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ABSTRACT

We present the magneto-optical Kerr effect (MOKE) of (111)-oriented antiferromagnetic L1,-MnsIr films epitaxially grown on MgO (111)
substrates. We observed that the amplitude and sign of the polar MOKE change depending on the growth temperature. The MnsIr films
grown at 800 and 600 °C have rotation angles of 41.6 and —4.6 mdeg and ellipticity angles of —15.3 and 9.1 mdeg, respectively. Residual
strains owing to heteroepitaxial growth on the order of a few tenths of a percent can play a critical role in determining the amplitude and
sign of the MOKE of a noncollinear antiferromagnet, unlike ferromagnets.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0217261

Magneto-optical effects,’ which change the polarization state
of light interacting with magnetic materials, are now widely used to
study magnetic domain structures™ and the magnetism of novel
materials.”” The effect of reflection from a magnetic material on
light polarization is called the magneto-optical Kerr effect (MOKE).
MOKE generally appears in ferromagnetic and ferrimagnetic mate-
rials with abundant magnetization but not in antiferromagnets with
no net magnetization. However, the MOKE of Kagome-type non-
collinear antiferromagnets, such as Mn3Sn,” manifests itself through
the spin orbit coupling (SOC)*” induced by the noncollinear spin
configuration, which forms cluster octupole moments.!’ It should
be noted that the cluster octupole moments'’ have the same sym-
metry as the magnetic dipole moments of ferromagnets. Following
the discovery of the anomalous Hall effect, that is, MOKE in the
DC limit, in Mn3X systems,“ ' MOKE in the visible spectral range
was demonstrated in a Mn3Sn single crystal first by Higo et al.”
Inspired by this demonstration, several research groups reported
MOKE in Mn3;Sn and Mn3;Ge sys'[ems.ls’21 The MOKE of Mn3;X

systems originates from the non-vanishing Berry curvature caused
by the combination of the noncollinear spin texture and SOC.””** **
Therefore, because the atomistic SOC constant of Ir (546 meV) is
greater than those of Sn (287 meV) and Ge (109 meV),” MOKE
larger than those in Mn3Sn and Mn3Ge can be expected in Mn3Ir.
In this study, we quantitatively investigated the polar MOKE
of (111)-oriented L1,-MnsIr films with a noncollinear spin con-
figuration and large SOC* [Fig. 1(a)]. The formation of the L1,
order in MnsIr is required for the large anomalous Hall effect.®>"7
Figure 1(b) shows the unit cell of L1,-MnsIr (space group Pm3m).
The Mn atoms on the (111) plane form a Kagome lattice. Mn
spins form all-in/all-out spin textures owing to magnetic frustra-
tion caused by the influence of inter-site exchange interactions.”
The Mn spin moments are slightly canted, generating a tiny net spin
magnetization of 0.027 pg along the [111] direction.”* L1,-MnsIr
had two energetically degenerated spin configurations, A and B,
as shown in Fig. 1(b). Because the Berry curvature is finite along
the [111] axis, which is a common axis of the three mirror planes
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FIG. 1. (a) Experimental geometry for measuring the polar magneto-optical Kerr
effect (MOKE) of (111)-oriented Mns]r film. (b) Unit cell and spin configurations of
L1,-Mn;lr. (c) Out-of-plane 6-26 X-ray diffraction (XRD) patterns. (d) 6-26 XRD
patterns measured with a title angle = 54.7°.

8,22

perpendicular to the (111) plane,””" the polar MOKE is expected
to reach its maximum when the light propagates parallel to the
[111] axis.

The (111)-oriented Mn;Ir films with a thickness of 20 nm were
epitaxially grown on MgO (111) substrates using magnetron sput-
tering under a base pressure of 1.5 x 107> Pa. The sputtering target
was an arc-melted Mn75%-Ir alloy. Substrate temperatures during
the MnsIr growth were Ts = 800 and 600 °C for samples I and
11, respectively. The Mn3Ir growth was followed by the deposition
of a 5-nm-thick SiO, overlayer. MnsIr films prepared under the
same deposition conditions exhibit a prominent anomalous Hall
effect.””"”

