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Interface-driven noncollinear magnetic structure and phase transition of Fe thin films
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We investigate the magnetic structure and its temperature dependence of Fe thin films grown on MgO(001)
and Al,O3(0001) surfaces by means of nuclear resonant x-ray scattering. By fabricating Fe films é-doped with
5Fe at the interface and middle of the film, depth-resolved analysis of the magnetic structure is performed.
On MgO(001), the magnetization is dominantly out-of-plane at the interface, whereas it is mainly in-plane at
the middle of the film, indicating that the Fe film has a noncollinear magnetic structure. On Al,05(0001), on
the other hand, the magnetization is mainly in-plane in the entire film. The noncollinear magnetic structure on
MgO(001) is confirmed to be energetically stable with the aid of first-principles calculations. We also investigate
the temperature dependence of the internal magnetic field in a depth-resolved way. The experimental data
suggest the internal magnetic field at the interface is smaller than that of the middle of the film on both substrates,
suggesting that the magnetic phase transition starts at the interface at a lower temperature than the entire film.
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I. INTRODUCTION

The magnetic structure of magnetic thin films is of funda-
mental interest as well as practical importance for magnetic
storage devices. When two magnetic materials are stacked in
a layered structure, the two materials are exchange-coupled at
the interface, which offers a new magnetic device [1]. Even
when one of the materials is nonmagnetic, the symmetry break-
ing at the interface brings about the interface magnetocrys-
talline anisotropy through the spin-orbit interaction reflecting
the modified crystal field. This often reveals changes in the easy
magnetization direction of ultrathin magnetic films, which de-
pends on the thickness, surface condition, and temperature [2].
When competing interactions are present, the magnetization is
not necessarily uniform in the entire film, and a noncollinear
magnetic structure might appear [3,4]. At surfaces and inter-
faces, the magnetic anisotropy due to the broken symmetry
competes with the bulk magnetocrystalline anisotropy, which
is expected to cause magnetic canting [4,5]. At surfaces or
interfaces, furthermore, the exchange interaction and magnetic
moment might be different from those in bulk [6], which
possibly affects the temperature dependence of the magnetiza-
tion. The effects of surfaces on the temperature dependence of
magnetization are twofold: whereas modification of the spin-
wave excitation affects the magnetization in a low-temperature
region, changes in the exchange interaction and symmetry
modify the critical phenomenon at high temperature. The latter
has been intensively studied via molecular-field theory, Monte
Carlo simulations, high-temperature series expansions, and
renormalization-group theory [6—11]. It has been shown that
the surface Curie temperature can be higher than that of bulk
when the exchange interaction at the surface is larger than a
critical value, and that the critical exponents of surface magne-
tization can be different from those of the bulk magnetization.
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With depth-averaged experimental techniques, however,
direct verification of the noncollinear magnetic structure and
depth-dependent phase transition near surfaces and interfaces
is difficult. The noncollinear magnetic structure has been
suggested to exist for magnetic thin films by obtaining depth-
dependent information on the magnetization with polarized
neutron reflectometry, soft-x-ray resonant magnetic reflectiv-
ity [12], x-ray magnetic circular dichroism [13], and nuclear
resonant scattering (NRS) [14—17]. While the magnetic re-
flectivity curve allows for analysis of the depth-dependent
magnetic structure, the probing depth can be controlled by
changing the takeoff angle or incident angle of the electrons
Or X rays.

In a recent study, we investigated the magnetization of Fe
films with NRS of x rays in a glancing incidence condition
to show that magnetization cants at the surface of an iron
film [15]. In the present paper, we further explore more direct
depth-resolved analysis of the magnetic structures of Fe films
by growing films §-doped with °'Fe [18,19] on MgO(001)
and Al,03(0001) substrates with NRS of the synchrotron
radiation (SR). The hyperfine structure of the >’Fe nucleus can
be measured as quantum beats in the time spectrum of x-ray
scattering associated with nuclear resonant excitation [20-22].
Since the SR is linearly polarized, furthermore, the selection
rule for Am (m is the magnetic quantum number) limits the
possible transitions depending on the polarization direction
with respect to the magnetization direction, which allows us to
distinguish the magnetization direction of samples [23-25].
Bulk Fe has an axis of easy magnetization in the
(100) direction. On MgO(001), Fe(001) grows and has
a perpendicular magnetization with respect to the surface
[26-29]. On Al,03(0001), on the other hand, Fe(110) grows,
which is the hard axis of the magnetization. The magnetism of
the Fe films was investigated by fabricating Fe films §-doped
with °"Fe. By taking advantage of the °'Fe-isotope-selective
NRS, the magnetization direction and its temperature depen-
dence were investigated in a depth-resolved way, and the mag-
netic structure was clarified with the aid of theoretical analysis.
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TABLE I. Relation between the beat frequency and configuration.

