thin films are sensitive

compared to bulk materials, significant modification of physical properties

can occur in thin films. Formation of oxygen vacancies, off-stoichiometry,

and intermixing of cations at the interface can be possible origins for this.

Figure 2.14 shows a study on the valence state of Mn at the surface of

LSMO (x = 0.3) thin films by x-ray absorption spectroscopy (XAS) as an

example [45]. Figure 2.14(A) shows that the spectral difference (spectrum c)

between two different LSMO thin films (spectra a and b) is nearly identical

to the calculated (spectrum d) and experimental (spectrum e) XAS spectra

of Mn2+ ions. This suggests that there are some Mn2+ ions in the grown

LSMO thin films, despite that the valence of Mn should be in between Mn3+

and Mn4+ in bulk manganites. By comparison between spectra b and c, it

is suggested that the peak or shoulder structure at the photon energy of 640

eV in spectra a and b is the signal from the Mn2+ ions. The amount of

Mn2+ can be controlled by changing the annealing conditions after the film

growth, as shown in Fig. 2.14(B). In order to suppress the effect of these

extrinsic Mn2+, the films have been annealed in an oxygen atmosphere prior

to the measurements in Chapter 5, 6, and 7.

2.4 Magnetic anisotropy of LSMO thin films

and orbital occupation

It has been reported that, in ferromagnetic manganite thin films, the mag-

netic anisotropy changes depending on the substrates of the films [46, 47].
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(c)(a)

(b)

Figure 2.13: Thickness-dependent phase transition in LSMO thin films

grown on STO (001) substrates. (a) Transport properties of LSMO (x = 0.3)

thin films. (b) Magnetization curves for various thicknesses of LSMO

(x = 0.3) measured at T = 10 K. (c) Hard x-ray photoemission spectra

for various thicknesses of LSMO (x = 0.4) thin films. n denotes the thick-

ness of LSMO in unit cells. Panels (a)(b) adapted from Ref. [35] and (c)

from Ref. [28].

Figures 2.15(a)-(c) show the magnetic hysteresis curves of LSMO (x = 0.33)

thin films grown on three different substrates, LaAlO3 (001) (LAO), SrTiO3

(001) (STO), and La0.3Sr0.7Al0.35Ta0.35O9 (001) (LSAT). Due to the differ-

ences in the lattice constants between LSMO and the substrates, the film

undergoes a compressive strain from the LAO substrate, a tensile strain from

the STO substrate along the in-plane direction, and is almost unstrained

for the LSAT substrate [19]. The magnetization curves in Fig. 2.15(a)-(c)

clearly shows that the magnetic easy axis is along the out-plane direction

for the LAO substrate and is in-plane direction for the STO and LSAT sub-

strates [46]. (Note that, although LSMO on LSAT has a nearly cubic crystal

structure, it exhibits in-plane easy axis because of the energy increase by the
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(A) (B)

Figure 2.14: Valence state of Mn at the surface of LSMO (x = 0.3) thin films

studied by x-ray absorption spectroscopy (XAS). (A) XAS spectra for two

different LSMO films grown on (a) NdGaO3 (NGO) and (b) STO substrates.

c is the difference spectra obtained by a− b×C, where C is an appropriate

weight constant. d and e are the calculated and experimental XAS spectra of

Mn2+ ions, respectively. (B) XAS spectra of an epitaxial LSMO film grown

on STO with various annealing conditions. (I), (II), and (III) are the XAS

spectra for the as prepared film, the film annealed in vacuum, and the film

annealed in oxygen atmosphere, respectively. Adapted from Ref. [45].

demagnetizing field in the case of out-of-plane magnetization). It can also

be seen that the magnetic anisotropy is stronger for the STO substrate than

the LSAT substrate. Similar behavior is also observed by magnetic force mi-

croscopy (MFM), as shown in Figs. 2.15(d) and (e) [47]. The maze pattern

observed at zero field for the LSMO/LAO film [right panel in (d)] indicates

that the magnetization is along the out-of-plane direction.

It is expected that the magnetic anisotropy of ferromagnetic materials

are deeply related to their electron orbitals. In order to clarify the prefer-

ential orbital occupation in LSMO thin films, x-ray linear dichroism (XLD)

spectroscopy has been performed [48–51]. In XLD spectroscopy, the differ-

ence in the x-ray absorption spectra are measured for two different linear

polarizations (in-plane or out-of-plane polarizations), and information about

the preferential orbital occupation is deduced from the difference spectra (see

Sec. 3.3 for the principles of XLD). In the case of perovskite-type mangan-

ites, it is expected that the x2−y2 (3z2−r2) orbital has a lower energy than

the 3z2 − r2 (x2 − y2) orbital in the case of tensile (compressive) substrate
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(d)

(e)

Figure 2.15: Substrate dependence of the magnetic anisotropy in ferromag-

netic LSMO thin films. (a)-(c) Magnetic hysteresis curves at T = 5 K of

LSMO (x = 0.33) thin films grown on LaAlO3 (001) (LAO) (a), SrTiO3

(001) (STO) (b), and La0.3Sr0.7Al0.35Ta0.35O9 (001) (LSAT) (c) substrates.

In (a) and (b), the magnetic field is applied along the in-plane [110] (open

circles), in-plane [100] (closed circles), and the out-of-plane [001] (triangles)

directions. In (c), the field is applied along the in-plane [100] (open circles),

in-plane [010] (closed circles) and the out-of-plane [001] (triangles) direc-

tions. Insets show the expanded data in the range of |H| ≤ 400 Oe. (d),(e)

Topographic (left) and magnetic (right) images of LSMO (x = 0.3) thin

films at zero field and room temperature, measured using atomic force mi-

croscopy (AFM) and magnetic force microscopy (MFM), respectively. (d)

and (e) show the images for the LSMO thin films grown on LAO and STO

substrate, respectively. Panels (a)-(c) reproduced from Ref. [46] and panels

(d) and (e) adapted from Ref. [47].

due to the tetragonal crystal field created by the substrate. This means that

the x2 − y2 (3z2 − r2) orbital should be more preferentially occupied in the

LSMO/STO (LSMO/LAO) substrate. Against this expectation, however,

the XLD results show that the 3z2 − r2 orbital is always more preferentially

occupied irrespective of the substrate [48–51]. Figs. 2.16(a) and 2.16(b)

shows the XLD spectra for the LSMO (x = 0.3) thin films grown on the

STO (tensile) and LAO (compressive) substrates, respectively [50]. The dif-

ference spectra between the in-plane and out-of-plane polarizations (green
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(b)

(a)

(c)

Figure 2.16: (a),(b) X-ray linear dichroism (XLD) spectra at T = 10 K of

LSMO (x = 0.3) thin films grown on the (a) STO (001) (tensile) and (b)

LAO (compressive) substrates. The red and blue spectra are the absorption

spectra for in-plane and out-of-plane linear polarizations, respectively, and

the green one is the difference spectra. (c) Panels (a) and (b) adapted from

Ref. [50] and (c) from Ref. [51].

curve) have the same sign for both the substrates, indicating that the orbital

occupation is unchanged by the substrates. This has been so far attributed

to the broken inversion symmetry at the surface of the film [49–51]: As

shown in Fig. 2.16(c), the Mn atoms at the surface lack one apical oxygen.

This may change the energy level of the 3z2 − r2 orbital and thus lead to

the preferential occupation of the 3z2− r2 orbital. Since XLD is a relatively

surface-sensitive experiment (with a probing depth of a few nm), such a

surface effect may complicate the interpretation of the experimental results.

It is therefore desired to directly probe the orbital occupation of Mn in the

bulk, especially that which is related to the ferromagnetism of the film, in

order to discuss the relationship between the orbital occupation and the

magnetic anisotropy.



Chapter 3

Soft x-ray magnetic dichroism

In this chapter, the basic principles of x-ray magnetic circular dichroism

(XMCD) and x-ray magnetic linear dichroism (XMLD) are summarized.

3.1 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a spectroscopic technique in which

the absorption coefficient of a material for x rays is measured as a function

of photon energy. Figure 3.1 schematically illustrates the principles of XAS.

When x rays are incident to a material, the electron transitions from core

levels to valence bands occur by photoabsorption. Within the dipole approx-

imation, the absorption intensity can be calculated as below using Fermi’s

golden rule:

I(hν) ∝
∑

i,f

|〈f |eE · r|i〉|2δ(Ei − Ef − hν), (3.1)

where |i〉 is the initial core-level state, |f〉 is the final state in the valence

band, Ei and Ef , respectively, are the energies of the initial and final states,

hν is the photon energy of the x ray, E is the electric field of the x ray,

and r = (x, y.z) is the position operator of the electron. Since the initial

core-level states are well localized and have constant energies, the absorption

intensity I(hν) reflects the density of states (DOS) of the final (valence-band)

states. From the spectral line shapes of XAS, one can obtain information

about the electronic states of the valence bands, such as the chemical va-

lence, hybridization strength, symmetry of crystal field, and so on. One of

the strengths of XAS that it is an element-selective technique because the

binding energies of the core-level electrons are specific to each element. For

3d transition-metal oxides, the 2p-3d absorption edges of transition metals or

the 1s-2p absorption edge of oxygen are often utilized in order to investigate
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Figure 3.1: Principles of x-ray absorption spectroscopy (XAS) based on the

one-electron model.

the electronic structure of the valence bands. These transition correspond to

the photon-energy regime of soft x rays (hν ∼ 100-2000 eV). Synchrotron ra-

diation is generally utilized for XAS experiments because high-flux photons

are required and the photon energy of x rays has to be variable.

In contrast to optical or infrared spectroscopy, it is difficult to directly

obtain the absorption coefficient by measuring the intensity of the transmit-

ted light in the case of soft x rays unless the sample is thin enough, because

of the rather short penetration depth of x rays (typically a few hundred

nm). There are some alternative detection methods to deduce the absorp-

tion intensity in XAS. The widely used methods are the total-electron-yield

(TEY) mode and the total-fluorescence-yield (TFY) mode (Fig. 3.2). The

TEY mode is the method to measure the total amount of electrons emitted

from the sample through photoelectric or Auger effects. In the TEY mode,

the sample is electrically in contact with the ground via a picoammeter.

When x rays are absorbed by the sample, electrons flow into the samples

from the ground in order to compensate the emitted electrons, producing

the electric current. One can deduce the amount of the emitted electrons

and thus the absorption coefficient by measuring this compensation current

using the picoammeter. In the TFY mode, the intensity of the fluorescence

associated with the x-ray absorption is measured using a photodiode or a

multi channel plate.

The probing depths of the TEY and TFY modes are typically about 5

nm and 100 nm, respectively, which means that the TFY mode is more bulk
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Figure 3.2: Total-electron-yield (TEY) and total-fluorescence-yield (TFY)

modes as the detection methods of XAS.

sensitive than the TEY mode. The TEY mode cannot be applied to sam-

ples which have too high resistivities, whereas the TFY mode is applicable to

both conducting and insulating samples. However, the TFY mode has dis-

advantages that the quantum efficiency of fluorescence is low and, therefore,

that the signal-to-noise ratio is low. In addition, the spectral line shape can

be distorted due to ‘self-absorption effect’ [52, 53]. In this thesis, the TEY

mode has been adopted in all the experiments because the self-absorption

effect can significantly affect the spectral line shapes of XAS.

3.2 X-ray magnetic circular dichroism (XMCD)

3.2.1 Principles of XMCD

X-ray magnetic circular dichroism (XMCD) is defined as the difference in

the XAS spectra between the right- and left-handed circularly-polarized x

rays due to the presence of magnetization. XMCD appears when the net

magnetic moment of a certain element in a sample is finite, as in ferromag-

nets, ferrimagnets, or canted antiferromagnets (weak ferromagnets). Figure

3.3(a)(b) schematically illustrates the measurement setup of XMCD and the

spectra which can be obtained. The sample is placed in a magnetic field,

and circularly-polarized x rays produced by the synchrotron light source are

irradiated onto the sample [Fig. 3.3(a)]. If the sample is magnetized par-

allel or antiparallel to the incident x rays, differences in the XAS spectra
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Figure 3.3: Schematic diagram of x-ray magnetic circular dichroism

(XMCD). (a) Experimental setup. (b) XAS spectra for the right- and left-

handed circular polarization and the difference spectra, i.e., XMCD spectra.

appear between the right- and left-handed polarization, namely, the XMCD

spectrum is obtained [Fig. 3.3(b)]. XMCD spectra can be measured either

by reversing the light polarization or the direction of the magnetic field. As

explained in the following sections, one can obtain information about the

microscopic magnetic properties of the sample from XMCD.

One of the most important advantages of XMCD is that one can esti-

mate the spin and orbital magnetic moments separately and quantitatively

from the integrated intensities of the XMCD spectra, as described in Sec.

3.2.2. In addition, one can estimate the magnetic moment of a specific

magnetic element of interest because XAS is an element-specific probe, as

mentioned above. XMCD also has the advantage that it is applicable to

systems which contain only small amount of magnetic atoms such as ultra-

thin films or dulute magnetic semiconductors, thanks to its high sensitivity.

In such systems, one can deduce the intrinsic magnetization (M -H) curves

of the systems using XMCD, which is difficult by conventional magneti-

zation measurements such as superconducting quantum interference device

(SQUID) magnetometry due to the large diamagnetism or paramagnetism of

the substrates or host materials. This properties shall be utilized in Chaps.

5 and 6.

The physical origin of XMCD can be explained as follows: The ab-

sorption intensity for the right- and left-handed circularly-polarized x rays

(hereafter denoted as the σ+ and σ− light, respectively) can be calculated

using Eq. (3.1). The E · r term in Eq. (3.1) for the σ± light is proportional

to x ± iy, leading to the selection rules ∆lz = ±1 and ∆sz = 0, where ∆lz
and ∆sz are the changes of the orbital and spin angular momenta along

the z axis after the x-ray absorption, respectively. Due to these selection

rules and spin-orbit splitting of the core-hole energy levels, the transition

probabilities from the 2p-core to 3d-valence levels (i.e., the absorption inten-
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Figure 3.4: Relative transition probabilities from the 2p-core to 3d-valence

levels for the right- (red) and left-handed (blue) circularly-polarized x rays,

calculated using Eq. (3.1).

sities) are asymmetric between the σ+ and σ− x rays, as shown in Fig. 3.4.

Although this asymmetry is cancelled out as a whole if the majority- and

minority-spin bands are equally occupied, it remains if the system is spin-

polarized and the transition probability into the minority-spin band is larger

than that of the majority-spin band. For example, if the majority-spin band

is fully occupied, only the transitions into the minority-spin (right-hand side

of Fig. 3.4) has to be considered and the relative transition probabilities I±

for the σ± x rays can be calculated as follows:

I+ (2p3/2 → 3d) = 6 + 6 + 3 = 15,

I− (2p3/2 → 3d) = 1 + 6 + 18 = 25,

I+ (2p1/2 → 3d) = 12 + 3 = 15,

I− (2p1/2 → 3d) = 2 + 3 = 5.

Thus, it follows that the 2p3/2 → 3d absorption edge exhibits negative

XMCD signals (I+ − I− < 0) and the 2p3/2 → 3d edge positive XMCD

signals (I+ − I− > 0). If there is a finite orbital moment and the band

filling for each lz are different, this can further result in the asymmetry of

the transition probabilities into each lz levels and hence can be an origin of

XMCD. In this way, XMCD is observed by the presence of either spin or

orbital magnetic moment.
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3.2.2 XMCD sum rules

Thole et al. [54] and Carra et al. [55] have theoretically shown that one can

separately calculate the orbital (Morb) and spin magnetic moments (Mspin)

projected along the incident x rays from the integrated intensities of the

XMCD spectra. Their results for the 2p → 3d transition are as follows (in

unit of µB/atom):

P̂ · Morb = −
4
∫

L3+L2

(µ+ − µ−)dν

3
∫

L3+L2

(µ+ + µ−)dν
(10 − Nd), (3.2)

P̂ · M eff
spin ≡ P̂ ·

(

Mspin +
7

2
MT

)

= −
2
∫

L3

(µ+ − µ−)dν − 4
∫

L2

(µ+ − µ−)dν
∫

L3+L2

(µ+ + µ−)dν
(10 − Nd).(3.3)

where P̂ is the unit vector along the x rays (taken to be antiparallel to the

wavevector k), µ+ (µ−) is the XAS intensity for the positive (negative) polar-

izations, L3 (L2) is the 2p3/2 → 3d (2p1/2 → 3d) absorption edge, and Nd is

the number of electrons in the 3d band. The spin magnetic moment deduced

from Eq. (3.3) is called ‘effective’ spin magnetic moment M eff
spin which con-

tains an additional term (7/2)MT. This additional term is called ‘magnetic

dipole’ [55], which shall be described in detail in the next subsection. The

magnetic dipole (7/2)MT is generally small compared to the spin magnetic

moment Mspin when the system has a high crystal symmetry, and is often

neglected to a first approximation (i.e., M eff
spin ≃ Mspin). As can be seen

from these equations, XMCD is sensitive to the magnetic moment compo-

nent parallel the incident x rays. Using the spectral intensities schematically

drawn in Fig. 3.3(b), the projection of the orbtial (P̂ · Morb) and effective

spin magnetic moments (P̂ ·M eff
spin) are proportional to A1−A2 and A1+2A2,

respectively. This means that P̂ · Morb is proportional to the asymmetry

of the XMCD spectra and P̂ · M eff
spin is approximately proportional to the

peak height (or the dip depth) of the spectra. Equations (3.2) and (3.3) are

called XMCD sum rules and have been widely used to estimate the spin and

orbital magnetic moments of the element quantitatively.

