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Interface-Driven Noncollinear Magnetic Structure and Phase

Transition of Fe Thin Films

We investigated the magnetic structure and its temperature dependence of Fe thin films grown on the MgO(001) sur-
face by means of nuclear resonant X-ray scattering (NRS). By fabricating Fe films 8-doped with *’Fe, depth-resolved
analysis of the magnetic structure was performed. The Fe film was found to have a noncollinear magnetic structure,
which was also confirmed with first-principles calculations. Moreover, the magnetic phase transition is suggested to

start at the interface at a lower temperature than the entire film.

The magnetic structure of magnetic thin films is of
fundamental interest as well as of practical importance
for magnetic storage devices. One particular feature of
a thin magnetic film is that the symmetry breaking at the
interface causes the interface magnetocrystalline an-
isotropy through the spin-orbit interaction, which might
compete with the bulk magnetocrystalline anisotropy
and shape anisotropy. When competing interactions are
present, the magnetization is not necessarily uniform
in the entire film, and a noncollinear magnetic structure
might appear [1, 2]. The phase transition behavior at the
interface, furthermore, could be different from that of the
bulk due to the modification of the exchange interaction
at the interface [3].

In our previous study, we investigated the magneti-
zation of Fe films with NRS of X-rays in a glancing inci-
dence condition, which revealed magnetization canting
at the surface of the film [4]. In the present report, we
demonstrate direct depth-resolved analysis of the mag-
netic structure of Fe films grown on MgO(001). NRS-
sensitive-’Fe was §-doped either at the interface or in
the middle of the film, where the magnetization at the
interface or middle of the film was selectively probed by
NRS [5]. The experiment was performed at AR-NE1A.

The hyperfine structure of the *Fe nucleus can
be measured as quantum beats in the time spec-
trum of NRS. The direction of the internal magnetic
field By, at the *"Fe nucleus site is analyzed on the
basis of the selection rule for the magnetic-dipole
transition depending on the incident direction kgp
and the polarization direction of magnetic field Hgg
of the incident X-ray [6]. For a-Fe with B,f of 33 T,
the main quantum beat frequencies in the cases of
(Bns L Hggand By L ksg), (Bys | Hsg and By L ksz) and
(Bns L Hsg and Byy |l ksg) are (124 and 72), (72) and (72
MHz), respectively.

Figure 1 shows the NRS time spectra and
the results of frequency analysis of the sample
*Fe (20 nm)/*’Fe (1 nm)/MgO(001). In Fig. 1
e-h, one quantum beat frequency of 72 MHz is
dominant at all azimuthal angles, which indicates
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the existence of the perpendicular magnetiza-
tion component. The experiments for the sample
*Fe (10 nm)/*’Fe (1 nm)/*Fe (10 nm)/MgO(001), on the
other hand, clearly showed the existence of the parallel
magnetization component. From these results, the an-
gles of the magnetization direction at the interface and
middle of the film with respect to the surface parallel
direction were estimated at 58+8° and 6+5°. This sug-
gests that the Fe film on MgO(001) has a noncollinear
magnetic structure with the magnetization canted near
the interface. We also conducted similar experiments
for the Fe films grown on Al,04(0001). In contrast to
the results for the film on MgO(001), the magnetization
direction was found to be mainly parallel to the interface
both at the interface and middle of the film.
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Figure 1 Time spectra of the nuclear resonant scattering for
*Fe/"Fe/MgO(001) at a glancing angle of 5.2 mrad and azimuths
of (a) MgO[110], (b) Mg0O[010], (c) MgO[110] and (d) MgO[100].
The frequency spectra obtained for (a)-(d) are shown in (e)-(h),
respectively.
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Figure 2 Temperature dependence of By taken for *°Fe/*Fe/
MgO(001) (O) and **Fe/*’Fe/**Fe/MgO(001) (+). Solid and dotted
curves are fits with a common T value to the data of the former
and latter samples, respectively.

The temperature dependence of the B, value for
*Fe/*”Fe/MgO(001) and *Fe/*’Fe/**Fe/MgO(001) was
evaluated by frequency analysis, which is plotted as a
function of the sample temperature in Fig. 2. The exper-
imental data suggest that By, at the interface becomes
smaller than that of the middle of the film with increasing
temperature, suggesting that the magnetic phase transi-
tion starts at the interface at a lower temperature than
the entire film.

The detailed noncollinear magnetic structure of Fe/
MgO(001) was examined by first-principles calculations
[5]. By taking account of a perpendicular magnetocrys-
talline anisotropy energy and the interlayer exchange
energy, it is found that the local magnetization direction
0(z) changes gradually from 6;,, = 59.3" to 6,,;q = 55°
for the Fe (25 ML)/MgO(001) model (1 monolayer (ML)
= 0.142 nm), as shown in Fig. 3a. Furthermore, we eval-
uated the stability of a noncollinear magnetic structure
for the film with various thicknesses by taking account of
the interface anisotropic energy, exchange energy and
the shape anisotropic energy. As a result, it is found that
the noncollinear magnetic structure with 6,,, <40’ and
Omiq = 0° is energetically stable for the Fe film thickness
of 26 nm as shown in Fig. 3b, which is roughly consis-
tent with the present experiment result.
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Figure 3 (a) Schematic figure of the slab model for Fe/MgO(001)
used in the first-principles calculations. 6;,, and 6,,;, are the
angles of the Fe spin moments at the interface and middle of the
film. The values are the magnitude of the local spin moments
in Up. (b) Schematic figure of MgO/Fe(001) used in the model
calculations. The MgO/Fe(001) interface contains 5 ML of MgO
and 200 ML 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 0, = 40°.
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