Configuration Main freq. (MHz)
Bhf 1 HSR and Bhf 1 kSR 124, 72

Byt || Hsg and Bye L ks 72

By L Hsg and By || ksg 72

II. EXPERIMENTAL AND THEORETICAL METHODS

The magnetization of Fe films was investigated by means
of NRS of x rays at 14.4 keV [20-22], where 57Fe nuclei in
the sample are resonantly excited from the ground state to the
first-excited state via the magnetic dipole transition, which is
known as the Mossbauer effect [30,31]. The internal magnetic
field of Fe was analyzed by the quantum beats observed in
the time spectrum of the scattered x ray. The quantum beat
frequency corresponds to the energy difference of the Zeeman-
split nuclear levels. Since the SR is linearly polarized, the
direction of the internal magnetic field By at the >7Fe nucleus
site can be analyzed on the basis of the selection rule for
the transition [25]. With the magnetic polarization Hgg and
the wave vector ksg of the incident x ray, the beat frequency
depends on the relative direction of By with respect to Hsg and
ksr as shown in Table I, which is evaluated with the internal
magnetic field of 33 T for «-Fe.

The NRS experiments were ex sifu performed at the PF
AR-NEIA beamline in the High Energy Accelerator Research
Organization (KEK, Japan). The SR was incident to the sample
surface in a glancing condition with Hsg perpendicular to the
sample surface, and the x ray scattered in the specular direction
was detected with avalanche photodiodes in a time-resolved
manner. After transferring the samples from the preparation
chamber to the beamline through air, the azimuthal scans
at room temperature were conducted in air, whereas the
temperature dependence was measured in a vacuum chamber
set at the beamline. The frequency of the quantum beat in
the NRS time spectrum was analyzed using the maximum
entropy method (MEM). The MEM is a powerful method to
analyze the time spectrum with relaxation, and it has been
applied successfully to the analysis of the nuclear magnetic
resonance (NMR). It has been shown that a weak component
in the frequency spectrum can be detected in NMR [32-36].
Since the relative intensity of the two beat components shown
in Table I depends sensitively on the direction of By, the
direction and magnitude of the sample magnetization were
evaluated by the analysis of the quantum beats. The relative
amplitude of the two beat components obtained by MEM,
on the other hand, tends to systematically deviate from the
correct value. We have therefore evaluated such deviation by
performing MEM analysis of the simulated time spectra, which
is described in Appendix A.

The samples were prepared by depositing either of two Fe
isotopes, namely >°Fe enriched at 99.7% and >’Fe enriched
at 95.7%, on MgO(001) and Al,03(0001) substrates at a
substrate temperature of 430 K in an ultrahigh vacuum with
a base pressure of 8x107° Pa. The substrates were heated
at 573 K prior to Fe deposition, and the surface structure
was confirmed to be 1x1 by RHEED. Two types of Fe films
were fabricated on each substrate by alternately depositing
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56Fe and *’Fe at deposition rates of 0.05-0.08 and 0.01 nm/s,
respectively. The first type is the Interface sample, where a
1-nm-thick 3’Fe layer was initially deposited followed by
deposition of a 20-nm-thick Fe layer. The second type
is the Middle sample, where 10-nm-thick °Fe, 1-nm-thick
TFe, and 10-nm-thick °Fe were sequentially evaporated on
the substrates. While the >’Fe probing layer for NRS is at
the interface between the substrates and films in the former
samples, it is expected to be in the middle of the films
in the latter. It is noted that both the Interface and Middle
samples are magnetically the same, because the two isotopes
are chemically identical.

As confirmed by RHEED after Fe deposition, Fe(001) was
epitaxially grown on MgO(001) with its [100] direction along
[110] of the substrate and Fe(110) was grown on Al,O3(0001),
which are consistent with previous studies [37-39]. The mean
lattice constants of both films were the same as that of bulk
bce Fe within the experimental accuracy of RHEED. By
comparing the Laue spots in the RHEED patterns with the
simulated ones, Fe(110) on Al,03(0001) was found to have
three crystallographically equivalent domains rotated by 60°,
which is also consistent with previous studies [40,41]. From
the x-ray reflectivity measurement, the surface roughness was
estimated to be 2.6 and 2.4 nm for the Interface and Middle
samples on MgO(001), respectively, and 0.8 and 1.3 nm for the
Interface and Middle samples on Al,03(0001), respectively.