Figures 1(c) and 1(d) show x-ray diffraction (XRD) data using
a Cu-Ka source for samples I and II. Figure 1(c) shows non-tilted
(y = 0°), standard 6-20 XRD data, which indicate that the pri-
mary diffraction peaks of MnsIr (111) for both samples are epitaxial
Mn;lIr (111) layers. The spacing of MnsIr (111) was dy11 = 0.218 nm
for both samples, coinciding well with that of a Mn3Ir bulk crystal,
dinn = 0.2181 nm.” In view of the large lattice mismatch (Aa/amgo
~ 10%) between cubic MgO and cubic L1>-Mnslr, it is reason-
able to assume that 20-nm-thick epilayers are fully relaxed in terms
of heteroepitaxial growth. Figure 1(d) shows the asymmetric 6-20
XRD data with a tilt angle of y = 54.7° for both samples. Note
that the extent of L1, ordering can be estimated by comparing

pubs.aip.org/aip/adv

the diffraction intensity between (001), the L1,-ordered-superlattice
diffraction plane, and (002), the extinction-rule-allowed diffraction
plane.”® The (001) lattice spacings determined by the (002) diffrac-
tion were digo = 0.380 and 0.381 nm for sample I (T = 800 °C) and
sample II (T = 600 °C), respectively. The difference in digo exceeded
the resolution limit of the XRD measurements. Both samples exhib-
ited a somewhat larger (001) lattice spacing than the literature value
for bulk Mnslr, a190 = 0.3778 nm.”” Specifically, the deviation from
the bulk (001) spacing is slightly larger for the low-Ts sample than
for the high-T sample. The fact that doo; differs whereas d11; is the
same between the two samples suggests plastic deformation of the
epilayers, which lowers the crystal symmetry. Moreover, to deter-
mine the degree of cube-on-cube growth, we performed ¢-XRD scan
at y = 54.7° and obtained 26 = 26 for the Mn;Ir films [Figs. S3(a)
and S3(b)] and the MgO substrate [Fig. S3(c)]. The ¢-XRD scans
indicate the existence of crystal twinning in sample I and sample
II. The twinning ratios are estimated to be 0.29 and 0.33 for sam-
ple I and sample II, respectively, from the integrated values of the
diffraction peaks.

As mentioned in the previous paragraph, the appearance of the
(001) diffraction peak indicates the existence of L1, ordering.”” The
order parameter S can be estimated from the integrated intensities
of the (001) peak, Ipo1, and the fundamental (002) peak, Iop2, using
the following equation:””**

1)

S- Toor (fir + 3an)2LP(9002)A(9002)

Tooz (fir — an)zLP(Gom)A(Gom)
Here, we considered the Lorentz-polarization factor,
LP(0) = (1 + cos*28)/sin* 6 cos 6, and absorption factor, A(6)

=(1- ¢ s )/2 y, with the absorption coefficient y = 0.251 pum™"

at the diffraction-peak positions, 8 = 8yo1 and 6 = 6yo2. The ratio of
the structure factors was ( fir — an)z/(ﬁr + 3an)2 =0.1170. The S
values calculated on the basis of these physical quantities are 0.47
and 0.28 for samples I and II, respectively. It is worth noting that the
difference in the growth temperature of 200 °C affects both crystal
deformation and L1, ordering.

To visualize the domain structure at room temperature, we
built a scanning magneto-optical setup equipped with He-Ne laser
(wavelength, X = 632.8 nm), as schematically shown in Fig. SI.
Horizontally(x) polarized light was incident perpendicular to the
surface of a MnsIr film mounted on a stage whose lateral motion
was controlled by two stepping motors. The light beam was focused
on the surface with a diameter of ~2 ym using a long-working-
distance objective lens with a magnification of 20. We used a
polarization-modulation technique using a photo-elastic modula-
tor.” In our configuration, the horizontally(x) polarized component
of the reflected light is modulated using a photoelastic modulator at
a frequency of 42 kHz. After the linear polarization direction was
rotated by n/4 using a \/2 wave plate, the horizontally(x) polarized
and perpendicularly(y) polarized components were separated by a
Wollaston prism and measured using a balanced photo detector. The
fundamental-frequency (42 kHz) and double-frequency (84 kHz)
AC output voltages were measured using lock-in amplifiers. The DC
voltage was simultaneously measured using a multimeter. We deter-
mined the polar-magneto-optical Kerr rotation ¢, and ellipticity 7,
angles by calculating the ratios of the AC voltages to the DC voltage,
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considering reflections at interfaces. See the supplementary material
for more details on the measurement setup and analysis method.