The validity of the XMCD sum rules was tested experimentally by Chen

et al. [56] They grew Fe and Co thin films on thin (∼ 1 µm-thick) parylene

substrates and measured the XMCD spectra with high accuracy by directly

measuring the intensities of transmitted x rays. Figure 3.5 shows the ob-

tained XAS and XMCD spectra of the Fe thin film, and the analysis method

to apply the XMCD sum rules. The absorption coefficients for the positive
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and negative magnetic fields, i.e., the XAS spectra [Fig. 3.5(b)], have been

obtained from the transmission intensities [Fig. 3.5(a)]. From Fig. 3.5(b),

the XMCD spectra [Fig. 3.5(c)], the XAS spectra summed over both the

magnetic-field directions [Fig. 3.5(d)], and their integrals with respect to

hν have been calculated. Using the integrated values p, q, and r shown in

Figs. 3.5(c) and 3.5(d), the XMCD sum rules [Eqs. (3.2) and (3.3)] can be

rewritten as follows:

P̂ · Morb = −4q

3r
(10 − Nd), (3.2’)

P̂ · M eff
spin = −6p − 4q

r
(10 − Nd). (3.3’)

Thus Morb and M eff
spin along the x-ray incident direction can be obtained.

They showed that the magnetic moments deduced from the XMCD sum

rules agree with the ones deduced in previous gyromagnetic ratio measure-

ments and first-principles calculations within an accuracy of several percent,

demonstrating the validity of the XMCD sum rules [56].

3.2.3 Interpretation of the magnetic dipole MT

The magnetic dipole MT in Eq. (3.3) is defined by the following equations

using the magnetic dipole operator T [55]:

T ≡ S − 3(S · r̂)r̂, (3.4)

MT ≡ −gµB〈T 〉, (3.5)

where g (≃ 2) is the g-factor of the electron, ~S is the spin angular momen-

tum operator (Mspin = −gµB〈S〉), and r̂ is a unit-vector operator parallel

to the electron position operator r (r̂ ≡ r/|r|). Here, we define the following

second-order tensor operator Q [2, 3],

Q = 1 − 3r̂ ⊗ r̂, (3.6)

or using its elements Qij’s,

Qij ≡ δij − 3r̂ir̂j (i, j = x, y, z). (3.6’)

Then, the operator T can be rewritten as follows:

T = Q · S, (3.7)

Ti =
∑

j

QijSj. (3.7’)
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Figure 3.5: XAS and XMCD spectra of an Fe thin film measured by the

transmission method and explanation of the sum-rule analysis. XMCD is

measured by reversing the direction of the magnetic field. (a) Transmission

intensities for both the positive (solid) and negative (dashed) magnetic-field

directions. Dotted curve shows the background from the substrate. (b) XAS

spectra for both the field directions obtained from the data in (a). (c) XMCD

spectrum calculated from (b) (solid) and its integral with respect to photon

energy (dashed). (d) XAS spectrum summed over both the field directions

(solid) and its integral with respect to photon energy (dashed). Dotted curve

represents a two-step-like background originating from the transition from

Fe 2p to energy levels higher than Fe 3d, which is to be subtracted when

applying the XMCD sum rules. The values p, q, and r, indicated in (c) and

(d), are the integrals which appear in the XMCD sum rules. Reproduced

from Ref. [56].
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Q is an operator called electric quadrupole-moment tensor, and the expec-

tation values of Qij’s represent the anisotropy of the charge density, namely,

the anisotropy of the electron distribution. For example, the expectation

value 〈Qzz〉 = 〈1 − 3ẑ2〉 is positive if the charge density is higher in the

xy-plane than along the z-axis (i.e., 〈ẑ2〉 is small) and is negative in the

opposite case (i.e., 〈ẑ2〉 is large). Therefore, 〈Qzz〉 becomes positive for the

dx2−y2 orbital and negative for the d3z2−r2 orbital [2,3]. Detailed calculations

show that 〈Qzz〉 = +4/7 for the dx2−y2 orbital and 〈Qzz〉 = −4/7 for the

d3z2−r2 orbital [2, 3]. In this way, information about the orbital occupation

can be deduced from the expectation values of Qij’s. Since the magnetic

dipole operator T can be written as a product of Q and S as shown in Eq.

(3.7), T and MT reflect both the spin direction and the anisotropy of the

electron distribution (i.e., the orbital occupation). If spin-orbit interaction

(SOI) is weak as in 3d transition metals, Eq. (3.7) or (3.7’) can be separated

into spatial and spin parts and hence 〈QijSj〉 can be replaced by 〈Qij〉〈Sj〉.
Thus one obtains from Eqs. (3.5) and (3.7),

M i
T =

∑

j

〈Qij〉M j
spin. (3.8)

If the crystal symmetry is high enough (higher than D2h), 〈Qij〉 can be

diagonalized by choosing the x, y, and z-axes parallel to the crystal axes [2],

and thus we obtain

M i
T = 〈Qii〉M i

spin. (3.9)

Equation (3.9) means that MT represents the anisotropic distribution of

spin-polarized electrons; in other words, the anisotropy of the spin-density

distribution. Figure 3.6 [21] schematically describes the relationship between

MT, Mspin and the anisotropy of the electron distribution in the case where

Mspin is parallel to the z-axis. The magnetic dipole MT becomes parallel

(antiparallel) to Mspin for the dx2−y2 (d3z2−r2) orbitals and vanishes when

the electron distribution is isotropic (e.g., the dx2−y2 and d3z2−r2 levels are

equally occupied). Thus information about the orbital occupation of the

spin-polarized electrons can be deduced by measuring MT.

3.2.4 Relationship between Morb, MT and magnetic

anisotropy

It has been theoretically predicted that the orbital magnetic moment Morb

and the magnetic dipole MT, which can be deduced by XMCD, are closely

related to magnetic anisotropy of ferromagnetic materials.

Bruno [57] has shown by using the second-order perturbation theory of

spin-orbit interaction (SOI) and the tight-binding model that, for a ferro-
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Mspin MT
Mspin

MT = 0

Mspin

MT

z

ρspin ∝ (3z2 – r2)2 ρspin isotropic ρspin ∝ (x2 – y2)2

Qzz < 0 Qzz = 0 Qzz > 0

Figure 3.6: Relationship between the magnetic dipole (MT), the spin mag-

netic moment (Mspin), and the anisotropy of the spin density distribution

(ρspin). Figure adapted from the Supplementary Material of Ref. [21].

magnetic metal with uniaxial magnetic anisotropy, the magnetic anisotropy

energy (MAE) is proportional to the difference in the orbital magnetic mo-

ments (Morb’s) between when the magnetization (M) is parallel to the axis

(taken to be z-axis hereafter) or perpendicular to it. In the case of less-

than-half systems such as manganites, the Bruno’s result is expressed as

follows:

∆E = Ex − Ez

=
ζ

4µB

(|M z
orb| − |Mx

orb|) , (3.10)

where ∆E is the MAE, ζ is the strength of SOI of the d electrons, µB is the

Bohr magneton, and M z
orb (Mx

orb) is the orbital magnetic moment along the

spin direction when the system is magnetized parallel (perpendicular) to the

uniaxial direction (Note that Morb < 0 in the case of less-than-half systems).

Owing to its simplicity and intuitiveness, the Bruno equation [Eq. (3.10)] has

been widely used to discuss the magnetic anisotropy of many ferromagnetic

metallic materials. It should be noted, however, that in Bruno’s perturbative

calculation, only the ‘spin-conserved’ terms are taken into account. That is,

in the formula of the second-order perturbation theory,

E
(2)
i =

∑

|m〉6=|i〉

|〈m|Ĥso|i〉|2
Ei − Em

, (3.11)

it is assumed that the spin directions of the initial state |i〉 and the virtual

excited state |m〉 are the same. Wang et al. [58] has later extended the Bruno
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equation Eq. (3.10) by considering the ‘spin-flip’ terms, i.e., the terms where

the spin direction in |m〉 is opposite to that in |i〉. Their result is summarized

by van der Laan in a more concise form [59]. In the case of less-than-half

systems, the result can be expressed as follows:

∆E = Ex − Ez

=
ζ

4µB

(|M z
orb| − |Mx

orb|) +
21

4µB

ζ2

∆Eex

(M z
T − Mx

T) , (3.12)

where ∆Eex is the exchange splitting between the majority- and minority-

spin bands. As explained above, the magnetic dipole MT represents the

anisotropy of the spin-density distribution, namely, the shape of the orbitals

of the spin-polarized electrons. Equation (3.12) shows that MAE is deter-

mined by not only the anisotropy of the orbital magnetic moment but also

the magnetic dipole term, namely, the anisotropy of the spin-density distri-

bution.

The theories by Bruno [Eq. (3.10)] and by Wang et al. and van der Laan

[Eq. (3.12)] have been tested theoretically by using first-principles calcula-

tion and experimentally by XMCD. Some studies have shown that Bruno’s

equation (3.10) at least qualitatively describes the magnetic anisotropy of

ferromagnetic thin films, i.e., the orbital magnetic moment Morb has more

contribution to magnetic anisotropy than the magnetic dipole MT [60–63],

while other studies have shown that Bruno’s equation totally collapses in

the presence of heavy elements with large spin-orbit interaction, i.e., MT

plays more important role than Morb, as proposed by Wang et al. [Eq.

(3.12)] [64–67]. It is therefore important to separate the contribution from

Morb and MT to MAE in order to correctly elucidate the origin of the mag-

netic anisotropy.

3.3 X-ray magnetic linear dichroism (XMLD)

X-ray linear dichroism (XLD) is an experimental technique analogous to

XMCD, in which the x-ray absorption spectra for two different linear polar-

izations are measured. Since the absorption intensities are determined by

the symmetries of the light polarization and the electron orbitals in the ini-

tial and final states [Eq. (3.1)], one can deduce information about the orbital

character of the valence electrons from the XLD spectra. For example, one

can infer whether the in-plane (e.g., dxy or dx2−y2) or the out-of-plane (e.g.,

dyz, dzx, or d3z2−r2) orbitals are more preferentially occupied in thin films

by measuring the difference in the XAS spectra between the in-plane and

out-of-plane light polarizations [49–51].
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It has also been pointed out that, even in the absence of the preferential

orbital occupation, XLD arises depending on whether the light polarization

is parallel or perpendicular to the local magnetic moment M [68, 69]. This

is called x-ray magnetic linear dichroism (XMLD), which originates from

spin-orbit interaction of core-level electrons. In contrast to XMCD, XMLD

can be applicable not only to ferromagnetic but also to antiferromagnetic

materials because the spectral intensity of XMLD is proportional to the

square of the local moment M2 [68].

Similarly to XMCD [Eqs. (3.2), (3.3)], sum rules have been derived for

X(M)LD [69]. The X(M)LD sum rules can be written as follows:

〈Qzz〉 =
2
∫

L3+L2

(µ‖ − µ⊥)dν
∫

L3+L2

(µ‖ + µ⊥)dν
(10 − Nd), (3.13)

〈Pzz〉 + 〈Rzz〉 =
5
∫

L3

(µ‖ − µ⊥)dν − 10
∫

L2

(µ‖ − µ⊥)dν

3
∫

L3+L2

(µ‖ + µ⊥)dν
(10 − Nd). (3.14)

Here, µ‖ (µ⊥) is the absorption coefficient when the light polarization is

parallel (perpendicular) to the z direction, and Pzz, Qzz, and Rzz are the

operators defined by the following equations:

Pzz =
1

2

∑

n

(3lzsz − l · s)n , (3.15)

Qzz =
1

2

∑

n

(

3l2z − l2
)

n
, (3.16)

Rzz =
1

4

∑

n

[

5lz(l · s)lz − (l2 − 2)l · s − (2l2 + 1)lzsz

]

n
, (3.17)

with n being the label for each electron [69]. The z-axis is taken parallel to

the spin direction in the case of XMLD. Note that Qzz is proportional to the

electric quadrupole operator defined by Eq. (3.6’) (which can be shown using

Wigner-Eckart theorem [70]). Equations (3.13) and (3.14) are the counter-

parts of the orbital [Eq. (3.2)] and spin sum rules for XMCD [Eq. (3.3)], re-

spectively. These equations show that one can deduce the anisotropic charge

distribution (e.g., preferential orbital occupation) induced by the spin 〈Qzz〉
using Eq. (3.13), and the anisotropy of spin-orbit interaction 〈Pzz〉 using Eq.

(3.14), under the assumption that 〈Rzz〉 is small enough compared to 〈Pzz〉.
Figure 3.7 [71] shows an example of studies which utilizes the XLD sum

rule. In this study, the interfacial orbital polarization induced in a super-

lattice composed of LaNiO3 (LNO) and LaAlO3 (LAO) was investigated via

XLD and soft x-ray reflectometry. Figure 3.7(a) shows the experimental and

calculated XAS spectra at the Ni L2,3 (2p → 3d) absorption edges for the
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(a)

(b)

(c)

Figure 3.7: X-ray linear dichroism (XLD) on a [(LaNiO3)4/(LaAlO3)4]8
(LNO/LAO) superlattice. (a) Experimental (colored) and calculated

(black/gray) XAS spectra at the Ni L2,3 (2p → 3d) absorption edges for

the linear polarizations parallel to the x (in-plane) and z (out-of-plane) di-

rections. Note that the background signals due to the La M4 (3d3/2 → 4f)

absorption edge have been subtracted from the raw spectra (see Ref. [71]

for details). (b) Experimental (blue) and calculated (orange) XLD spectra

[defined as XAS (E ‖ x) − XAS (E ‖ z)] corresponding to (a). XLD sum

rule shows that the Ni 3dx2−y2 orbital is more preferentially occupied than

the Ni 3d3z2−r2 orbital by ∼ 5.5%. (c) Schematic illustration of the deduced

orbital polarization at the LNO/LAO interfaces. Adapted from Ref. [71].

linear polarizations parallel to the x (in-plane) and z (out-of-plane) direc-

tions. The corresponding XLD spectra [=XAS (E ‖ x) − XAS (E ‖ z),

defined opposite to Eq. (3.13)] is shown in Fig. 3.7. The experimental XLD

spectrum reasonably agrees with the calculated one. By using the XLD

sum rule Eq. (3.13), they have estimated 〈Qzz〉 and have concluded that

the Ni 3dx2−y2 orbital is more preferentially occupied than the Ni 3d3z2−r2

orbital by ∼ 5.5%, demonstrating the interfacial orbital reconstruction at

the LNO/LAO interfaces [Fig. 3.7(c)].