The detailed magnetic structure of Fe/MgO(001) was
examined by theoretical calculations. The interface magnetic
anisotropy energy and the layer exchange stiffness con-
stant were evaluated with first-principles density-functional
calculations using the Vienna ab initio simulation package
(VASP) [42-44]. In the calculations, wave functions were
expanded in a plane-wave basis set, and the behaviors of
core electrons were described by the projector augmented wave
(PAW) potential [45,46]. For the exchange and correlation
energy, we adopted the spin-polarized generalized gradient
approximation (GGA) [47]. We constructed supercells of
Fe/MgO(001) multilayers with 25 atomic layers of bcc-Fe
and 5 atomic layers of MgO, where the in-plane lattice
constant of the supercells is that of bec Fe (2.833 A) following
the RHEED observation. To match the lattices of Fe and
MgO, the MgO lattice was assumed to be contracted by
5.5% in-plane and expanded by 4.8% out-of-plane. The k-
point integration was performed using a modified tetrahedron
method with Blochl corrections [48] with 24x24x 1 k points
in the first Brillouin zone of each Fe/MgO(001) supercell.
The Fe/MgO(001) interfacial structure was fully optimized by
relaxing the atomic positions while changing the longitudinal
size of the supercells.

III. RESULTS

Figure 1(a) shows the NRS intensity as a function of
the glancing angle of the incident x ray measured for the
Interface sample on MgO(001). The NRS intensity obtained
by summing the delayed emission in the time spectrum shows
a broad distribution extending from 4 to 12 mrad. This is in
contrast to the result on a >’Fe film showing a maximum at
3.8 mrad [49], which corresponds to the critical angle for total
reflection at the Fe surface of the nonresonant x ray with an
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FIG. 1. Nuclear resonant scattering intensity of X rays as
a function of the glancing angle taken for *Fe(20 nm)/*'Fe
(1 nm)/MgO(001) (a) before and (b) after annealing at 773 K.

energy of 14.4 keV. Since the penetration depth of the x ray
at a glancing angle below 3.8 mrad is estimated to be about
2 nm [50], the ¥’ Fe layer at the interface is not detected below
3.8 mrad. At a glancing angle of larger than 4.0 mrad, on
the other hand, the penetration depth of the x ray becomes
larger than 20 nm, and the buried °’Fe layer can be probed by
NRS [49,51]. The NRS time spectra were therefore measured
at a fixed glancing angle of larger than 4 mrad after confirming
that sufficient scattering intensity is obtained.

Figure 2 shows the NRS time spectra taken at various
azimuthal directions of the incident x ray for the Interface
sample on MgO(001) and the results of the frequency analysis.
All the time spectra reveal a clear oscillation corresponding
to the quantum beat. As seen in the frequency spectra of
Figs. 2(e)-2(h), a component of 72 MHz is dominant in all
spectra, and the slight intensity at 144 MHz is ascribed to the
harmonic component of 72 MHz, which is often observed in
the MEM analysis. This quantum beat definitely indicates that
the film is ferromagnetic « iron [52,53]. It is noted that the
intensity of the 124 MHz component is less than 3% of the
72 MHz component independent of the azimuthal direction of
the incident x ray. This implies that the magnetization direction
at the interface of Fe/MgO(001) is mainly out-of-plane. If
the magnetization were in-plane, a substantial intensity of
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FIG. 2. Time spectra of the nuclear resonant scattering for
8Fe /7Fe/MgO(001) at a glancing angle of 5.2 mrad and azimuths
of (a) MgO[110], (b) MgO[010], (c) MgO[110], and (d) MgO[100].
The frequency spectra obtained for (a)-(d) by MEM are shown in
(e)—(h), respectively.

the quantum beat with a frequency of 124 MHz would be
observed at a certain azimuthal direction. Figure 3 shows
the time spectra and their frequency spectra taken for the
Middle sample on MgO(001). Whereas a single oscillation
component is observed in Figs. 3(a) and 3(d), multiple
oscillation components are obviously present in Fig. 3(c). The
frequency spectra in Figs. 3(f) and 3(g) show the presence
of two components at 124 and 72 MHz. The presence of
the 124 MHz component definitely indicates that there is an
in-plane magnetization component in the Middle sample on
MgO(001).