Figures 2(a) and 2(b) show the ¢, and 7 spatial images of sam-
ple I, respectively. Both ¢, and ;. spatial images have a similar maze
pattern with opposite signs. The domain width is several microme-
ters, which is larger than that of polycrystalline Mn;1Ir films, <2 pm."”
The wide domain-wall widths of a few micrometers are attributed
to the spot size of a laser beam; the realistic domain-wall width is
supposed to be hundreds of nanometers.”’ Subsequently, we show
the ¢ and 7 spatial images of sample II in Figs. 2(c) and 2(d),
respectively. The mixture of maze and stripe patterns is observed for
sample II, whereas the ¢, and #; spatial images indicate opposite
polarities. The domain size was approximately half that of sample
I. The difference in domain size may be caused by the in-plane lat-
tice strain. Similar to the closure magnetic domains of ferromagnets
with no net magnetic-dipole energy,” in antiferromagnetic MnsIr
films, magnetostriction may compete with the domain wall energy
to determine the magnetic width.

We next evaluated the values of ¢, and 7, of the Mn;Ir films.
Because of the difficulty in making a uniformly magnetized state, we
excluded intermediate values less than 25 (2) and 9 (5) mdeg for the
|¢x| and |nk| spatial images of sample I and sample II, respectively,
assuming that the intermediate values result from magnetic domain
walls, where spins gradually rotate.’’ Since completely removing
regions associated with domain walls is difficult, our analysis process
would result in underestimating the values of || and |yk|. By aver-
aging the values of the remaining pixels, we consequently obtained
lpk| = 41.6 + 0.3 (4.5 + 0.1) mdeg and |7x| = 15.3 = 0.1 (9.1 + 0.1)
mdeg for sample I (sample II). Notably, the |px| value of sample I is
enhanced several times higher than those of Mn3Sn” (|¢k| ~20 mdeg)
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FIG. 2. (a)-(d) Magnetic domain patterns visualized by Kerr rotation (¢,) and
ellipticity (7, angles of samples | and II. The scale bars correspond to 50 ym.
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and Mn3;Ge" (|pk| ~8.2 mdeg) single crystals, despite the imper-
fect crystallinity of our sample. This is consistent with our original
expectation that a large MOKE emerges in L1>-MnsIr for a large
SOC in the Ir ions.

To determine whether the observed pattern is truly magnetic,
we studied the response of the magnetic domain pattern to an
external magnetic field. In the following experiment, we applied a
magnetic field of £90 kOe normal to the MnsIr film surface by
using a superconducting magnet at 300 K and then brought them
back to the MOKE setup. The field strength of +90 kOe would be
sufficiently large to obtain a minor hysteresis response, consider-
ing previous electrical transport measurements of similar L1,-Mn;Ir
films.”” ' To scan the same area before and after magnetic field
application, we made cross-shaped scratches close to the scanning
area as a marker. Slight changes are noticeable in Figs. 3(a)-3(d),
which show ¢ special images obtained after the application of exter-
nal fields of +90 kOe for sample I and sample II. The observed
changes are attributed to the small remanence magnetization and
the minor response within the employed range of magnetic field.'®
In detail, for sample I, applying a magnetic field of +90 kOe increases
the red portions of the ¢, spatial image [Fig. 3(a)] in comparison
with those obtained after applying —90 kOe [Fig. 3(b)]. In contrast,
for sample II, the red portion of the ¢, spatial image decreased
upon applying a magnetic field of +90 kOe [Fig. 3(c)] relative to
the spatial image shown in Fig. 3(d). Hence, because A and B spin
configurations have positive and negative tiny net magnetization,
respectively,® the A phase with a positive net magnetization should
have positive (negative) ¢ for sample I (sample II). An artificial
compression of the order of 0.1% imposed on a Mn3Sn single crystal