3.4 Cluster-model calculation

The spectral line shapes of XAS, XMCD, and XMLD for transition-metal

oxides can be analyzed using the configuration-interaction (CI) cluster model

[72]. In the CI cluster model, one considers a molecule which consists of a

transition-metal atom and surrounding anions (see Fig. 2.6), and calculates
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the electronic structures of the molecule. For example, an MnO6 cluster is

considered in the case of perovskite-type manganese oxides. Taking the Mn

3d and O 2p valence orbitals and the Mn 2p core orbitals into account, the

Hamiltonian of the cluster is expressed as follows [72]:

Ĥ = Ĥ1 + Ĥ2, (3.18)

Ĥ1 =
∑

i

ǫd(Γi)
∑

γi

d†
γi

dγi
+

∑

i

ǫp(Γi)
∑

γi

p†γi
pγi

+ ǫc

∑

ξ

c†ξcξ

+ Udd

∑

i,j

∑

γi 6=γj

ndγi
ndγj

− Udc

∑

i,γi

ndγi

∑

ξ

(1 − ncξ)

+
∑

i

V (Γi)
∑

γi

(d†
γi

pγi
+ h.c.), (3.19)

Ĥ2 = Hdd + Hdc + Hd(ζd) + Hc(ζc). (3.20)

Ĥ1 and Ĥ2 are, respectively, the non-multiplet and multiplet terms describ-

ing the valence and core states and electron-electron interaction between

these states. In Eq. (3.19), Γi is a representation of the symmetry group

(such as eg and t2g representations in the Oh symmetry), γi is the basis of

each representation including spin states (such as dxy↑ or d3z2−r2↓ etc.), ǫd,

ǫp, and ǫc are, respectively, the energies of the one-electron orbitals of the

Mn 3d, O 2p (valence) and the Mn 2p (core) levels, d†
γi

, p†γi
, and c†ξ (dγi

, pγi
,

and cξ) are the creation (annihilation) operators for these levels, ndγi
and

ncξ are the number operators, Udd (Udc) is the Coulomb energy between the

Mn 3d and Mn 3d (Mn 3d and Mn 2p) electrons, and V is the hybridization

between the Mn 3d and O 2p orbitals. In Eq. (3.20), Hdd and Hdc are the

full-multiplet interaction between the Mn 3d and Mn 3d (Mn 3d and Mn 2p)

levels, respectively, and Hd(ζd) and Hc(ζc) are spin-orbit interaction (SOI).

Hdd and Hdc can be expressed using the Slater integrals F i’s and Gi’s [73],

which represent the anisotropy of Coulomb interaction. Note that, in the

case of Oh symmetry, the hybridization strength V can be expressed using

Slater-Koster parameters (pdσ) and (pdσ) as follows [74]:

V (t2g) = 2(pdπ) (3.21)

V (eg) = −
√

3(pdσ) (3.22)

In the CI cluster model, one assumes that the initial and final electronic

states can be expressed as superpositions of several different electron con-

figurations in order to take into account the effect of electron transfer from
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the O 2p to Mn 3d orbitals. That is, one assumes that the wavefunctions of

the initial (|i〉) and final states (|f〉) can be written as follows [72]:

|i〉 = α0|3dn2p6〉 + α1|3dn+12p6L〉 + α2|3dn+22p6L2〉 + · · · , (3.23)

|f〉 = β0|3dn+12p5〉 + β1|3dn+22p5L〉 + β2|3dn+32p5L2〉 + · · · . (3.24)

Here, 3d (valence) and 2p (core) denote the corresponding orbitals of Mn, L

denotes the hole in the ligand O 2p orbitals, and n is the nominal number

of electrons in the Mn 3d orbitals. In addition, the charge-transfer energy

∆ is defined by

∆ = E(|3dn+12p6L〉) − E(|3dn2p6〉), (3.25)

where E(|3dn+12p6L〉) and E(|3dn2p6〉) are the average energies of these

configurations. By diagonalizing the Hamiltonian in Eq. (3.18) using the

wavefunctions in Eqs. (3.23) and (3.24), the energy levels and transition

probabilities between these levels can be calculated and thus the x-ray ab-

sorption intensities are obtained. The Coulomb energies Udd and Udc, the

hybridization energy V , the charge-transfer energy ∆, and the crystal-field

splitting 10Dq and 8Cp [see Fig. 2.6 for definition], are usually taken as

adjustable parameters to fit the simulated spectra to the experimental ones.
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Chapter 4

Experimental methods and

analyses

In the present chapter, technical details and analysis methods of angle-

dependent XMCD is explained.

4.1 Vector-magnet apparatus for XMCD

and XMLD

The present section describes the details of the vector-magnet apparatus,

which is used for the angle-dependent x-ray magnetic circular dichroism

(XMCD) and x-ray magnetic linear dichroism (XMLD) experiments in the

following chapters.

The conceptual design of the vector magnet is schematically described

in Fig. 4.1. The vector magnet is composed of two pairs of superconducting

coils which are orthogonally arranged along the horizontal and vertical direc-

tions. One can apply magnetic field along an arbitrary direction within the

plane formed by the axes of the two coil pairs by adjusting the magnitudes

of the electric currents which flow through the two pairs of superconducting

coils independently using two bipolar current sources (Fig. 4.2). The hori-

zontal coils are aligned parallel to the incident x rays, namely, the magnetic

field is applied parallel to the x rays when the vertical coils are turned off.

One can also change the incident angle of the x rays by rotating the sample

holder using the manipulator. This means that the directions of the applied

magnetic field and the incident x rays can be controlled independently.

Each superconducting coil is stored in a cone-shaped copper casing unit,

in which seven pancake-like coils with different outer diameters ranging from

60-104 mm are stacked, as shown in Fig. 4.3 [4, 75]. Such a design of coils
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Figure 4.1: Conceptual description of the vector-magnet apparatus.

Adapted from Ref. [21].

Figure 4.2: Schematic description of the electric circuit of the superconduct-

ing coils. Here, A and B represents bipolar current sources which supply the

two pairs of superconducting coils with electric currents. Reproduced from

Ref. [4].

Figure 4.3: Picture of the a cone-shaped copper casing unit for the super-

conducting coils. Reproduced from Ref. [4].
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Figure 4.4: Schematic drawing of the entire system of the vector-magnet

XMCD apparatus. The top and bottom panels represents the vertical and

horizontal cross-sectional views, respectively. Reproduced from Ref. [75].

has been adopted so that the coils come close to each other and thus the

strength of the magnetic field at the center is maximized. The supercon-

ducting coils are made of the YBa2Cu3O7−δ (YBCO) sheet wire with width

of 4 mm and thickness of 0.1 mm (manufactured by SuperPower Inc.) [4,75].

The use of the YBCO wire allows us to operate the magnets at high tem-

peratures up to 30 K [4,75]. These superconducting coils are cooled using a

vapor-compression refrigerator down to < 20 K. The inner diameter of the

pancake coils is 45 mm and the total turn number is 1004 [4]. The designed

operation current is 140 A for each pair of the superconducting coils [75],

which corresponds to 1 T at the center of the vector magnet.

Figure 4.4 schematically describes the general view of the vector-magnet

XMCD apparatus. The sample is transferred from the left-hand side of the

figure into the measurement chamber drawn at the center of the figure. Dur-

ing the measurements, the sample is located at the center of the three axial

vacuum bores, which is pumped by turbo molecular pumps and ion pumps

down to < 1×10−9 Torr. The superconducting coil units are installed so that

they surrounds the three axial vacuum bores, as shown in Fig. 4.4. Note that



42 Chapter 4. Experimental methods and analyses

Table 4.1: Specification of the vector-magnet XMCD apparatus in the

present study compared with those constructed in Advanced Light Source

(ALS) [76] and National Synchrotron Radiation Research Center (NSRRC)

[77].

Present

work [4, 75]
ALS [76] NSRRC [77]

Number of

pole pieces
4 8 8

Field

direction
2D 3D 3D

Maximum

magnetic

field (T)

1.0 0.9 3.65

Magnet
YBCO

magnet
Electromagnet

Bi2Sr2Ca2Cu3O10

magnet

Magnet

cooling method
Cryocooler Water flow

Cryocooler and

liquid N2

Sample

Space (mm)

23.9×
24.8 × 39.4

20.3 diameter 25.4 diameter

Sample

temperature (K)
20-300 15-450 N/A

Available

measurements

XAS/XMCD

/XMLD

XAS/XMCD

/XMLD

Resonant

x-ray scattering

the spaces where the sample and the superconducting coils are located are

separated. The space for the superconducting coils (inside the large cylin-

drical chamber in Fig. 4.4) is pumped by a turbo molecular pump down to

∼ 10−5 Torr for the heat-insulation purpose. The front- and back-side ports

of the three axial vacuum bores are connected to the beamline. The top

and bottom ports are used for installing sample-supporting rods, which is

necessary in order to reduce mechanical vibration of the sample holder. The

port at the right-hand side is used for monitoring the manipulator position

during the sample transfer. In the present system, the sample can be cooled

using a liquid-helium gas-flow cryostat down to the lowest temperature of

∼ 20 K.

Table 4.1 summarizes the specification of the vector-magnet XMCD

apparatus in the present study compared with those constructed in other

synchrotron facilities (Advanced Light Source (ALS) [76] in the U.S.A. and

National Synchrotron Radiation Research Center (NSRRC) in Taiwan [77]).
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In these facilities, octapole vector-magnet systems, in which the eight pole

pieces are placed along the diagonal directions around the sample, have been

adopted [76, 77]. Although the direction of the magnetic field is limited to

two dimensions in our apparatus, larger sample space and magnetic field

strength comparable to ALS are achieved at the same time by the use of the

high-temperature superconducting magnet (made of YBCO) and the simpler

mechanical structure. In addition, no cryogen such as liquid nitrogen or

liquid helium is required for the operation of the YBCO superconducting

magnet.

4.2 Beamlines

The XMCD and XMLD experiments in this thesis have been performed

at beamlines BL-16A2 of Photon Factory (PF) in High Energy Accelerator

Research Organization (KEK) and BL23SU of SPring-8. In addition to the

vector-XMCD apparatus installed at KEK-PF, several XMCD apparatuses

have been used. In this section, details about these synchrotron beamlines

and apparatuses are described.

4.2.1 Photon Factory BL-16A

The beamline BL-16A at KEK-PF [78, 79] is designed for soft x-ray spec-

troscopy including XAS, XMCD, photoemission spectroscopy (PES), and

resonant x-ray scattering. It is equipped with a twin APPLE-II type un-

dulator, which covers the photon energy range of 180-1500 eV and provides

soft x rays with linear, circular, and eliptical polarizations. Table 4.2 sum-

marizes the available photon energy for each polarization mode. The photon

flux is ∼ 1 × 1011 photons/sec at the energy resolution of E/∆E = 8000.

A fast polarization-switching mode is available by using the two undulators

installed in a tandem configuration [80, 81]. The principle of the fast po-

larization switching is shown in Fig. 4.5 [80]. For dichroism measurements,

the two undulators are set to different polarization modes (e.g., the ID1

undulator to the right-handed circular polarization and the ID2 undulator

to the left-handed circular polarization). By manipulating the trajectory of

electrons using ‘kicker magnets’, one can extract the light from only one of

the undulators, as shown in Fig. 4.5.

A schematic layout of the beamline optics is shown in Fig. 4.6 [78, 82].

Synchrotron light generated from the undulators is vertically converged onto

the entrance slit S1 by the pre-focusing toroidal mirror M0. Since S1 can be

regarded as a virtual point light source, these pre-focusing optics enable one

to suppress the variation of the light-emitting point due to the instability
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Table 4.2: Photon energies (hν’s) available at KEK-PF beamline BL-16A

for each polarization mode [79].

Polarization hν (eV)

Circular 297-1000

Linear (horizontal) 180-1500

Linear (vertical) 380-1500

Eliptical 218-1500

Figure 4.5: Principle of fast polarization switching using the twin undulators.

Reproduced from [80].

of the synchrotron light source. The light which has gone through S1 is

vertically converged by the cylindrical mirror M1 and then is irradiated on

the monochrometer which consists of a plane mirror M2 and a planar varied-

line-spacing grating (VLSG). The VLSG is a diffraction grating which has

different line spacings depending on the position in order to achieve high

resolution in a wide photon-energy range [82–84]. The monochromated light

passes through the exit slit S2. The plane mirror Mp is used to direct

the beam into one of the two beamline branches (BL-16A1 and BL-16A2).

Finally, the monochromated light is converged using the toroidal mirrors M3

or M3’ onto the focal points F1, F2, or F3, where the endstation instruments

are installed.

In addition to the vector-XMCD apparatus described in Sec. 4.1, an

XMCD apparatus equipped with a superconducting magnet [85] installed

at KEK-PF BL-16A has been used in the present studies. Figure 4.7 [85]

is the schematic description of the apparatus. The apparatus consists of

an measurement chamber where the sample and the x rays are introduced,

a liquid-helium bath in which the superconducting magnet coil is installed,

and a liquid-nitrogen bath as a thermal shield. The superconducting magnet

coil is made of a NbTi wire and can produce magnetic fields parallel to

the incident x rays up to |H| = 5 T. Samples are cooled by a He-gas-flow

cryostat. The attainable lowest sample temperature is ∼ 10 K. Angle θ
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Figure 4.6: Beamline optics of KEK-PF BL-16A. Reproduced from [78].

between the sample normal and the incident x rays can be varied in the

range of 0◦ ≤ |θ| . 70◦. Both the TEY and TFY measurement modes are

available.

The vector-magnet XMCD apparatus and the superconducting-magnet

XMCD apparatus are installed at the focal points F1 and F2 in Fig. 4.6,

respectively.

4.2.2 SPring-8 BL23SU

BL23SU at SPring-8 [84, 86] is a beamline designed for soft-x-ray spec-

troscopies on various materials, including surface chemistry, actinide com-

pounds, biological materials, and magnetic materials. It is equipped with

a twin-helical undulator and covers the photon energies ranging from 370

eV to several keV in the circular polarization mode [86]. The energy resolu-

tion E/∆E is better than 10000. The photon flux at the sample position is

∼ 1× 1012 photons · sec−1 · (0.01% bandwidth)−1 for hν = 700 eV [86]. The

polarization of x rays can be switched at 1 Hz using the two helical undula-

tors (Fig. 4.5), which enables us high-precision measurements [80,87].

The beamline optics of BL23SU is schematically shown in Fig. 4.8 [86].

Synchrotron light generated from the twin-helical undulator (THU) passes

through the pre-focusing optics, which consist of a vertical condensing mirror

Mv, a horizontal collimating mirror Mh, and the entrance slit. Light is then

focused onto the planar VLSG (VLSPG) using a spherical mirror (either

M1 or M2).The monochromated light is then vertically collimated by the

cylindrical mirror M3 and converged by the toroidal mirror M4 onto one of

the focal positions where the endstation instruments are installed.

Figure 4.9 is a schematic description of the experimental geometry of
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Figure 4.7: Superconducting-magnet XMCD apparatus at beamline BL-16A

of Photon Factory. Reproduced from [85].

XMCD at BL23SU. The chamber is equipped with a superconducting mag-

net which can generate a magnetic field up to 10 T parallel to the x rays.

The sample can be cooled down to ∼ 10 K using a He-gas-flow cryostat.

Since the sample manipulator is attached to the downstream side of the

beamline, the incident angle of the x rays is fixed at 0◦ (normal incidence).

The absorption signal is measured in the TEY mode.
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Figure 4.8: Beamline optics of SPring-8 beamline BL23SU. Reproduced from

[86].

X ray

Magnetic field

Superconducting

magnet

Radiation

shield

Manipulator

Sample

Vacuum

chamber

Figure 4.9: Schematic drawing of the XMCD measurement chamber at

SPring-8 beamline BL23SU.
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4.3 Experimental and Analysis methods of

angle-dependent XMCD

4.3.1 Angle-dependent XMCD and transverse XMCD

As explained in Sec. 3.2.3, the magnetic dipole term P̂ · MT in Eq. (3.3)

represents the orbital occupation of the spin-polarized electrons, which may

be a key to elucidate the magnetic anisotropy of ferromagnetic materials

from microscopic point of view. It has been theoretically proposed that

this term can be extracted from the angle-dependent XMCD experiments

because the P̂ ·MT and P̂ ·Mspin terms in Eq. (3.3) show different angular

dependencies with respect to the directions of the magnetization (θM ) or

the incident x rays (θinc) [3]. Such an experiment can be performed by using

the vector-type magnet apparatus described in Sec. 4.1. The experimental

geometry for the angle-dependent XMCD is described in Fig. 4.10(a). All

the angles (θM , θinc, and the magnetic-field direction θH) are defined with

respect to the sample normal. The left-hand side of the spin sum rule [Eq.