From the intensities of the two components, the magne-
tization direction is estimated to be 72% out-of-plane at the
interface and 97% in-plane at the middle of the film. These
values correspond to mean magnetization directions of 58 + 8°
and 6 £ 5° with respect to the surface parallel direction at
the interface and middle of the film, respectively. Note that
the relative intensity of the two frequency components of
124 and 72 MHz changes depending on the azimuthal angle.
This suggests that the in-plane magnetization is preferentially
aligned in the Fe(100) direction rather than Fe(010) within
the film plane. This uniaxial magnetization might be caused
by the film growth condition, such as a residual magnetic
field [16,37,38].

Figures 4 and 5 show the time spectra and their frequency
spectra of the Interface and Middle samples on Al;O3(0001),
respectively. As seen in the figures, the 124 MHz component
appears in some specific directions for both Interface and
Middle samples, which indicates the presence of the in-plane
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FIG. 3. Time spectra of the nuclear resonant scattering for
Fe /"Fe /*°Fe/MgO(001) at a glancing angle of 5.8 mrad and
azimuths of (a) MgO[lTO], (b) MgOI[010], (c) MgOI[110], and (d)
MgO[100]. The frequency spectra obtained for (a)-(d) by MEM are
shown in (e)—(h), respectively.
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FIG. 4. Time spectra of the nuclear resonant scattering for
5Fe S"Fe /AL, 03(0001) at a glancing angle of 6.2 mrad and
azimuths of (a) Al,03[1010], (b) Al,03[2110], (c) Al,05[1100],
(d) Al,05[1210], (e) Al,05[0110], and (f) Al,05[1120]. The fre-
quency spectra obtained for (a)—(f) by MEM are shown in (g)—(1),
respectively.
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FIG. 5. Time spectra of the nuclear resonant scattering for
55Fe *"Fe /°Fe /Al,05(0001) at a glancing angle of 4.1 mrad and
azimuths of (a) Al,03[1010], (b) Al,05[2110], (c) Al,05[1100],
(d) Al,05[1210], (e) Al,05[0110], and (f) Al,03[1120]. The fre-
quency spectra obtained for (a)—(f) by MEM are shown in (g)—(1),
respectively.

magnetization in both samples. From the relative intensities of
the 124 and 72 MHz components, the magnetization direction
is analyzed to be 82% in-plane at the interface and 83%
in-plane at the middle of the film. These values correspond
to mean magnetization directions of 25+ 6° and 24 + 6°
with respect to the surface parallel direction. Although the
cause for the inclined magnetization is not clear, the result is
consistent with previous studies showing the presence of the
perpendicular magnetization component [54,55]. Similarly to
the results of Fig. 3, there is a variation in the intensity of the
124 MHz component depending on the azimuthal angle. This
indicates that the in-plane magnetization mainly points to the
Al,03[1010] and Al,03[2110] directions for the Interface and
Middle samples, respectively.

Next, the temperature dependence of the NRS time spec-
trum was measured for the four samples. Figures 1(a) and 1(b)
show the NRS intensity as a function of the glancing angle
measured for the Interface sample on MgO(001) before and
after annealing at 773 K, respectively. While the NRS intensity
has a broad distribution extending from 4 to 12 mrad before
annealing, a sharp maximum is observed at a glancing angle
of 3.8 mrad after annealing. In a previous study on a thin
>"Fe film with a thickness of 24 nm, it is shown that the NRS
intensity is sharply peaked at 3.8 mrad corresponding to the
critical angle for total reflection of x rays at 14.4 keV when
there are sufficient > Fe atoms at the surface [49]. The result of
Figs. 1(a) and 1(b) suggests that part of the >’Fe layer that had
initially existed at the interface diffused to the surface of the
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FIG. 6. Temperature dependence of the internal magnetic field
By, taken for °Fe /" Fe/MgO(001) () at a glancing angle of 5.8 mrad
and *°Fe /"Fe /' Fe/MgO(001) (x) at a glancing angle of 6.1 mrad.
Solid and dotted curves are fits of Eq. (2) with a common 7. value to
the data of the former and latter samples, respectively. The obtained
T. i3 903 K.