(3.3)] can then be rewritten using Eq. (3.9) as follows:

P̂ · Mspin + (7/2)P̂ · MT

≃
∑

i

P̂iM
i
spin + (7/2)

∑

i

P̂i〈Qii〉M i
spin

= Mspin cos(θM − θinc)

+(7/4)〈Qzz〉Mspin(2 cos θM cos θinc − sin θM sin θinc). (4.1)

Here the four-fold in-plane rotational symmetry 〈Qxx〉 = 〈Qyy〉 has been

assumed (as in thin films) and the traceless property of Q (i.e., 2〈Qxx〉 +

〈Qzz〉 = 0) has been used. From this equation, the θM -dependencies of the

spin magnetic moment P̂ ·Mspin, the magnetic dipole term (7/2)P̂ ·MT, and

the sum of them (P̂ ·M eff
spin) can be calculated as shown in Fig. 4.10(b) (here,

the x-ray incident angle θinc is fixed to 45◦). Since the angular dependence

of P̂ · Mspin and (7/2)P̂ · MT are different, one can deduce the sign and

the magnitude of 〈Qzz〉 > 0 of the spin-polarized electrons from the angular

dependence of P̂ · M eff
spin which can be measured by XMCD.

Especially, if the spin magnetic moment Mspin is aligned perpendicular

to the incident x rays (θinc = 45◦), the P̂ · Mspin term vanishes and thus

only the magnetic dipole term P̂ · MT remains (Fig. 4.11). This geometry

is called transverse XMCD (TXMCD), which has been theoretically pro-

posed to directly detect the XMCD signals originating from MT [3]. Since

the magnetization angle θM and the magnetic-field angle θH are in general

different in actual experiments, one has to search for the angle where the

TXMCD geometry is realized by gradually changing θH .
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Figure 4.10: Angle-dependent XMCD. (a) Experimental geometry of angle-

dependent XMCD and the definition of the directions of incident x rays (θinc),

magnetic field (θH), and magnetization (θM ). P̂ is a unit vector along the

x-ray incident direction, which is defined to be antiparallel to the wavevector

k of x rays. (b) Theoretical angular dependences of P̂ ·Mspin, (7/2)P̂ ·MT,

and P̂ ·M eff
spin in Eq. (3.3), for the x-ray incident angle (θinc) of 45◦. The solid

and dashed curves, respectively, describe the cases where the zz-component

of the electric quadrupole moment tensor (〈Qzz〉) is positive and negative,

i.e. the electron orbital is dx2−y2-like and d3z2−r2-like. The magnitudes of

Mspin and 〈Qzz〉 are assumed to be Mspin = 1 and (7/2)〈Qzz〉 = 0.3. Panel

(a) adapted from Ref. [21] and Panel (b) from the Supplementary Material

of it.
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Figure 4.11: Geometries for transverse XMCD (TXMCD, left) and the con-

ventional (longitudinal) XMCD (right).
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4.3.2 Estimation of the magnetic anisotropy energy

from angle-dependent XMCD

Angle-dependent XMCD can also be used to deduce the magnetic anisotropy

energy (MAE) of the sample, as described below. In the presence of magnetic

anisotropy, the spin magnetization M are in general not entirely aligned

parallel to the external magnetic field H . In order to deduce the magnetiza-

tion direction θM from the field direction θH , Stoner-Wohlfarth model [88]

has been used as a simple model which incorporates the effect of magnetic

anisotropy in ferromagnetic materials. In this model, one assumes that the

sample has only a single magnetic domain and that the magnetic anisotropy

is uniaxial (i.e., it has only a single magnetic easy/hard axis). The MAE

per volume E to the lowest order is then written as follows:

E = − µ0MsatH cos(θM − θH)

+
µ0

2
M2

sat cos2 θM − Ku cos2 θM , (4.2)

where Msat is the saturation magnetization and Ku is the uniaxial MAE

(Ku > 0 for out-of-plane easy axis). The three terms in Eq. (4.2) repre-

sent the Zeeman energy due to the external magnetic field H , the shape

magnetic anisotropy due to the demagnetization field in the film, and the

magnetocrystalline anisotropy (MCA) which originates from spin-orbit inter-

action. The magnetization direction θM for certain θH , H, Ku, and Msat is

determinded so that E is minimized with respect to θM . The θH-dependence

of P̂ ·M eff
spin ≡ P̂ · [Mspin + (7/2)MT] can then be calculated from Eq. (4.1)

using this θM . By fitting the obtained angular dependence of P̂ · M eff
spin to

the experimental one, one can deduce the parameters Ku, Msat, and 〈Qzz〉
using the least-square method.



Chapter 5

Thickness-dependent magnetic

properties of La0.6Sr0.4MnO3

thin films studied by x-ray

magnetic circular dichroism

Part of this chapter has been published in “Thickness-dependent ferromag-

netic metal to paramagnetic insulator transition in La0.6Sr0.4MnO3 thin films

studied by x-ray magnetic circular dichroism”, G. Shibata, K. Yoshimatsu,

E. Sakai, V. R. Singh, V. K. Verma, K. Ishigami, T. Harano, T. Kadono, Y.

Takeda, T. Okane, Y. Saitoh, H. Yamagami, A. Sawa, H. Kumigashira, M.

Oshima, T. Koide, and A. Fujimori, Phys. Rev. B 89, 235123 (2014).

5.1 Introduction

Perovskite-type 3d transition-metal oxides (TMOs) have been extensively

studied because of their wide variety of intriguing physical properties, which

can be controlled by changing the bandwidth or the filling of the hybridized

transition-metal 3d and O 2p bands [9]. Especially, it has recently become

possible to epitaxially grow single-crystalline thin films of 3d TMOs, con-

trolling their stacking on the atomic scale. The physical properties of those

TMO thin films are not only governed by their bandwidth and electron fill-

ing, but also by their thickness, i.e., dimensionality. Metallic oxide thin

films, such as La1−xSrxMnO3 (LSMO) [34–36, 89], SrRuO3 (SRO) [37, 38],

SrVO3 (SVO) [31, 39], and LaNiO3 [32], ubiquitously undergo metal-to-

insulator transitions (MITs) when the film thickness is reduced down to a

critical thickness of several unit cells (UC). In ferromagnetic metals such

as LSMO [35, 36] and SRO [37], a concomitant suppression of the fer-
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romagnetism has been also observed. Such MITs are observed by both

transport [32, 34, 35, 37] and photoemission spectroscopy (PES) measure-

ments [31, 36, 38, 39]. The PES studies show that an energy gap of order

∼ 1 eV opens at the Fermi energy (EF ) below the critical thicknesses of

4 UC (SRO [38], SVO [31]) to 8 UC (LSMO [36]). Although conventional

metallic thin films also undergo thickness-dependent MITs driven by surface

roughness and disorders [40–44,90], the existence of such a large energy gap

in TMO thin films implies that one also has to take into account the strong

electron correlation. However, the detailed mechanism for these thickness-

dependent MIT in TMOs have not been understood yet. One possible mech-

anism, which has been proposed to explain the MIT of SVO thin films [31],

is the dimensionality-induced reduction of the bandwidth due to the de-

creased number of nearest neighbors. For LSMO thin films, however, this

simple picture is insufficient to explain the MIT, because the electron filling

of the Mn 3d band is not an integer. Other possible mechanisms include

localization of charge carriers due to disorder or lattice distortion, and the

relative increase of interfacial effects such as charge transfer and electronic

reconstruction. Because all these mechanisms accompany the changes in

the electronic structure and spin states of transition-metal ions, microscopic

probe for them are strongly desired in order to elucidate the origin of the

thickness-dependent MIT and magnetic phase transition in TMO thin films.

In this chapter, x-ray absorption spectroscopy (XAS) and x-ray mag-

netic circular dichroism (XMCD) studies on the electronic structure and

magnetic properties of LSMO (x = 0.4) thin films with varying film thick-

ness shall be presented. The element selectivity of XMCD allows us to probe

the intrinsic magnetism of the LSMO thin films quantitatively, without ex-

trinsic contribution such as diamagnetism from the substrates. The valence

state of the Mn atoms can also be inferred from the spectral line shapes

of the XAS spectra. The results show that the suppression of the ferro-

magnetism with decreasing thickness occurs more gradually than the MIT,

suggesting a percolative nature of the phase transition. It has been also

shown that the valence of Mn approaches 3+ below the critical thickness of

the MIT, possibly due to interfacial charge transfer and/or off-stoichiometry

in thinner films.

5.2 Experimetal

Figure 5.1 schematically describes the stacking structure of the studied

LSMO (x = 0.4) thin films. The films were grown on the TiO2-terminated

SrTiO3 (001) (STO) substrates by laser molecular beam epitaxy [91], with



5.2. Experimetal 53

SrO
TiO2

MnO2

La0.6Sr0.4O

MnO2

La0.6Sr0.4O

MnO2

La0.6Sr0.4O

La0.6Sr0.4O

TiO2

SrO
TiO2

SrO
TiO2

STO
cap

LSTO

La0.6Sr0.4O LSMO

STO

subst.

Figure 5.1: Schematic drawing of the stacking structure of the studied

La0.6Sr0.4MnO3 (LSMO) thin films.

thicknesses ranging from 2 to 15 UC. The deposited LSMO films were capped

by La0.6Sr0.4TiO3 (LSTO) and subsequently-deposited STO with thicknesses

of 2 UC and 1 UC, respectively. The role of the LSTO layer is to keep the

local environment of the top MnO2 layer similar to that in the bulk, i.e.,

every MnO2 layer is sandwiched by La0.6Sr0.4O (LSO) layers, as shown in

Fig. 5.1 [36]. The intensity oscillation of the specular spot in reflection

high-energy electron diffraction (RHEED) was used as an indicator for the

film thickness during the growth. The surface morphology of the deposited

films was examined by atomic force microscopy, and all the films exhibited

step-and-terrace structures, confirming that atomically flat surfaces were

obtained. It was also confirmed that the films were coherently grown by

four-circle x-ray diffraction measurements. In order to reduce oxygen vacan-

cies, the films were annealed in an oxidizing atmosphere for 45 minutes at a

temperature of 400 ◦C and at an oxygen pressure of 1 bar before the XMCD

measurements. The XMCD measurements were performed at BL-16A of

KEK-PF and at BL23SU of SPring-8 [86]. The spectra were measured in

the normal incident geometry, namely, both the incident x rays and the

applied magnetic field were perpendicular to the sample surface. The mea-

surement temperature T was equal to 20 K. All the data were collected in

the total electron yield mode.
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The spin magnetic moment Mspin was deduced by applying the XMCD

spin sum rule [55] to the obtained XMCD spectra. The orbital magnetic

moment Morb and the magnetic dipole MT were neglected in the present

study because both quantities are more than one order of magnitude smaller

than Mspin. This can produce systematic errors of . 10% in Mspin. The

procedure for applying the spin sum rule to the experimental spectra was

essentially the same as that described in Ref. [92]: The hole number of

the Mn 3d band (nd) was assumed to be 5.78 by considering the charge

transfer between the Mn 3d and the ligand O 2p bands [92]. In addition, the

deduced Mspin has been devided by the ‘correction factor’ (= 0.587) given in

Ref. [93], since Mspin deduced from the spin sum rule tends to be smaller than

the actual value for less-than-half-filled systems due to the small spin-orbit

splitting between the 2p3/2 and 2p1/2 core levels [93,94].

5.3 Results and discussion

Figures 5.2(a) and 5.2(b) show the Mn L2,3-edge XAS and XMCD spectra

of the LSMO samples with various thicknesses, respectively. The spectra

have been normalized so that the peak height of XAS at the Mn L3 edge

is equal to unity. The spectral line shapes of XAS and XMCD are similar

to those observed in the previous study of bulk LSMO (x = 0-0.5) [92],

reflecting the mixed valence state between Mn3+ and Mn4+. The XMCD

intensity gradually decreases with the reduction of the thickness, consistent

with the thickness-dependent MIT and magnetic phase transition reported

in previous studies [34–36].

Thickness dependence of the magnetic properties of LSMO thin films

has been investigated by analyzing the magnetization curves obtained by

the XMCD measurements. Figures 5.3(a) shows the magnetization curves

of Mn for various thicknesses deduced using the XMCD spin sum rule [55],

plotted as functions of the external magnetic field Hext (see Sec. 5.2 for the

details of the sum-rule analysis). Since the direction of Hext is perpendicular

to the thin film, demagnetizing field has to be taken into account; That is,

the effective magnetic field applied on the sample is given by H = Hext +

Hdemag = Hext −M , where M is the magnetization (in units of A/m) of the

sample. The magnetization curves after this correction for demagnetizing

field are shown in Fig. 5.3(b). One can see that the saturation magnetic field

decreases down to µ0H ∼ 0.3 - 0.8 T compared to the raw data plotted in

Fig. 5.3(a), but is still an order of magnitude larger than those in the case of

in-plane magnetic field (∼ 10−2 T) [35,46,47,97]. This clearly shows that the

LSMO thin films grown on the STO substrates favor in-plane magnetization
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Figure 5.2: Mn L2,3-edge XAS (a) and XMCD spectra (b) for La0.6Sr0.4MnO3

(LSMO) thin films with varying thickness, measured at a temperature (T ) of

20 K and under an external magnetic field (µ0Hext) of 3 T. In panel (a), the

XAS spectra for LaMnO3 [95] and SrMnO3 [96] are also shown as reference

spectra for Mn3+ and Mn4+, respectively.

due to magnetocrystalline anisotropy induced by the tensile epitaxial strain.

These magnetization curves have been decomposed into ferromagnetic

and paramagnetic components, following the method of Ref. [98]. Namely,

the magnetization component which saturates below µ0H ∼ 1 T has been

regarded as the ferromagnetic component and the one which increases lin-

early with H up to the highest magnetic fields has been regarded as the

paramagnetic component, as shown in the inset of Fig. 5.3(b). Thus, the

intercept and the slope of the magnetization curve in the high-H region gives

the ferromagnetic moment Mferro and the paramagnetic susceptibility χpara

of the Mn ions, respectively. The linear increase of M as a function of H up

to 8 T has been confirmed for some samples, as shown in Fig. 5.3(c), which

justifies the present method to separate the magnetization curves into the

ferromagnetic and paramagnetic components. The deduced Mferro and χpara
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Figure 5.3: Magnetization curves of the studied LSMO/STO thin films de-

duced by XMCD. (a) Magnetization curves plotted as functions of the exter-

nal magnetic field Hext. (b) Same data plotted as a function of the magneic

field H after the correction for the demagnetizing field (see text for details).

Inset in (b) schematically illustrates the method of the decomposition of the

magnetization curves into ferromagnetic (Mferro) and paramagnetic (Mpara)

components. (c) XMCD intensities up to high Hext (≤ 8 T).

values are shown in Fig. 5.4(a) as functions of film thickness. A gradual

decrease of Mferro and a gradual increase of χpara are seen with decreasing

thickness, reflecting the ferromagnetic-to-paramagnetic transition. In Fig.

5.4(a), the measured paramagnetic susceptibility χpara is compared to the

one calculated from the Curie law (χCurie
para ) by the following equations:

χCurie
para =

[
0.6χS=2 + 0.4χS=3/2

] (
1− Mferro

M0

)
, (5.1)

χS =
S(S + 1)g2µB

3kBT
, (5.2)

where g ' 2.0 is the g-factor, M0 = 3.6µB/Mn is the full moment of Mn,

and 1−Mferro/M0 is the number ratio of the paramagnetic Mn atoms. The

first and second terms of Eq. (5.1) represent the paramagnetic contribution
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Figure 5.4: Magnetic and electronic properties of the LSMO thin films as a

function of thickness. (a) Ferromagnetic moment per Mn (Mferro, squares)

and the paramagnetic susceptibility per Mn (χpara, triangles) deduced from

the magnetization curves in Fig. 5.3 (see text for the method). The param-

agnetic susceptibility calculated from the Curie law (χCurie
para ) is also shown by

circles for comparison. Open symbols represents Mferro and χpara deduced

from the magnetization curves up to µ0Hext = 8 T. (b) XAS peak posi-

tion at the Mn L3 edge (squares) and the valence band maximum (VBM)

with respect to the Fermi level (EF ) estimated from photoemission spectros-

copy [36] (triangles).

from the Mn3+ and Mn4+ ions, respectively. As can be seen from Fig.

5.4(a), the measured χpara is slightly larger than χCurie
para in the entire thickness

range, indicating that the Weiss temperature is positive. This means that

ferromagnetic correlations between local magnetic moments of Mn still exist

even in the paramagnetic phase.

It should be noted that the ferromagnetic-to-paramagnetic transition

with decreasing thickness occurs rather gradually compared to the MIT.