Fe film after annealing at 773 K, where the nuclear-resonant
x ray seems to undergo total reflection. In the present work, the
glancing-angle dependence of the NRS intensity was measured
for each sample at an elevated temperature to confirm that a
sufficient NRS intensity was observed at a glancing angle
higher than 4 mrad. As a result, the NRS time spectrum was
measured up to temperatures of 673 and 773 K for the Interface
samples on MgO(001) and Al,03(0001), respectively, and
773 and 883 K for the Middle samples on MgO(001) and
Al,03(0001), respectively. Although we cannot recognize the
atomic-level diffusion of >’Fe during the measurements at
elevated temperatures as observed in a previous study [19],
we can exclude the possibility of complete 3’Fe diffusion in
the entire film.

From the frequency analysis of the quantum beat in the
time spectra, the internal magnetic field was evaluated for the
Interface and Middle samples on MgO(001), which is plotted
as a function of the sample temperature, as shown in Fig. 6. The
internal magnetic fields decrease with increasing temperature.
For the Interface and Middle samples on Al,O3(0001), the
internal magnetic fields also decrease as the sample temper-
ature is raised, as shown in Fig. 7. For both substrates, the
internal magnetic field for the Interface samples was found to
be slightly smaller than that of the Middle samples.

IV. DISCUSSION

A. Magnetic structure

The experimental results of Figs. 2 and 3 indicate the mean
magnetization direction is 58 + 8° and 6 &+ 5° with respect
to the surface parallel direction at the interface and middle
of the film, respectively. This suggests that the Fe film on
MgO(001) has a noncollinear magnetic structure with the
magnetization canted near the interface. On the other hand,
the magnetic structure of the Fe film on Al,O3(0001) is
mainly aligned in the surface parallel direction. This difference
might be due to the crystallographic direction of the Fe films,
Fe(001) on MgO(001) and Fe(110) on Al,O3(0001), and the
interface chemical interaction. The Fe(001) surface has a
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By taken for “Fe /*’Fe /A1,03(0001) (O) at a glancing angle of
6.1 mrad and *°Fe /*"Fe /°°Fe /Al,05(0001) (x) at a glancing angle of
5.8 mrad. Solid and dotted curves are fits of Eq. (2) with a common

T, value to the data of the former and latter samples, respectively.
The obtained 7, is 1028 K.

perpendicular magnetocrystalline anisotropy (MCA) energy of
0.85erg/ cm? [56]. The Fe(110) surface, on the other hand, has
aperpendicular MCA energy of 0.47 erg/cm?, which is smaller
than that of Fe(001). While the Fe(001) at the interface with
MgO(001) intrinsically has a larger perpendicular anisotropy,
the chemical interaction between Fe and O atoms at the
interface further enhances the perpendicular anisotropy on
MgO(001), as discussed below [26,56-58]. However, this
chemical effect is expected to be smaller on Al,03(0001),
because the topmost surface of Al,O3(0001) is composed
of Al atoms [59] and the Fe lattice does not match well
with the substrate. While the interface has a perpendicular
MCA, the shape anisotropy originating from the spin dipole
interaction tends to make the magnetization in-plane. The
magnetic structure of the Fe film is determined so that the total
magnetic energy is minimized, and the Fe film on MgO(001)
with a large MCA energy is considered to have a noncollinear
magnetic structure, whereas that on Al,03(0001) with a small
MCA energy is mainly aligned in the surface parallel direction.

In the following, we theoretically discuss the magnetic
structure of the Fe film on MgO(001). We first estimate
the interface MCA energy Ki, of Fe/MgO(001) with first-
principles calculations on the basis of the force theorem [60],
i.e., the difference in the total energy for the magnetization
oriented along the in-plane [100] and out-of-plane [001]
directions, where the positive sign corresponds to the out-
of-plane magnetization. After optimizing the structure, the Fe
atoms at the interface are located above the O atoms with
the Fe-O distance of 2.24 A and the [100] of Fe aligned
along [110] of MgO. The Kj, value is evaluated to be 1.91
erg/cm? for Fe/MgO(001), which is consistent with a previous
report [58]. Next, we estimate the interlayer exchange stiffness
constant A of bce Fe without the spin-orbit interaction. For the
Fe(25 ML)/MgO(001) model, we fix the spin direction of the
12 layers near the interface, whereas those of the other 13
layers are forced to tilt by ¢ with respect to the 12 layers. Under
this constrained magnetic structure, the total energy E(¢)
relative to the collinear-spin structure (¢ = 0) was evaluated
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FIG. 8. (a) Schematic figure of the slab model for Fe/MgO(001)
used in the first-principles density-functional calculations. The 6y
and 0,4 are the angles of the Fe spins with respect to the in-plane
direction at the interface and the middle of the slab, respectively.
The local magnetic moments are also shown in pp. (b) Schematic
figure of the MgO/Fe(001) structure used in the model calculations
expressed by Eq. (1). The structure contains five atomic layers of
MgO and 200 atomic layers of Fe, where the characters A, B, and C
at the bottom of the Fe layers denote the layers that are connected to
those indicated by the same characters at the top. The spatial change
of the local magnetization direction 6(z) of Fe atoms is shown for
W = 26 nm and 6;,, = 40° in Fig. 9.

by the self-consistent calculations. By fitting A(1 — cos ¢)
to the result of E(¢), we estimated the exchange stiffness
constant A of the bcc Fe layer, which is consistent with a
previous study [5]. In the present paper, we use the value of
2.41x107% erg/cm.

To clarify the magnetic structure in more detail, further-
more, we discuss the spatial change of the local magnetization
direction. We consider a magnetic structure for 25 Fe layers
shown in Fig. 8(a), where the Fe spin direction changes
from 0;, at the interface to 64 at the middle of the film.
Then, the spatial change of the local magnetization direction,
6(z), as a function of the distance z from the interface was
determined by self-consistent calculations with the spin-orbit
interaction. With 6y, = 59.3° and 0,4 = 55°, it was found
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FIG. 9. Total energy of a noncollinear magnetic structure Enc
relative to the uniform magnetic structure in the perpendicular
direction Eg; as a function of 6;, for various thicknesses W of the Fe
films on MgO. The negative value indicates that the noncollinear
magnetic structure is energetically more stable than that of the
collinear one.

that 6(z) changes gradually from 6;, to 64, Which is well
described by the function of 8(z) = 6y cos?(wz/2W) with a
constant W, and that the total energy is smaller than that of a
perpendicularly magnetized structure in the entire film. This
means that the interfacial perpendicular MCA causes a non-
collinear magnetic structure at the cost of the exchange energy
due to the nonparallel configuration of the neighboring spins.

The total energy on the basis of the first-principles calcula-
tions, however, does not include the shape magnetic anisotropy
originating from the magnetic dipole interaction. Thus, we
consider a model structure for an Fe film with a thickness
of 2W sandwiched by MgO, and we evaluate the stability of
a noncollinear magnetic structure, where the magnetization
direction 0(z) gradually changes from 6;, at the interface to 0°
at z = W following the relation of 0(z) = 6;y cos>(rz/2W).
By taking account of Kj, at the Fe/MgO(001) interface, the
exchange energy, and the shape magnetic anisotropy, the total
magnetic energy Enc is expressed as follows:

I /do\?
Enc = — Ky sin® 0 + / A(—) + 2w M?*sin® 0 |dz,
0 dz
(1)

where the first, second, and third terms represent the in-
terface anisotropic energy, exchange energy, and the shape
anisotropic energy with a magnetization M, respectively.
The magnetic structure of the Fe film on MgO(001) can be
determined by minimizing the total energy. By substituting
2.02x 107 erg/cm? for 2t M?, the total magnetic energy with
respect to that for the fully perpendicular magnetization of
the entire film, Eqy, is plotted as a function of W for various
Oine values in Fig. 9. The calculation results show that the non-
collinear magnetic structure is barely stable when W < 20 nm,
because the exchange energy between neighboring spins
becomes higher. When W > 21 nm, on the other hand, the
noncollinear magnetic structure is energetically more stable
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than the collinear one at 0;,; < 40°. This is roughly consistent
with the present experimental result.

B. Phase transition

The internal magnetic field By evaluated by the NRS
experiment can be regarded as an order parameter for the mag-
netic phase transition [61,62]. With increasing temperature,
the internal magnetic field gradually decreases and eventually
becomes zero at the Curie temperature, T... The order parameter
is expressed in a high-temperature region with the critical
exponent 8 as [63]

T\?

Bni(T) = Bhf(o)(l - F) . (2)
Although the number of data is limited due to the self-diffusion
of Fe atoms, the internal magnetic field at the interface is
smaller than those at the middle of the films, as shown in
Figs. 6 and 7, which suggests the magnetic transition at the
interface starts at a lower temperature. This is intuitively
reasonable considering that the Fe atom at the interface has
a lower number of coordination as compared to those of the
bulk. Two possible interpretations can be conceived for the
cause, namely an enhanced critical exponent and lowered
Curie temperature at the interface. Note that the data points
are rather far from 7,. Although evaluation of the critical
exponent on the basis of these data is difficult, we tentatively
analyze the present data with Eq. (2).