While the decrease of Mferro and the increase of χpara gradually occurs as

shown in Fig. 5.4(a), the valence-band maximum (VBM) deduced from the

PES measurement [36] rather abruptly changes at the critical thickness of

MIT, as shown in Fig. 5.4(b). This suggests that there are some param-

agnetic components even in the metallic phase above the critical thickness

of the MIT and that part of the ferromagnetic component survives even in
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the insulating phase. This result can be understood in terms of the phase-

separation model (Sec. 2.2.3), i.e., both the ferromagnetic metallic (FM-M)

phase and the paramagnetic insulating (PM-I) phase coexist around the crit-

ical thickness of the MIT, as ubiquitously observed around metal-insulator

phase boundaries of manganites [23,24]. Based on this model, the MIT can

be described as the changes in the volume ratio between the two phases.

The disappearance of the DOS at EF can be explained by the reduction of

the metallic domain sizes. In metal nanoparticles, loss of the DOS at EF

are commonly observed with the reduction of particle sizes due to surface

effects, decrease of the bandwidth caused by the reduced coordination num-

ber, and quantum confinement effects [99,100]. Similar effects are expected

in the present case of randomly-distributed metallic domains.

In order to clarify how the electronic state evolves as a function of

thickness, the line shapes of the XAS and XMCD spectra have been ana-

lyzed. The XAS spectra of LaMnO3 (Mn3+) [95] and SrMnO3 (Mn4+) [96]

are shown in Fig. 5.2(a) as references, together with those of the LSMO thin

films in the present study. By comparison between these XAS spectra, it

can be seen that the shoulder structures a and c (originating from Mn3+)

are enhanced with decreasing thickness and that the maximum positions of

the spectra at both the Mn L3 and L2 edges are abruptly shifted towards

the lower photon energies (hν) by ∼ 0.2 eV, below the critical thickness of

the MIT. One can also see such peak shifts in the XMCD spectra across

the critical thickness [Fig. 5.2(b)]. These peak shifts are considered to be

originate from changes in the hole concentration of the Mn 3d bands: As

shown in Fig. 5.2(b), both the L3 and L2 peak maxima are located at lower

hν for Mn3+ than for Mn4+. It is also known that the peak position of the

Mn XAS spectra are gradually shifted towards higher hν with increasing

Mn valence in mixed-valence manganese oxides [101]. The present result

shows that the hole concentration of Mn abruptly drops across the critical

thickness (6-8 UC), suggesting a close correlation between the Mn valence

and the thickness-dependent MIT and ferromagnetic-to-paramagnetic tran-

sition. Note that the valence shift towards the Mn3+ side in thinner films

are also reported in some previous studies [102,103].

One possibility for the observed changes in the Mn valence towards 3+

with decreasing film thickness is electron doping at the interface from the

LSTO layer in the cap. As shown in Fig. 5.1, the studied thin films have one

UC of LSTO layer between the LSMO and STO layers, and the (LSO)0.6+

monolayer in this LSTO layer serves as an electron donor. Since the work

function of LSMO is larger than that of STO [104], it is expected that the

electrons from the LSO donors are doped into the LSMO side rather than

the STO side. In thinner films, this interfacial doping effect becomes more
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significant because the volume ratio of the interface to the bulk increases, and

thus the shift of the average Mn valence from 3.4+ to 3+ can be explained. It

should be noted, however, this doping effect alone is not sufficient to explain

the magnitude of the valence shift for the 4- and 6-UC-thick films, in which

the Mn valence is comparable to that of the 2-UC film. It is also possible

that there are some oxygen vacancies in the LSMO films and/or the STO

substrates, which also serves as electron donors in addition to the mechanism

mentioned above. Note that the valence of Mn in perovskite-type manganite

thin films tends to be lower than the nominal value in general [45].

The abrupt valence change at the critical thickness of the MIT (6-8

UC) implies a close correlation between the MIT and the valence of Mn.

One possiblility is that the MIT leads to a re-distribution of the charged

carriers within the LSMO film. In thicker films, the system is metallic and

the carriers (holes) tend to be distributed at the top and bottom interfaces

of the LSMO layer, in order to cancel out the potential gradient inside

the film [25, 28]. When the film thickness is reduced, the system turns

into the insulating phase and holes are distributed uniformly over the entire

film. Since XAS and XMCD in the TEY mode are a relatively surface-

sensitive detection technique (with probing depths of ∼ 3-5 nm [105]), the

observed Mn valence can abruptly change if the charged carriers near the

bottom interface are distributed in a more extended region below the critical

thickness of the MIT. In order to test these hypotheses, further studies would

be necessary on the depth profiles of the charged carriers and magnetism for

LSMO thin films with various stacking structures.

5.4 Conclusion

In this chapter, the thickness dependencies of the magnetism and the elec-

tronic structure of LSMO (x = 0.4) thin films have been investigated

via XAS and XMCD in order to clarify the mechanism of the thickness-

dependent MIT and concomitant magnetic transition. From the analyses

of the magnetization curves measured by XMCD, it has been shown that

the ferromagnetic component gradually decreases while the paramagnetic

one gradually increases with decreasing film thickness. The paramagnetic

susceptibility is shown to be larger than that deduced from the Curie law, in-

dicating the ferromagnetic spin correlations between the local Mn moments.

The gradual magnetic transition is in contrast to the abrupt MIT and the

concomitant valence shift towards Mn3+ below the critical thickness. This

difference between the electronic and magnetic transition can be understood

within the phase-separation model between the FM-M and the PM-I phases.
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Chapter 6

Anisotropic spin density in

La0.7Sr0.3MnO3 thin films

probed by angle-dependent

x-ray magnetic circular

dichroism

Part of this chapter has been published in “Anisotropic spin-density dis-

tribution and magnetic anisotropy of strained La1−xSrxMnO3 thin films:

Angle-dependent x-ray magnetic circular dichroism”, G. Shibata, M. Kita-

mura, M. Minohara, K. Yoshimatsu, T. Kadono, K. Ishigami, T. Harano,

Y. Takahashi, S. Sakamoto, Y. Nonaka, K. Ikeda, Z. Chi, M. Furuse, S.

Fuchino, M. Okano, J.-i. Fujihira, A. Uchida, K. Watanabe, H. Fujihira,

S. Fujihira, A. Tanaka, H. Kumigashira, T. Koide, and A. Fujimori, npj

Quantum Mater. 3, 3 (2018).

6.1 Introduction

Understanding the origin of magnetic anisotropy in ferromagnetic materials

and controlling it has been a major issue in both the fundamental and ap-

plied science [1]. In the field of applied science, many attempts have been

made to enhance the magnetic anisotropy of ferromagnets, aiming at the

realization of high-density information-storage devices and high-power mo-

tors. In the field of fundamental science, the microscopic origin of magnetic

anisotropy has been discussed extensively. Magnetic anisotropy generally

emerges as a consequence of the complex interplay between spin-orbit in-

teraction (SOI), band structures, spin and orbital magnetic moments, and
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orbital occupation. The magnetic anisotropy of ferromagnetic thin films is

of particular interest, because it is controlled by various external factors,

such as film thickness, carrier doping at the interfaces, and epitaxial strain

due to the lattice mismatch between the film and the substrate.

Perovskite-type manganese oxide La1−xSrxMnO3 (LSMO), which is

well-known for its intriguing transport and magnetic properties such as colos-

sal magnetoresistance (CMR) and half-metallicity, is one of the candidate

materials for spintronics and its physical properties have been extensively

studied for decades [9]. It is in the ferromagnetic metallic (FM-M) phase

at the doping levels of 0.175 . x . 0.5, with Curie temperatures above the

room temperature (TC ∼ 370 K at x ∼ 0.3) [106]. When LSMO is grown

in a form of thin films, their physical properties are also affected by various

external factors. It has been shown, for example, that the FM-M nature of

LSMO at the doping levels of 0.3 ≤ x ≤ 0.5 is lost under strong epitaxial

strain, and the film turns into the A-type antiferromagnetic (AFM) metallic

phase in the case of tensile strain [e.g., on the SrTiO3 (STO) (001) substrate],

or the C-type AFM insulating phase in the case of compressive strain [e.g.,

on the LaAlO3 (LAO) (001) substrate] [19]. The magnetic anisotropy of

the LSMO thin films is also affected by the strain, namely, they have out-

of-plane magnetic easy axis in the case of the LAO substrate (compressive

strain) and have in-plnae magnetic easy axes in the case of the STO substrate

(tensile strain) [46,47]. According to the first-principles calculations [19], it

has been pointed out that the dx2−y2 orbital is more preferentially occupied

if tensile strain is applied on the film, and that the d3z2−r2 orbital is more

preferentially occupied if compressive strain is applied on the film. This

result implies a close correlation between the magnetic anisotropy and the

preferential orbital occupation of the Mn 3d electrons. However, previous

studies by x-ray linear dichroism (XLD) spectroscopy have shown that the

d3z2−r2 orbital is always more preferentially occupied than the dx2−y2 orbital,

irrespective of the sign of the epitaxial strain [49–51]. So far, this apparent

discrepancy has been considered to originate from the different orbital oc-

cupation between the surface and the bulk: They assume that the d3z2−r2

orbital is more preferentially occupied due to the spatial symmetry breaking

at the surface and the interface, [49–51]. Although this model reasonably

explains the results of XRD, no direct information about the orbital occu-

pation in the bulk of the LSMO thin films and its relationship between the

magnetism has been obtained so far.

In this study, preferential orbital occupation and magnetic anisotropy in

LSMO thin films grown on STO (tensile) and LAO (compressive) substrates

have been investigated by angle-dependent x-ray magnetic circular dichro-

ism (XMCD). As shown below, this method can directly probe the prefer-
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ential orbital occupation of spin-polarized electrons, i.e., the anisotropy of

spin-density distribution. This can be realized by extracting the ‘magnetic

dipole’ MT which appears in the XMCD spin sum rule [55] in addition to the

spin magnetic moment Mspin. MT represents the anisotropy of the spatial

distribution of spin density, i.e., the shape of the orbitals of spin-polarized

electrons. In contrast to XLD, which probes the orbital polarization of all

the valence electrons, angle-dependent XMCD probes the orbital polariza-

tion of only spin-polarized electrons, which enables one to directly deduce the

preferential orbital occupation of electrons participating in ferromagnetism.

Although it is in general hard to separate the XMCD signals into the com-

ponents originating from Mspin and MT by a single XMCD measurement, it

can be done, as described below, by measuring the angular dependence of the

XMCD spectra as a function of magnetic-field direction (θH) because the two

components have different angular dependencies, [2, 3, 59, 107]. Especially,

the XMCD signal from the magnetic dipole MT can be directly extracted

in such a geometry that Mspin is aligned perpendicular to the incident x

rays, which allows one to determine the anisotropy of the spin-density dis-

tribution [3]. Although this kind of XMCD measurement, transverse XMCD

(TXMCD), was theoretically proposed long time ago [2,3,59,107,108], there

have been very limited number of TXMCD experiments [109–112] due to the

restriction that the direction of the magnetic field produced by the electro-

magnet is fixed parallel to the incident light in conventional measurement

systems. This restriction has been recently resolved by the development of

an XMCD measurement system with a vector-type magnet, in which one can

apply the magnetic field along various directions using two pairs of super-

conducting magnets [4]. This chapter describes the angle-dependent XMCD

and TXMCD studies on ferromagnetic LSMO (x = 0.3) thin films grown on

STO and LAO substrates, and discusses the relationship between the epi-

taxial strain and the anisotropy of the spin-density distribution. It has been

found that the preferential orbital occupation of spin-polarized electrons in

the studied LSMO films is dx2−y2-like in the case of tensile epitaxial strain

(STO substrate) and is d3z2−r2-like in the case of compressive epitaxial strain

(LAO substrate), which are different from the orbital occupation deduced

from XLD. This is ascribed to the difference between the spin- and charge-

density distributions, i.e. the preferential occupation of both the spin-up

and spin-down d3z2−r2 orbitals at the surface, which may be the origin of the

surface magnetic dead layers in LSMO.
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6.2 Experimetal

LSMO (x = 0.3) thin films with thicknesses of ∼ 100 unit cells (∼ 40 nm)

were fabricated on AlO2-terminated LAO (001) and TiO2-terminated Nb-

doped STO (001) substrates by the laser molecular beam epitaxy method

[91]. The films undergo tensile and compressive strain from the STO and

LAO substrate, respectively, due to the differences of the lattice constants

between LSMO and the substrates. The LSMO thin films were deposited in

an oxydizing atmosphere (PO2
= 1 × 10−4 Torr). The deposition tempera-

tures were 1050 ◦C for the STO substrate and 650 ◦C for the LAO substrate.

The growth conditions for the LSMO/STO film was essentially the same as

the previous study [113]. The growth conditions for the LSMO/LAO film

was chosen so that the film is partially strained, since it tends to be an an-

tiferromagnetic insulator if the film is fully strained [19]. The growth rate

was monitored by the intensity oscillation of the specular spot in reflection

high-energy electron diffraction (RHEED). The films were post-annealed at

400 ◦C in oxygen (PO2
= 1 × 1 bar) for 45 minutes at after the deposition

in order to eliminate oxygen vacancies. In order to confirm that the grown

LSMO thin films are well strained and at the same time are in the ferromag-

netic metallic phase, the grown films were characterized by x-ray diffraction

(XRD), magnetization measurement using a superconducting quantum in-

terference device (SQUID), and resistivity measurement using the four-probe

method. The XRD measurements were performed using a synchrotron light

source at BL-7C of Photon Factory, High Energy Accelerator Research Or-

ganization (KEK-PF), and a laboratory light source using the Cu Kα line.

The angle-dependent XMCD measurements were done using the vector-

magnet XMCD apparatus (see Sec. 4.1 and Ref. [4] for details) installed at

BL-16A2 of KEK-PF. The measurements were performed at 30 K for the

LSMO/LAO film and at 270 K for the LSMO/STO film. A lower temper-

ature was chosen for the LAO substrate since the saturation magnetization

(Msat) was low at room temperature [as shown in Fig. 6.2(d)], whereas a

higher temperature was chosen for the STO substrate since the magnetic

anisotropy energy (MAE) was so large at low temperature that it was not

possible to totally align the electron spins along the film-normal direction

(the magnetically hard axis). The XAS signals were collected using the total

electron-yield (TEY) mode. A negative bias voltage of ∼ 200 V was applied

on the sample in order to help the ejection of the photoelectrons. This is

of importance especially in the case of in-plane magnetic field, because the

trajectories of the photoelectrons are bent by the Lorentz force and they

are absorbed back to the sample, resulting in a drop of the photocurrent

down to almost zero. The base pressure of the measurement chamber was
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∼ 1 × 10−9 Torr.

6.3 Results

6.3.1 Sample characterization

Figure 6.1(a) and 6.1(b) show the results of the XRD measurements in

the specular geometry for the LSMO/STO films (grown at 1050 ◦C) and

LSMO/LAO film (grown at 650 ◦C), respectively. For both the films, a sharp

peak and a broader peak are observed, which correspond to the diffraction

peaks from the substrate and the LSMO film, respectively. The out-of-plane

lattice constants of LSMO can be deduced from the peak positions and have

been estimated to be 0.386 nm and 0.401 nm for the STO and LAO sub-

strates, respectively. By comparison with the lattice constant of bulk LSMO

(0.389 nm), it can be confirmed that the LSMO/STO (LSMO/LAO) film

undergoes a tensile (compressive) strain from the substrate. Furthermore,

the XRD patterns for both the films exhibit clear oscillation fringes around

the main peak, indicating that the roughness of the surface and the interface

between the film and the substrate is small.

In order to get information about the in-plane lattice constants more

directly, XRD measurements using the LSMO (103) diffraction peak have

been also performed. Figures 6.1(c), 6.1(d), and 6.1(e) show the reciprocal

space maps (RMSs) for the LSMO/STO film grown at 1050 ◦C, LSMO/LAO

film grown at 650 ◦C, and LSMO/LAO film grown at 600 ◦C, respectively.

The films on the LAO substrates have been grown under several differ-

ent temperatures and two representative data are shown here. As for the

LSMO/STO film [Fig. 6.1(c)] and the LSMO/LAO film grown at lower tem-

perature [Fig. 6.1(e)], the diffraction peak from LSMO is located at the

same Qx as the substrate, suggesting that the films are fully strained. In

contrast, the LSMO/LAO film grown at higher temperature [Fig. 6.1(d)]

exhibits more diffuse diffraction spot from LSMO, in that the spot is split

into two peaks and has tails towards the low-Qx and high-Qz sides. This

shows that the average in-plane lattice constant of LSMO is longer than

that of LAO, showing that the compressive epitaxial strain from LAO is

partially relaxed. It should be also mentioned that the LSMO/LAO film

were totally relaxed if the growth temperature was further raised up to 1000
◦C, consistent with the previous study [19].