The temperature dependence of the order parameter for
the magnetic phase transition of magnetic materials with
free surfaces was theoretically studied in detail [6-11]. An
important parameter is the exchange interaction energy J; at
a surface. When J; is larger than a critical value of about
1.5J, where J is the bulk exchange interaction, the surface
magnetization remains above bulk 7,. When J; is smaller
than the critical value, the critical exponent of the surface
magnetization becomes larger than the bulk value. It was
shown that the surface 8 is about 0.8 and becomes smaller
as J;/J approaches the critical value [6-11]. A previous
spin-resolved photoemission study on Fe(001) has shown that
the surface exponent is larger than the bulk value [64]. As the
translational symmetry is lost at interfaces as well as surfaces,
the theory may be applied to the interface magnetism.

According to the first-principles calculations, the magnetic
moment at the interface is 2.8 g, which is larger than the value
of 2.2 at the middle of the film, as shown in Fig. 8(a). By
taking into account the exchange stiffness ratio at the interface
and middle of the film, the exchange interaction ratio J;/J
is estimated at 1.18, which is clearly smaller than the critical
value of ~1.6 evaluated in theoretical studies [8,9]. The present
data of Fig. 6 show that the interface magnetization is smaller
than that at the middle of the film, which is consistent with
the calculation result that the J;/J is smaller than the critical
value. By assuming the transition temperature is the same for
both the interface and middle of the films, Eq. (2) was fitted
to the experimental data, which are shown by solid and dotted
curves in Figs. 6 and 7. The obtained critical exponent 8 was
0.152 £ 0.009 and 0.130 % 0.009 for the Interface and Middle
samples, respectively, on MgO(001) with T, of 903 K. Those
on Al,03(0001) were 0.182 £ 0.001 and 0.152 + 0.002 for the
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Interface and Middle samples, respectively, with T, of 1028 K.
The B value at the interface seems to be larger than that at the
middle of the sample, which is qualitatively consistent with
the theoretical results. It is noted that the values of 8’s of all
samples are close to 1/8, which corresponds to the 2D Ising
model as observed in ultrathin Fe films [65,66] in contrast to
the bulk experimental value of 0.34 [67,68].

We finally comment on the other possibility that 7, at the
interface is lower than that at the middle of the film. Previous
theoretical studies showed that the surface 7, can be higher
than that of bulk when the exchange interaction at the surface
is larger than a critical value. In contrast to this, surface 7, is
the same as that of bulk when the surface exchange interaction
is smaller than the critical value [7-11]. In the solid-liquid
phase transition, on the other hand, it is known that surface
melting occurs in a certain condition [69,70]. Surface melting
is a phenomenon that the atoms at the surface of a solid melts
before the entire solid melts. This indicates that the melting
temperature at the surface is lower than that of bulk. From the
analogy of the magnetic system with the solid-liquid system,
the Curie temperature of the magnetic phase transition may
well be lower at surfaces or interfaces when the exchange
interaction is weaker at surfaces or interfaces. We tentatively fit
Eq. (2) to the experimental data for the Fe film on Al,03(0001)
without fixing T, and we obtained T, of 857 £ 38 and 1028 &
50 K for the Interface and Middle samples, respectively, with 8
0f0.12 & 0.01 and 0.15 & 0.02. It seems that 7. at the interface
is lower than that at the middle of the film.

Although we cannot reach a definite conclusion, the
interface magnetization behaves differently than the middle
of the film, which could be further confirmed by theoretical
analysis with a method such as the Gaussian kernel regression
method [71].

V. CONCLUSION

The magnetic structure of Fe thin films with a thickness
of 20 nm grown on MgO(001) and Al,03(0001) surfaces was
investigated by means of nuclear resonant scattering of linearly
polarized x-ray and theoretical calculations with the aid of
first-principles calculations. On MgO(001), the magnetization
was found to be dominantly out-of-plane at the interface and
in-plane at the middle of the film, indicating that the Fe film
has a noncollinear magnetic structure. On Al,O3(0001), on the
other hand, the magnetization was mainly in-plane in the entire
film. By evaluating the interface magnetocrystalline anisotropy
energy and exchange stiffness constant with first-principles
calculations, the noncollinear magnetic structure was shown
to be energetically more stable than the collinear structure.
The temperature dependence of the internal magnetic field
was also examined in a depth-resolved way. The experimental
data suggest that the internal magnetic field at the interface is
smaller than that of the middle of the film on both substrates,
suggesting that the magnetic phase transition starts at the
interface at a lower temperature than the entire film.
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APPENDIX: ANALYSIS OF THE
POLARIZATION-DEPENDENT NRS TIME SPECTRUM

For the analysis of the magnetization direction on the basis
of the NRS selection rule, the quantum beat components of
the NRS spectrum need to be quantitatively analyzed. The
relative amplitudes of multiple quantum beats obtained with
the maximum entropy method (MEM), however, often depend
on the data acquisition condition, such as the time window.
We therefore constructed the NRS time spectra with various
amplitude ratios, and we performed the MEM analysis under
the condition corresponding to the present experiment. In
the magnetic dipole transition of a >’Fe nucleus with mg
and m, the magnetic quantum numbers of the ground and
first-excited states, respectively, there are six allowed tran-
sitions with my, = +1/2 - m, = (+3/2, +1/2, —1/2) and
my=—1/2 - m, =(+1/2,—1/2, —3/2), each of which in
the parentheses corresponds to the Am =41, 0, and —1
transition. The transition energies are denoted by iy, . . . Jiws
in order of descending energy. When these transitions are
coherently induced with equal amplitudes, depending on Am,
the x-ray wave functions, F 'Am(1), are classified into

Fii(t) = (a1’ + aze™")e™"/",
F()(t) — (azeiwzl + aseiwﬁ)e—t/zr,

F_l([) — (a4eiw4t _'_aﬁeia)e,t)eft/?f7 (Al)
where ay, ...,aq are the factors depending on the Clebsch-
Gordan coefficients, and t (141 ns) is the lifetime of the
exited state of the °’Fe nucleus [53]. The term due to the
dynamical effect of the nuclear resonant scattering [72] is
neglected in the present analysis because the oscillation due
to the dynamical effect was not observed, and only a slight
speedup induced by the dynamical effect was observed in
the present experiment [72]. The interference between these
wave functions yields quantum beats in the time spectrum.
Depending on the relative configuration of Bys, Hsg, and
ksr, the scattered x-ray intensity is expressed as shown in
Table II [53].

By defining the direction of By by the polar coordinate (6,
¢) with ksg and Hsg in the x and z directions in the Cartesian

TABLE II. NRS intensity at three magnetization configurations.

Configuration NRS intensity I(t)

() = |Fa(t) + Fa0)
L) = 4 K] )
Ly=2|Fu@) P 421 F0 |

Bhf 1 HSR and Bh[ 1 kSR
Bhf || HSR and Bhf 1 kSR
Bne L Hsg and By || ksr
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FIG. 10. Intensity ratio of the 124 and 72 MHz components at
¢ = /2 as a function of the polar angle of By obtained by the MEM
analysis of the simulated NRS time spectrum.

coordinate, the time spectrum is described as

1(t) = I,(¢) sin? 0 sin® ¢ + L (¢) cos® 6 + I3(1) sin® 6 cos® ¢.
(A2)

In the case of ferromagnetic «-Fe with an internal magnetic
field of 33 T, the main frequencies of cases 1, 2, and 3 in Table II
are 124,72, and 72 MHz, respectively [52]. Since the 124 MHz
component is included only in 7;(¢), the direction of By can
be evaluated from the intensity ratio of the 124 and 72 MHz
components, R. When ¢ is changed, R takes a minimum and
a maximum at ¢ = 0 and 7 /2, respectively.

To evaluate the R value from the experimental NRS time
spectrum, we constructed the NRS time spectrum on the basis
of Eq. (A2) and conducted the MEM frequency analysis at
various 0’s and ¢’s. The obtained result at ¢ = 7/2 is plotted
as a function of 6 in Fig. 10, which shows a nonlinear relation.
Figure 11, on the other hand, shows the R value as a function
of ¢ at & = /2. The solid curves in the figures are fits with a
polynomial function, and by using these relations the direction
of By was estimated from the experimental intensity ratio of
the 124 and 72 MHz components.

4
o
I

| |
0 20 40 60 80
Azimuthal angle (deg.)

FIG. 11. Intensity ratio of the 124 and 72 MHz components at
0 = 7 /2 as a function of the azimuthal angle of By obtained by the
MEM analysis of the simulated NRS time spectrum.
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