The magnetic hysteresis curves (M -H curves) of the LSMO/STO film

and the partially relaxed LSMO/LAO film (grown at 650 ◦C) are shown in

Figs. 6.2(a) and 6.2(b), respectively. The evolution of the magnetization

(M) with lowering temperature (T ) for the LSMO/STO, partially-relaxed
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Figure 6.1: Structural characterization of the grown La1−xSrxMnO3 (LSMO)

thin films (x = 0.3) by x-ray diffraction (XRD). (a)(b) XRD patterns mea-

sured in a specular geometry for the LSMO thin films grown on the Nb-doped

SrTiO3 (STO) (001) (a) and LaAlO3 (LAO) (b) substrates. The out-of-plane

lattice constants (c) are estimated to be 0.386 nm and 0.401 nm for the

STO and LAO substrates, respectively. (c)-(e) Reciprocal space mappings

(RSMs) measured using the (103) x-ray diffraction peak for the LSMO/STO

film (c), LSMO/LAO film grown at 650 ◦C (d), and LSMO/LAO film

grown at 600 ◦C (e). Here, the reciprocal lattice vector Q is defined by

Q = 2π
λ

(k̂f − k̂i), where λ is the wavelength of the x ray, and k̂i and k̂f are

the unit vectors along the incident and diffracted x rays, respectively.

LSMO/LAO (grown at 650 ◦C), and fully-strained LSMO/LAO (grown at

600 ◦C) thin films are shown in Figs. 6.2(c) and 6.2(d). The hysteresis

curves in Figs. 6.2(a) and 6.2(b) show that the out-of-plane direction is

the magnetic hard (easy) axis in the case of the STO (LAO) substrate, in

agreement with previous studies [46, 47]. The saturation magnetization of

the LSMO/STO film at low temperature estimated from the M -T curves

in Fig. 6.2(c) is comparable to that of the bulk (3.7 µB/Mn). indicating

that the majority part of the film is in the ferromagnetic phase. In the

case of the LSMO/LAO films, on the other hand, only the partially-relaxed
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relaxed

Figure 6.2: Magnetization data measured using a superconducting quan-

tum interference device (SQUID) magnetometer. (a)(b) Magnetic hysteresis

curves of the LSMO/STO (a) and partially-relaxed LSMO/LAO (b) thin

films (grown at 650 ◦C). (c)(d) Temperature (T ) dependencies of the mag-

netization (M) for the LSMO/STO (c) and LSMO/LAO (d) thin films. For

LSMO/LAO, the data for the partially-relaxed film (solid curve) and the

fully-strained film (grown at 600 ◦C, dashed curve) are shown.

film exhibits a relatively large saturation magnetization (∼ 2.5 µB/Mn)

and the fully-strained film shows quite small saturation magnetization (∼
0.4 µB/Mn) compared to the bulk. This shows that the ferromagnetism of

LSMO is nearly suppressed in the latter film. The former sample with partial

epitaxial strain has been therefore chosen for the XMCD measurements in

the following. The Curie temperatures (TC) of the LSMO/STO film and

the partially-relaxed LSMO/LAO film are estimated to be 350 ± 5 K and

300 ± 10 K, respectively. These values are slightly lower than the bulk

Curie temperature (T bulk
C ∼ 370 K), which can be ascribed to the strain

effect [19,35].

Figure 6.3 shows the T -dependencies of the resistivity (ρ) for the grown

LSMO/LAO films with partial strain (grown at 650 ◦C) and full strain

(grown at 600 ◦C). It can be seen that the partially-relaxed LSMO/LAO

film exhibits metallic behavior below the transition temperature (TMIT) of
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relaxed

[Horiba et al.]

Figure 6.3: Resistitity data for the grown LSMO/LAO films with partial

strain (grown at 650 ◦C) and full strain (grown at 600 ◦C). Since the re-

sistivity measurements were not possible for the LSMO/STO film because

of the conductive Nb-doped STO substrate, the resistivity data for another

LSMO/STO film grown under similar conditions as the present study is

shown here as a reference [113].

290±5 K, while the fully-strained one shows insulating behavior in the entire

temperature range. It is therefore concluded that the partially-relaxed film

is in the ferromagnetic metallic (FM-M) phase similar to the bulk, whereas

the fully-strained one is in the antiferromagnetic insulating (AFM-I) phase,

as reported in the previous study [19]. The resistivity measurements were

not possible for the LSMO/STO film because of the conductive Nb-doped

STO substrate. However, the LSMO/STO thin film which was grown under

similar conditions to the present study by using the same apparatus is shown

to be metallic, as shown in Fig. 6.3 [113] (TMIT = 345 ± 5 K). In addition,

the magnetization data in Fig. 6.2(c) shows that the Curie temperature TC

is almost comparable to that of the bulk. This rules out the possibility

that the studied LSMO/STO film is in the ferromagnetic insulating (FM-I)

phase, because the TC in the FM-I phase is lower than 300 K [106]. These

are indirect evidence that the grown LSMO/STO film is in the FM-M phase

similar to the bulk.
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Figure 6.4: Schematic description of the experimental geometry for angle-

dependent x-ray magnetic circular dichroism (XMCD). The angles of the

incident x rays (θinc), the applied magnetic field (θH), and the magnetization

(θM ). are measured from the sample normal. θinc was fixed at 45◦ in the

present study. P̂ is a unit vector along the x-ray incident direction, which

is defined to be antiparallel to the wavevector of x rays k.

6.3.2 Angular dependence of the XMCD spectra and

transverse XMCD

Figure 6.4 is a schematic description of the experimental geometry for angle-

dependent XMCD. The direction of the magnetic field can be varied by using

two pairs of superconducting magnet coils [see Fig. 4.1]. The angles of the

incident x rays (θinc), the applied magnetic field (θH), and the magnetization

(θM ). are measured from the sample normal, as shown in the figure. The

x-ray incident angle θinc was fixed at 45◦ in the present study and the field

direction θH was varied in order to change the magnetization direction θM .

It should be noted that θM is in general different from θH if there is magnetic

anisotropy and the applied magnetic field is not strong enough to completely

align the electron spins along the field direction. The XMCD sum rules

[54, 55] dictate that one can deduce from the spectral intensities of XMCD

the projection of the ‘effective’ spin magnetic moment (M eff
spin ≡ Mspin +

(7/2)MT) onto the incident x rays, namely, P̂ · [Mspin + (7/2)MT] [see

Eq. (3.3)]. In systems where the orbital magnetic moment Morb and the

magnetic dipole MT are much smaller than Mspin, as in 3d transition-metal

ferromagnetic materials, the XMCD intensity is approximately proportional

to the projection of the spin magnetic moment onto the incident x rays,

i.e., P̂ · Mspin. More detailed explanations about the principles of angle-

dependent XMCD are given in Sec. 4.3.
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The Mn-L2,3 (2p → 3d) XAS spectra of the LSMO thin films grown

on the STO and LAO substrates are shown in Figs. 6.5(a) and 6.5(b), re-

spectively, The light-red and light-blue curves represent the XAS spectra

for positive (σ+) and negative (σ−) circular polarizations, respectively, and

the green curves represent the XAS spectra averaged over both the polariza-

tions. Since the spectral line shape of the polarization-averaged spectra was

nearly identical irrespective of the magnetic-field direction θH , as shown in

Fig. 6.6, only the XAS spectra measured at θH = 45◦ (the magnetic field

being parallel to the incident light) are shown in Fig. 6.5. The spectral

line shape of XAS is similar to those of bulk [92] and thin-film [50, 114]

samples in previous studies. The XAS signals of extrinsic Mn2+, which is

often observed in manganite thin films due to the presence of oxygen vacan-

cies [45], are hardly observed, indicating that the grown LSMO thin films

have correct stoichiometry. Figures 6.5(c) and 6.5(d) show the Mn L2,3-edge

XMCD spectra for the LSMO/STO and LSMO/LAO films, respectively,

with varying magnetic-field angle θH . The XMCD intensity at the Mn L3

edge (which is approximately proportional to the projected spin magnetic

moment P̂ · Mspin) gradually changes as a function of θH , due to the sys-

tematic changes in the magnetization direction θM . The reversal of the

XMCD intensity at the Mn L3 edge occurs around θH = −15◦ - − 20◦ in

Fig. 6.5(c) and around θH = −50◦ - − 55◦ in Fig. 6.5(d). This suggests

that the magnetization direction is nearly perpendicular to the incident x

rays around these magnetic-field angles, namely, the TXMCD geometry is

realized around these θH ’s.

These XMCD spectra around the TXMCD geometry are shown in Fig.

6.7(a) with a magnified scale. The orange and green curves, respectively,

represents the XMCD spectra of the LSMO/STO film measured at θH =

−20◦ and of the LSMO/LAO film measured at θH = −50◦. Clear TXMCD

signals can be observed, which are expected to originate from the magnetic

dipole MT. One might suspect that Mspin is slightly deviated from the

perpendicular direction to the x rays and these misaligned Mspin, rather

than MT, yield these finite XMCD signals. This possibility, however, can be

ruled out because the spectral line shapes of XMCD in Fig. 6.7(a) are entirely

different from the conventional (‘longitudinal’) XMCD spectra shown by the

black curve in Fig. 6.7(a), which mainly originates from Mspin. Moreover,

the spectral line shapes of LSMO/STO and LSMO/LAO are almost identical

except for the sign difference, suggesting that they have the same physical

origin. These results demonstrate that the LSMO/STO and LSMO/LAO

films have the opposite signs of MT, namely, they have opposite spin-density

distribution reflecting the opposite signs of epitaxial strain.

In order to further confirm that the obtained XMCD spectra are gen-
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Figure 6.5: X-ray absorption spectroscopy (XAS) and XMCD spectra of the

LSMO (x = 0.3) thin films at the Mn L2,3 absorption edges. (a)(b) XAS

spectra for the films grown on the (a) Nb-doped SrTiO3 (STO) (001) and

(b) LaAlO3 (LAO) (001) substrates. The light-red and light-blue curves

represent the XAS spectra for positive (σ+) and negative (σ−) circular

polarizations, respectively. The green curves represent the XAS spectra

averaged over both the polarizations. The peak height of the averaged XAS

is normalized to unity. (c)(d) XMCD spectra of the LSMO thin films grown

on the (c) STO and (d) LAO substrates for varying θH , measured in the

geometry described in Fig. 6.4.
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Figure 6.7: XMCD spectra in the transverse geometry. (a) Experimen-

tal transverse XMCD (TXMCD) spectra of the LSMO/STO (orange) and

LSMO/LAO (green) films, plotted together with a longitudinal XMCD

(LXMCD) spectra (black). Inset schematically describes the geometry of

TXMCD. (b) TXMCD spectra based on the cluster-model calculation. (c)

Mn3+O6 cluster model under the D4h symmetry, which has been used in the

present calculation. (d) Schematic drawing of the energy levels of the Mn 3d

orbitals within the cluster model of panel (c). 8Cp denotes the crystal-field

splitting between the 3z2− r2 and x2−y2 levels [111], and the positive (neg-

ative) Cp describe the cases where the 3z2 − r2 (x2 − y2) orbital has higher

energy than the x2 − y2 (3z2 − r2) orbital. Panels (c) and (d) describe the

case of Cp < 0. The parameter values used for the cluster-model calculation

are listed in Table 6.1. Panel (c) has been drawn using XCrySDen [22].

uine TXMCD signals, the experimental spectra have been compared with

the theoretical TXMCD spectra calculated based on the Mn3+O6 cluster

model under the D4h symmetry (see Sec. 3.4 for details of the cluster-model

calculation). Only the Mn3+ (d4) valence state has been taken into account

in the present calculation, because the charge density should be isotropic in

the Mn4+ (d3) valence state (in which the t2g↑ levels are fully occupied and

the eg↑ levels are empty). The parameter values used for the calculation are

listed in Table 6.1. The effect of the tensile or compressive epitaxial strain

has been incorporated by changing the sign of the tetragonal crystal field Cp
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Table 6.1: Parameter values used for the cluster-model calculation of the

TXMCD spectra in Fig. 6.7(b) (in eV). The meaning of the parameters are

as follows: Udd: 3d-3d Coulomb interaction, Upd: 2p-3d Coulomb interaction,

∆: Charge-transfer energy, (pdσ): Slater-Koster parameter, 10Dq: Crystal-

field splitting between the eg and t2g levels, 8Cp: Crystal-field splitting

between the x2 − y2 and 3z2 − r2 levels (Cp > 0 represents that the 3z2 − r2

orbital has higher energy than the x2 − y2 orbital [111]).

Udd Upd ∆ (pdσ) 10Dq |8Cp|
7.0 8.5 4.0 2.0 1.5 0.08

[see Fig. 6.7(d) for definition]. The calculated TXMCD spectra for a tensile

strain (Cp = +0.01 eV) and for a compressive strain (Cp = −0.01 eV) are

shown in Fig. 6.7(b). The calculated TXMCD spectra reasonably reproduce

the experimental ones in Fig. 6.7(a), indicating that genuine TXMCD spec-

tra have been experimentally obtained. By comparison of the signs of the

experimental TXMCD spectra with the calculated ones, it is demonstrated

that the spin-density distribution of the Mn 3d electrons is more dx2−y2-like

in the case of STO substrate (tensile strain) and is more d3z2−r2-like in the

case of LAO substrate (compressive strain). This result is consistent with

what is expected from the sign of the epitaxial strain from the substrates.

6.3.3 Quantitative estimate of magnetic anisotropy

energy and anisotropic spin-density distribution

The angle-dependent XMCD spectra in Figs. 6.5(c) and 6.5(d) show that

the sign of the projected spin magnetic moment (P̂ ·Mspin) reverses around

θH ≃ −20◦ for LSMO/STO and θH ≃ −50◦ for LSMO/LAO. Without

magnetic anisotropy, θM would be always equal to θH and the sign change of

the XMCD spectra would occur at θH = −45◦, where the applied magnetic

field is perpendicular to the incident light. The fact that the sign change

angles are deviated from θH = −45◦ in the present experiment suggests

that θM 6= θH due to the presence of magnetic anisotropy. By fitting the

experimental angular dependence of the projected magnetic moment to the

theoretical curve, it is expected that one can deduce the sign and magnitude

of the magnetic anisotropy energy (MAE).

Figure 6.8 shows the θH-dependence of the effective spin magnetic mo-

ment M eff
spin projected onto the incident x rays [P̂ · M eff

spin (≡ P̂ · [Mspin +

(7/2)MT] ≃ P̂ · Mspin)] for both the films. These magnetic moments have

been derived by using the XMCD spin sum rule [55] to the experimental
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Figure 6.8: θH-dependence of the effective spin magnetic moment projected

onto the incident x rays, P̂ · M eff
spin (∼ P̂ · Mspin). Panels (a) and (b) are

the data for the LSMO thin films grown on the STO and LAO substrates,

respectively. Red circles: Projected effective spin magnetic moment P̂ ·
M eff

spin deduced from experimental XMCD spectra by using the XMCD spin

sum rule [55]. Black dashed curve: Angular dependence of P̂ · M eff
spin in

the absence of magnetic anisotropy. Blue solid curve: Simulated angular

dependence of P̂ ·M eff
spin by incorporating the shape magnetic anisotropy and

magnetocrystalline anisotropy (MCA). Insets show the relationship between

θM and θH deduced from the simulation. The experimental geometry is

shown in Fig. 6.4.

spectra in Figs. 6.5(c) and 6.5(d). The experimental angular dependencies,

indicated by the red circles, are deviated from the sinusoidal curve indi-

cated by the black dashed curves, which assume no magnetic anisotropy

(θH = θM ). This suggests that the effect of magnetic anisotropy has to be

incorporated in order to reproduce the experimental angular dependencies.

Here the Stoner-Wohlfarth model [88] has been adopted in order to simu-

late the obtained angular dependence. Details of the simulation methods

are summarized in Sec. 4.3.2. In the Stoner-Wohlfarth model, it is assumed

that the sample has a single magnetic domain and that it exhibits uniax-

ial magnetic anisotropy of the lowest order (proportional to cos2 θM ). The

static magnetic energy per volume E can be then written by an expression

using θM , θH , and other variables. By minimizing E with respect to θM
for each θH , one can determine the direction of the magnetization θM as a

function of the field direction θH , and the projected magnetic moment can

be calculated by using the deduced θM . In addition, the uniaxial magne-

tocrystalline anisotropy (MCA) constant Ku, the saturation magnetization

Msat, and the electric quadrupole moment 〈Qzz〉 ≡ 〈1 − 3ẑ2〉 can be also
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Table 6.2: Best-fit parameter values determined from the simulation in Fig.

6.8. Errors have been determined using the least squares method. Note that

Ku denotes the MCA constant without the contribution of shape magnetic

anisotropy.

Substrate Msat (µB/Mn) Ku (kJ/m3) (7/2)〈Qzz〉
STO 1.255 ± 0.007 −37.2 ± 0.8 +0.05 ± 0.01

LAO 1.206 ± 0.014 +40.4 ± 2.4 −0.12 ± 0.02

deduced by taking these variables as fitting parameters and optimizing the

simulation to the experimental angular dependencies (see Sec. 3.2.3 for the

interpretation of Qzz). The results of the simulations are shown in Figs. 6.8

by the blue solid curves, which well reproduces the experimental angular de-

pendencies. The best-fit parameter values of Ku, Msat, and 〈Qzz〉 are listed

in Table 6.2. The MCA constant Ku in Table 6.2 (Ku > 0 corresponding

to out-of-plane easy axis) suggests that the LSMO thin film on the STO

(LAO) substrates favors in-plane (out-of-plane) magnetization due to MCA,

which is consistent with the magnetization data in the present (Fig. 6.2) and

previous studies [46, 47]. One can also see from Table 6.2 that the electric

quadrupole moment 〈Qzz〉 = 〈1 − 3ẑ2〉 is positive (negative) for the STO

(LAO) substrate. As can be seen from the first column of Fig. 1 in Ref. [2],

(7/2)〈Qzz〉 is equal to +2 for the pure dx2−y2 orbital and is equal to −2 for

the pure d3z2−r2 orbital. Thus, the positive (negative) 〈Qzz〉 for the STO

(LAO) substrate implies that the x2 − y2 (3z2 − r2) majority-spin band is

more preferentially occupied in the case of the STO (LAO) substrate. This

further supports the result of TXMCD that the spin-density distribution

is anisotropic in the strained LSMO films. The degrees of the preferential

orbital polarization |(7/2)〈Qzz〉/2| are estimated to be ∼ 2.5% and ∼ 6%

for LSMO/STO and LSMO/LAO, respectively.

The present method for deducing the magnetic anisotropy constant us-

ing the field-angle-dependent XMCD has an advantage that one can sup-

press the extrinsic changes of the spectral line shapes due to the saturation

effect [105], since the incident angle of the x rays (θinc) is fixed. Moreover,

the present method can be also utilized for dilute magnetic systems, such as

lightly-doped magnetic semiconductors and ultrathin films with thicknesses

of a few atomic layers. Since the conventional magnetometry is difficult

to apply for these systems, the present method will offer the possibility to

deduce the magnetic anisotropy constants of these magnetic systems with

higher accuracy.
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6.4 Discussion

6.4.1 Relationship between the magnetic anisotropy

and MT

The present results suggest a close relationship between the magnetic

anisotropy and the anisotropic spin-density distribution MT of the LSMO

thin films. As explained in Sec. 3.2.4, the uniaxial MAE of ferromagnets

can be in general written as Eq. (3.12), which has been derived by Wang

et al. based on the perturbation theory of SOI [58] and has been summa-

rized by van der Laan [59]. The equation dictates that both the anisotropy

of the orbital magnetic moment Morb and the anisotropy of MT contribute

to the MAE. When the anisotropy of spin-density distribution is negligible

(as in bulk single crystals with cubic symmetry), more simplified equation

derived by Bruno [Eq. (3.10)] is applicable, in which only the anisotropy of

Morb is considered [57]. In the present case, assuming that ζ ∼ 30 meV

and ∆Eex ∼ 5 eV, one can approximately estimate the contribution of MT

to the MAE to be ∼ −0.01 meV/Mn (+0.03 meV/Mn) or ∼ −30 kJ/m3

(+80 kJ/m3) for the STO (LAO) substrate. The estimated anisotropy en-

ergies are consistent with the Ku values in Table 6.2 in signs and are com-

parable in magnitudes. This estimation suggests that the magnetic dipole

MT (i.e., anisotropic spin-density distribution) has a non-negligible contri-

bution to the strain-induced MAE in the LSMO thin films, although more

precise measurements of Morb is required in order to evaluate the relative

contributions of the Morb- and MT- terms more quantitatively.

6.4.2 Comparison with XLD

The deduced spin-density anisotropy in the studied LSMO thin films (x2−y2-

like for the STO substrate and 3z2 − r2-like for the LAO substrate) is con-

sistent with the preferential orbital occupation expected from the sign of

the epitaxial strain. It is also consistent with the preferential orbital oc-

cupation which has been predicted from the transport and magnetization

data, and the first-principles calculation [19]. In contrast, the XLD spec-

troscopy has shown that the d3z2−r2 orbital is more preferentially occupied

than the dx2−y2 orbital even in the case of tensile STO substrate [49], which

has been ascribed to the symmetry breaking at the surface and interface of

the films [50, 51]. The reason for these apparently different results between

the present angle-dependent XMCD and previous XLD measurements, may

become clear if one notices that XMCD is sensitive only to the spin-polarized

electrons whereas XLD is sensitive to all the d electrons. As shown in Fig.
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Figure 6.9: Schematic illustration of the preferential orbital occupation de-

duced from the comparison between the present angle-dependent XMCD

result and the previous XLD results [49–51]. It is assumed that there is a

magnetically dead layer at the surface of the film, in which the 3z2−r2 orbital

is preferentially occupied due to the symmetry-breaking effect [50,51].

6.9, if most of the surface Mn atoms occupies the d3z2−r2 orbital due to the

symmetry breaking, both the d3z2−r2↑ (majority-spin band) and the d3z2−r2↓
(minority-spin band) levels are occupied and the Mn atoms are less spin-

polarized at the surface. Thus, the 3z2 − r2-like charge-density distribu-

tion (without spin polarization) at the surface and interface is detected by

XLD, while the x2 − y2-like spin-density distribution in the bulk layers is

detected by angle-dependent XMCD, Indeed, many studies have indicated

the presence of magnetic dead layers at the surface or the interface of the

manganite thin films [35, 115]. The results of the present angle-dependent

XMCD and TXMCD studies, therefore, suggest a close relationship between

the reported magnetic dead layer of LSMO thin films and the preferential

occupation of the 3z2−r2 orbital at the surface. In order to test this hypoth-

esis, further experiments will be necessary such as XLD measurements in the

fluorescence-yield mode, in which similar orbital polarization as the present

study is expected due to much longer penetration depth of the fluorescence-

yield mode than the electron-yield mode.

6.5 Conclusion

In this chapter, magnetic anisotropy and spatial distribution (i.e. the orbital

occupation) of spin-polarized electrons in LSMO thin films under tensile
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or compressive strain have been investigated via angle-dependent XMCD.

It has been found by extracting the magnetic dipole MT that the spatial

distribution of the spin density is x2 − y2-like in the case of tensile strain

(STO substrate) and 3z2 − r2-like in the case of compressive strain (LAO

substrate). This result implies a close connection between the magnetic

anisotropy and the spin-density distribution in strained LSMO thin films.

The apparent discrepancy of the present result with the orbital occupation

observed by XLD (i.e., 3z2 − r2-like orbitals for both the substrates), can

be explained by assuming that both the 3z2 − r2 ↑ and the 3z2 − r2 ↓ are

preferentially occupied at the surface of the film, which may be a possible

origin for the surface magnetic dead layer.



Chapter 7

Anisotropic charge distribution

induced by spin polarization in

La0.6Sr0.4MnO3 thin films

studied by x-ray magnetic

linear dichroism

Part of this chapter has been published in “Anisotropic Charge Distribution

Induced by Spin Polarization in La0.6Sr0.4MnO3 Thin Films Studied by X-

ray Magnetic Linear Dichroism”, G. Shibata, K. Yoshimatsu, K. Ishigami,

T. Harano, Y. Takahashi, S. Sakamoto, Y. Nonaka, T. Kadono, M. Furuse,

S. Fuchino, M. Okano, J.-i. Fujihira, A. Uchida, K. Watanabe, H. Fujihira,

S. Fujihira, A. Tanaka, H. Kumigashira, T. Koide, and A. Fujimori, J. Phys.

Soc. Jpn. 87, 114713 (2018).

7.1 Introduction

Magnetic anisotropy of ferromagnetic thin films and multilayers has been

intensively studied so far both from technological and scientific interests

[1]. From the technological point of view, materials with large magnetic

anisotropy are desired for the realization of permanent magnets with higher

coercive fields, magnetic recording media with higher density, and various

spintronics devices. From the scientific point of view, clarifying the mi-

croscopic origin of magnetic anisotropy has been a challenging problem.

Although it has been well established that magnetic anisotropy arises as

a combined effect of the anisotropy of electronic states and spin-orbit in-

teraction (SOI), consensus has not been reached yet regarding the detailed
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mechanism for it. In his seminal paper, Bruno [57] has shown by the per-

turbative treatment of SOI that the magnetocrystalline anisotropy (MCA)

energy is proportional to the anisotropy of the orbital magnetic moment

(Morb), suggesting that the orbital-moment anisotropy (OMA) is the pri-

mary origin for MCA. Wang et al. [58] have extended Bruno’s theory, by

incorpolating the ‘spin-flip’ term in addition to the ‘spin-conservation’ term,

that the anisotropy of spin-density distribution, represented by ‘magnetic

dipole’ MT [2,55], also contributes to the MCA [59]. The theories by Bruno

and Wang et al. have been summarized by van der Laan [59] in a more

concise form. Several theoretical studies have predicted that the magnetic

dipole MT may make a larger contribution to the MCA energy than the

OMA [64–66]. As discussed in the previous chapter, the angle-dependent

x-ray magnetic circular dichroism (XMCD) study show that the anisotropy

of spin-density distribution MT is associated with MCA [21]. Other XMCD

studies also point out the close relationship between MT and MCA [116].

These studies suggests that the charge-density anisotropy can also affect the

preferential orientation of spin magnetic moments.

Since the electron orbitals and spins are coupled with each other through

SOI, it is also expected, as an inverse process of the abovementioned process

leading to MCA, that one can magnetically induce the OMA and anisotropic

charge distribution by aligning the electron spin magnetic moments. X-ray

linear dichroism (XLD) in core-level x-ray absorption spectroscopy (XAS)

is a spectroscopic method which can probe the anisotropic charge distri-

bution by measuring the differences in the XAS spectra between the two

orthogonal linear polarizations. It is particularly called x-ray magnetic lin-

ear dichroism (XMLD) if the anisotropic charge distribution is magnetically

induced. XMLD has been utilized for various magnetic thin films and mul-

tilayers in order to clarify the relationship between the electron spins and

orbitals [117–124], especially for systems which exhibit perpendicular mag-

netic anisotropy [119, 123] and exchange bias [122]. As for the thin films of

ferromagnetic manganites such as La1−xSrxMnO3 (LSMO), the anisotropy

of charge distribution between the out-of-plane and in-plane directions has

been investigated via XLD [48–51] and XMLD [50]. However, the charge

anisotropy within the film plane has not been investigated in these studies.

In the present chapter, an XMLD study on the ferromagnetic LSMO

(x = 0.4) thin films shall be presented in order to discuss the relationship

between the electron spins and charge anisotropy.
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Figure 7.1: Schematic description of the experimental geometry of the

present x-ray magnetic linear dichroism (XMLD) study.

7.2 Methods

LSMO (x = 0.4) thin films were grown on SrTiO3 (STO) (001) substrates by

the laser molecular beam epitaxy method [91]. Due to the difference in the

lattice constants between LSMO (a = 0.384 nm) and STO (a = 0.3905 nm),

the LSMO films undergo tensile strain from the STO substrates [19]. The

growth conditions of the films were essentially the same as that described

in Chap. 5. The thicknesses of the LSMO films were between 2 and 15

unit cell (UC). The films were capped with 1 UC of La0.6Sr0.4TiO3 and

subsequently-deposited 2 UC of STO (see Fig. 5.1). The films were annealed

in O2 atmosphere in order to fill the oxygen vacancies after the deposition.

Figure 7.1 schematically describes the experimental geometry of XMLD.

The x rays were incident on the sample normal to the film ([001]c direction,

where the subscript ‘c’ denotes that the indices are written in terms of the

pseudocubic unit cell). The polarization of the x rays was either horizontal

(denoted by H) or vertical (denoted by V). The films were mounted on the

sample holder so that the in-plane [100]c direction was horizontal and the

[010]c direction was vertical. A magnetic field H of µ0H = 0.1 T (which

was enough to saturate the magnetization along the in-plane direction) was

applied along the vertical ([010]c) direction, using the vector-XMCD ap-

paratus [4, 21]. This means that the V and H polarizations correspond to

the electic field vector of the x rays (E) parallel and perpendicular to the

spin magnetic moment Mspin, respectively. In the present article, the in-

plane [010]c direction (i.e., the direction of the Mspin) is chosen to be the

z-axis, following the definition in Refs. 68, 69. The x-axis is chosen to be

the sample-normal ([001]c) direction (i.e., opposite to the wavevector of the

incident x rays) and y-axis to be the [100]c direction (i.e., the in-plane di-
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rection perpendicular to Mspin). In the present study, XMLD is defined as

XAS (V) − XAS (H).

The XMLD experiments were performed at the beamline BL-16A2 of

KEK Photon Factory (KEK-PF) installed with a twin Apple II-type un-

dulator. The measurement temperature T was 30 K. The spectra were

measured in the total electron-yield (TEY) mode. The base pressure of the

measurement chamber was ∼ 1× 10−9 Torr. The obtained XAS and XMLD

spectra were analyzed with the cluster-model calculation using the ‘Xtls’

code (version 8.5) [72]. Details of the calculation methods are described in

Secs. 3.4 and 6.3.2.

7.3 Results and Discussion

Figure 7.2(a) shows the Mn L2,3-edge XAS spectra of the LSMO thin films

averaged over both the H and V polarizations. In the raw spectra, XAS sig-

nals originating from Mn2+ overlap, as shown by dotted curves in Fig. 7.2(a).

Such XAS signals of Mn2+ are occasionally observed in manganite thin films

due to extrinsic effects such as oxygen reduction at the surface [45]. These

extrinsic Mn2+ signals have been subtracted following the method presented

in the previous study [98]. This affects the absolute values of the XMLD

intensities by ∼ 10% at most, but does not change our main conclusion. Af-

ter having subtracted the Mn2+ signals, the spectral line shapes are almost

identical to those in previous studies [21,48–51,92,114]. The peak positions

of the spectra are shifted to lower photon energies with decreasing thickness,

indicating that the valence of Mn gradually decreases. This is the same ten-

dency as the XMCD study (see Chap. 5), which may be due to electron

doping at the interfaces from the substrates and/or from oxygen vacancies.

Figure 7.2(b) shows the XMLD spectra of the LSMO thin films with vari-

ous thicknesses. The XMLD intensity gradually decreases as the thickness

of LSMO is reduced, while the spectral line shape of XMLD is essentially

unchanged. Here, the XMLD intensity is defined as the difference between

the signal intensities at 641.1 eV and at 643.1 eV (which are the peak and

the dip positions of the XMLD spectra for the 15 UC film, respectively), as

shown in Fig. 7.2(b). Note that this definition has been adopted because

it is less affected by the procedure of the background subtraction compared

to the spectral areas of XMLD. In Fig. 7.2(c), thus estimated XMLD in-

tensities are plotted against the square of the ferromagnetic (FM) moment

M2
ferro, which has been estimated from the magnetization curves measured

by XMCD [114]. The plot clearly shows that the XMLD intensity is pro-

portional to M2
ferro. In general, the XMLD intensity is proportional to the
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Figure 7.2: XMLD on La1−xSrxMnO3 (LSMO) thin films grown on SrTiO3

(STO) (001) substrates with various thicknesses. (a) X-ray absorption spec-

troscopy (XAS) spectra at the Mn L2,3 absorption edge averaged over both

the polarizations. Dashed curves are the raw spectra and solid curves are the

spectra after subtracting the extrinsic signals of Mn2+ (see text). (b) XMLD

spectra at the Mn-L2,3 absorption edge measured at µ0H = 0.1 T. XMLD

is defined as XAS(V)−XAS(H), where V and H, respectively, denote the

vertical and horizontal linear polarization (i.e., E ‖ Mspin and E ⊥ Mspin).

The definition of the XMLD intensity is shown by an arrow. (c) XMLD

intensities of LSMO/STO thin films with various thicknesses plotted as a

function of ferromagnetic moment M2
ferro deduced from x-ray magnetic circu-

lar dichroism (XMCD) [114]. Dashed line shows the result of a least-square

fitting with a linear function, in which the constant term has been fixed to

zero.



84Chapter 7. Anisotropic charge distribution induced by spin polarization . . .

-0.12

-0.08

-0.04

0

0.04

0.08

0.12

X
M

L
D

 (
a

rb
. 
u

n
it
s
)

670665660655650645640635

Photon energy (eV)

(a) Integrated XMLD spectra

4

6

10

12

15 UC

LSMO (x=0.4)/STO

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0

(7
/2

)
Q
z
z

1614121086420

Thickness (UC)

(b) (7/2) Qzz

Figure 7.3: Estimation of charge-distribution anisotropy from the integrals

of XMLD. (a) Integrals of the XMLD spectra shown in Fig. 7.2(b). (b)

Electric quadrupole moment (7/2)〈Qzz〉 deduced from the integral of the

XMLD spectra over the Mn L2,3 edge. Data for 2 UC have been omitted

because the XMLD signal was within the noise level. Dashed line shows the

result of a least-square fitting with a linear function, in which the constant

term has been fixed to zero.

square of the local spin magnetic moment [68]. The above result suggests

that the XMLD signals originate from the FM phases rather than the anti-

ferromagnetic (AFM) phases, which was possibly present in the sample as

an impurity phase.

According to the sum rule for XLD [69], the integral of the XMLD

spectra over the L3 and L2 absorption edges gives the electric quadrupole

moment 〈Qzz〉 = 〈1 − 3z2/r2〉, namely, the anisotropy of the charge distri-

bution. Figure 7.3(a) shows the integrated XMLD spectra calculated from

Fig. 7.2(b), and the values of (7/2)〈Qzz〉 deduced from them are shown in

Fig. 7.3(b) as a function of thickness. Note that (7/2)〈Qzz〉 is equal to +2

(−2) for the dx2−y2 (d3z2−r2) orbital [2]. The values of 〈Qzz〉 are negative for
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all the thicknesses and the absolute values of 〈Qzz〉 gradually increases with

thickness, as the films turn from the paramagnetic into the ferromagnetic

states. Without the spin magnetic moment Mspin, the electron distribu-

tion should be isotropic between the in-plane y- and z-directions because

the films have a tetragonal crystal symmetry. The negative values of 〈Qzz〉
(= 〈1−3z2/r2〉) shows that the electrons are more densely distributed along

the z-directions than the y-direction due to the presence of Mspin, namely,

the electron orbitals are ‘elongated’ along the spin direction through SOI.

The observed charge-density anisotropy (7/2)〈Qzz〉 ∼ −0.1 corresponds to

the preferential occupation of the d3z2−r2 orbital by ∼ 10% compared to the

dx2−y2 orbital.

In Fig. 7.4(a), the experimentally obtained XMLD spectrum (for 15

UC) is compared with the theoretical ones calculated using the MnO6 cluster

model with octahedral (Oh) or tetragonal (D4h) symmetry with respect to

the out-of-plane (x) axis. For the simulation with D4h symmetry, the in-

plane y2−z2 orbital has a lower energy than the out-of-plane 3x2−r2 orbital

by 0.08 eV in order to simulate the tensile epitaxial strain. The parameter

values used for the simulations are chosen to be the same as those in Table

6.1 in the previous chapter. In order to see the effects of SOI, the XMLD

spectra in both the cases with and without SOI of Mn 3d electrons have been

calculated. Comparing the calculated spectra with the experimental one, it

can be seen that the calculation with D4h symmetry under tensile strain is

closer to the experimental spectra than that with Oh symmetry, especially

for the spectral line shapes at the Mn L2 edge. This is consistent with the

tensile epitaxial strain from the STO substrate. Furthermore, as shown in

Fig. 7.4(b), the integrals of the simulated XMLD spectra over the Mn L3 and

L2 edges become negative in the presence of SOI of Mn 3d electrons, while

they are equal to zero in the absence of SOI for both the crystal symmetries.

The negative XMLD integrals suggest that 〈Qzz〉 < 0, namely, the charge

density is higher along the z-direction than the y-direction, which is again

consistent with the experiment. These simulations also demonstrate that

SOI of Mn 3d electrons is indispensable for the experimentally observed

charge-density anisotropy within the plane.

The present result illustrates that the charge distribution of Mn 3d

electrons is elongated along the spin direction. This means that the state

in which the electron orbitals are elongated along the spins is more ener-

getically favorable. This observation may be related to the strain-induced

magnetic anisotropy in manganite thin films which has been previously re-

ported [46, 47]. It is known that the magnetic easy directions of LSMO

thin films are out-of-plane in the case of compressive strain and in-plane

in the case of tensile strain [46, 47]. As seen in the previous chapter, the
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Figure 7.4: (a) Simulated XMLD spectra using the MnO6 cluster model.

(b) Integrals of the simulated XMLD spectra in (a). In both panels, solid

and dashed curves represent the simulated spectra with and without Mn 3d

spin-orbit interaction (SOI), respectively, and green and red curves represent

the simulated spectra assuming the octahedral (Oh) and tetragonally (D4h)-

tensiled crystal symmetry, respectively. Black solid curve at the bottom of

Panel (a) shows the experimental XMLD spectrum for the LSMO thin film

of 15 UC thickness.

charge density of spin-polarized Mn 3d electrons under the compressive and

tensile strain is shown to be higher along the out-of-plane and in-plane di-

rections, respectively. Therefore, it follows that LSMO thin films tend to

be magnetized parallel to the directions along which the Mn 3d orbitals are

elongated, the same tendency as the present XMLD result. The present

study corroborates that the strain-induced magnetic anisotropy in LSMO

thin films originates from the combining effect of SOI and the charge-density

anisotropy of spin-polarized Mn 3d electrons. The magnetic anisotropy and

the charge anisotropy are related with each other in two ways: One is that

the charge anisotropy of spin-polarized electrons yields finite magnetic dipole
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MT, resulting in finite MCA energy through the spin-flip term in perturba-

tion theory with respect to SOI by Wang et al. [58, 59]. The other is that

the OMA contributes to the MCA energy through Bruno’s spin-conservation

term [57, 59] and that the observed charge anisotropy is indirectly induced

by the OMA. In order to see which of the magnetic dipole MT and the

OMA plays a more important role in the MCA of LSMO thin films, further

experimental and theoretical studies are needed.

It is also worthwhile to discuss how the magnetically induced charge-

density anisotropy studied here and the strain-induced charge-density

anisotropy studied previously (Chap. 6 and Ref. [21]) are related with each

other. In the previous angle-dependent study, it has been assumed that

the electric quadrupole tensor 〈Qzz〉 is constant as a function of magne-

tization direction (θM ), namely, the magnetically induced change of the

charge density studied here has not been taken into account. A remedy for

this problem is to assume that only the in-plane charge anisotropy is sig-

nificantly affected by the magnetization direction, while the strain-induced

charge-density anisotropy along the out-of-plane direction is less affected.

In other words, it is assumed that the electric quadrupole tensor along the

out-of-plane (z) direction 〈Qzz〉 induced by the epitaxial strain is nearly

independent of θM , and that the in-plane (xy) charge-density anisotropy

observed by XMLD is induced by the difference between 〈Qxx〉 and 〈Qyy〉
(note that the coordination system used in Chap. 6 has been adopted here).

This can explain both the results of XMLD and angle-dependent XMCD

consistently. More XMLD measurements at various sample and magnetic

field angles may be helpful in order to test this hypothesis.

7.4 Conclusion

In this chapter, the magnetically-induced anisotropic charge distribution in

the LSMO (x = 0.4)/STO (001) thin films has been studied via XMLD. From

the thickness dependence of the XMLD spectra, it has been shown that the

XMLD intensity is proportional to the square of the FM moment of the

film, suggesting that the XMLD signals originate from the FM phase in the

LSMO thin films rather than the possible AFM impurity phase. The electric

quadrupolar moment 〈Qzz〉, which represents the anisotropy of the charge

distribution, is shown to be negative, indicating that the in-plane (y2 − z2)

orbital of the Mn 3d electrons is slightly elongated along the direction of

the spins. This is consistent with the theoretical prediction based on the

MnO6 cluster model with tensile strain and with SOI. The observed charge

anisotropy, i.e., the elongation of the electron orbital along the spin direction,
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may be related to the strain-induced magnetic anisotropy in LSMO thin

films.



Chapter 8

Summary and outlook

In the present thesis, I have presented the soft x-ray spectroscopy studies

of ferromagnetic metallic La1−xSrxMnO3 (LSMO) thin films, which have

the highest Curie temperature above the room temperature among the per-

ovskite manganites, in order to clarify the relationship between their elec-

tronic structures and the magnetic properties.

First, the electronic structures and magnetic properties of the LSMO

(x = 0.4) thin films grown on the SrTiO3 (STO) (001) substrates and their

thickness dependencies have been studied using x-ray absorption spectros-

copy (XAS) and x-ray magnetic circular dichroism (XMCD) spectroscopy

in order to clarify the mechanism of the thickness-dependent MIT in LSMO

thin films from the microscopic point of view. From the thickness depen-

dence of XAS spectra, it has been shown that the Mn valence are shifted

from the bulk value (Mn3.4+) towards the lower side (Mn3+) accompanying

the MIT. This valence shift is considered to be induced by the interfacial

electron doping from the substrate and the cap layer, and/or the possible

presence of the oxygen vacancies. It has also been found from the magnetiza-

tion curves measured by XMCD that the transition from the FM to the PM

phases occurs more gradually than the MIT with decreasing thickness. This

difference of the thickness dependencies between the MIT and the magnetic

transitions can be explained based on the phase-separation model between

the FM-M and PM-insulating phases.

Second, the angle-dependent XMCD study on the ferromagnetic LSMO

(x = 0.3) thin films grown on the tensile STO (001) and compressive LaAlO3

(LAO) (001) substrates has been presented, which has become possible us-

ing the newly-developed ‘vector-magnet’ XMCD measurement system. The

aim of this study is to reveal the relationship between the epitaxial strain

and the magnetic anisotropy of the films in terms of the electronic structure.

From the angular dependencies of the XMCD intensity, it has been demon-
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strated that the LSMO thin film grown on the STO (LAO) substrate has the

in-plane (out-of-plane) magnetic easy axis, as previously reported [46, 47].

Besides, the magnetic dipole MT of Mn, which represents the anisotropy of

the spin-density distribution (i.e., the preferential orbital occupation of the

spin-polarized electrons), has been extracted using the transverse XMCD

(TXMCD) method. The extracted MT suggests that the spin-density dis-

tribution is more x2−y2-like for the LSMO/STO film and more 3z2−r2-like

for the LSMO/LAO film, consistent with the signs of the epitaxial strain.

By comparing the present result of angle-dependent XMCD (sensitive to

spin-polarized electrons) with previous x-ray linear dichroism (XLD) results

(sensitive to all the electrons), it is indicated that the surface Mn atoms is

magnetically inactive, probably due to the preferential orbital occupation of

the 3z2 − r2 ↑ and 3z2 − r2 ↓ orbitals.

Third, the charge-density anisotropy of Mn induced by the spins in

LSMO (x = 0.4)/STO (001) thin films has been investigated by means of

x-ray magnetic linear dichroism (XMLD), which has also become possible

by using of the vector-magnet apparatus. The electric quadrupole moment

〈Qzz〉 = 〈1−3ẑ2〉, which represents the charge anisotropy with respect to the

spin direction (z-axis), is shown to be negative from the XLD sum rule [69].

This indicates that the in-plane electron orbitals of Mn are elongated along

the direction of the spin polarization due to SOI, despite the tetragonal

crystal symmetry around the sample-normal direction. The observed charge

anisotropy induced by the spin polarization can be understood as an inverse

process of the strain-induced magnetic anisotropy addressed in the angle-

dependent XMCD study.

To summarize, the present studies have given new insights into the

relationship between the electronic structure and the magnetic properties of

manganite thin films by the soft x-ray spectroscopy. There are still many

remaining problems to be solved in the future in order to fully elucidate the

origin of the magnetic properties of them from the microscopic point of view.

As for the thickness dependent MITs and magnetic transitions, it is still

necessary to clarify which of the interfacial carrier doping from the substrate

or from the off-stoichiometry governs more significantly the critical thickness

and the magnetic Curie temperature. Systematic spectrocsopic studies on

manganite thin films with various growth conditions and various interfacial

stacking structures may be the key to the solution. In addition, the role

of the crystal structures on the electric and magnetic properties have to be

examined more directly by other spectroscopic methods, such as resonant

soft-x-ray scattering (RSXS) or extended x-ray absorption fine structure

(EXAFS). It might be also useful to re-examine the bandwidth-narrowing

effect induced by dimensionality using resonant inelastic x-ray scattering
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(RIXS) spectroscopy. These will give important clues for the realization of

manganite-based spintronics devices, such as magnetic tunneling junctions

(MTJs) and spin filters, with better device properties at room temperature.

There have also been remaining issues about the origin of the magnetic

anisotropy in ferromagnetic thin films and multilayers. Although a num-

ber of experimental and theoretical studies have been done on the magnetic

anisotropy in various thin films and multilayers, consensus has not been

reached on which of the orbital-moment anisotropy (∆Morb) [the first term

of Eq. (1.4)] or the spin-density anisotropy (∆MT) [the second term of Eq.

(1.4)] is the primary origin of the magnetic anisotropy energy in each mate-

rial. This is partly because the direct measurement of the magnetic dipole

MT is difficult in conventional XMCD measurement systems and we just had

to rely on the measurement of the orbital moment anisotropy ∆Morb. The

angle-dependent XMCD and TXMCD methods developed in the present

study enable us to directly observe MT, which is essential to discuss the re-

lationship between the magnetic anisotropy and the microscopic electronic

structure. Applying these methods to other magnetic systems with large

perpendicular magnetic anisotropy, such as L10-type alloys like FePt and

cobalt ferrite CoFe2O4, would be benefitical in order to find out why the

magnetic anisotropy is enhanced in these materials and how one can de-

sign magnetic materials which have large magnetic anisotropy. In magnetic

heterostructures, coupling between ferromagnetic and neighboring paramag-

netic/antiferromagnetic layers significantly affects the magnetic properties of

the entire film. The observation of the charge-density anisotropy by XMLD

in both the ferromagnetic and antiferromagnetic layers may be useful in

order to discuss the origin of the novel magnetic properties in magnetic

multilayers from the microscopic point of view.

I hope that the present study will be the starting for our deeper under-

standing of the origins of the magnetic properties of ultrathin films, partic-

ularly of magnetic anisotropy in a wide variety of ferromagnetic thin films

and multilayers in the future.
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[3] H. A. Dürr and G. van der Laan, Phys. Rev. B 54, R760 (1996).

[4] M. Furuse, M. Okano, S. Fuchino, A. Uchida, J. Fujihira, S. Fujihira,

T. Kadono, A. Fujimori, and T. Koide, IEEE Trans. Appl. Supercond.

23, 4100704 (2013).

[5] J. Z. Sun, W. J. Gallagher, P. R. Duncombe, L. Krusin-Elbaum, R. A.

Altman, A. Gupta, Y. Lu, G. Q. Gong, and G. Xiao, Appl. Phys. Lett.

69, 3266 (1996).

[6] F. Pailloux, D. Imhoff, T. Sikora, A. Barthélémy, J.-L. Maurice, J.-P.
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[105] R. Nakajima, J. Stöhr, and Y. U. Idzerda, Phys. Rev. B 59, 6421

(1999).

[106] A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, and

Y. Tokura, Phys. Rev. B 51, 14103 (1995).

[107] G. van der Laan, Phys. Rev. B 57, 5250 (1998).

[108] T. Maruyama, I. Hojo, S. ichi Nagamatsu, and T. Fujikawa, J. Elec-

tron. Spectrosc. Relat. Phenom. 180, 46 (2010).
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