(a) Sample | (b) Sample |
+90 kOe applied ~90 kOe applied | 4eq)
i i -J g . 1 100
‘ b‘ '-‘ ¥ p . *- .
- 3 = - & . ' ¥ ! . E . 50
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it o -’ i '1 ¥ r 0
T gy, . -f
Fam, = - o~ ’ " -50
- h i | ﬂ 1
; L] ¥ a1 r it il & -100
(c) Sample lI (d) Sample Il
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o - " 0
o o i .
AN Toa e’ w S 5
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:- -." - . 3 [ -
ol i TR .._ e - & . 0
. ,.'-"" =R 5
e A e AR TR S
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FIG. 3. (a)—(d) Transformation of the magnetic domain patterns of samples | and
Il after applying @ magnetic field of +90 or —90 kOe. The scale bars correspond to
30 um.
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TABLE I. The (magneto-)optical properties of the Mnslr films.

Sample I Sample II
T, °C 800 600
n—iK 2.75-13.65 2.01-i4.64
ol —ioll 10°Qtem™! 5.31-i1.78 4.90-i4.88
O — iy mdeg 41.6 + 0.5 +i(15.3 + 0.1) -4.5 + 0.1-i(9.1 £ 0.01)
oy, — ioy, QO lem™ 175+ 0.1 +i(15.5 £ 0.1) 5.9 + 0.1-i(6.7 + 0.1)

substantially changes the amplitude of the anomalous Hall effect.*”
For the case of the Mn3Sn single crystal, the sign inversion by com-
pression is supposed to be due to switching the parallel alignment of
the cluster octupole and the net magnetic moments to an antiparal-
lel alignment. In contrast, since the anomalous Hall effect of Mn;Ir
films is not inverted according to the growth temperatures,'® we
infer that the variation and sign inversion of the MOKE between
sample I and sample II grown at two different T are attributed to
changes in the electronic structures by the lattice deformation along
the [001] direction rather than switching the alignment of the clus-
ter octupole and the net magnetic moments. With increasing growth
temperature, the lattice constant tends to relax into the bulk value.**
By further increasing the growth temperature, the amplitudes of the
magneto-optical effect may approach the bulk values, for instance,
those predicted by an ab initio calculation.’

Using the values of ¢, and 7, we finally evaluated the
off-diagonal components of the optical conductivity tensor. The
off-diagonal component of the complex optical conductivity,
Oxy = U,’Cy - ia;}',, is estimated using the following relation:

%y @)

—ink = ,
P~ HiK O/ 1 — i(47/ W) Oxx

where &, w, and oy denote the permittivity of vacuum, angular
frequency of light at A = 632.8 nm, and diagonal component of
the complex optical conductivity, respectively, oy, = oy — 104y We
measured the refractive indices of the MnsIr films, n — ik, using a
standard ellipsometer at A = 632.8 nm. The values of the refractive
index were used to estimate the diagonal component of the complex
optical conductivity, based on the following relation: 1 - i(47/w)
0Oux = (n — ix)?. Table 1 lists the calculated (magneto-)optical prop-
erties. The values of o}, of sample I are observed to be approx-
imately half of the reported anomalous Hall conductivities,'®
a,'cy =-32 Q7' em™L. To the best of our knowledge, this is the first
study to report the off-diagonal optical conductivity of a Kagome
antiferromagnet by characterizing both the magneto-optical Kerr
rotation and ellipticity angles in the visible spectral range.

In summary, we measured the polar MOKE of (111)-oriented
L1>-Mnslr films, which comprise a noncollinear spin configura-
tion and large spin orbit coupling. From the visualized magnetic
domains, we evaluated the magneto-optical Kerr rotation and ellip-
ticity angles. The magneto-optical Kerr rotation angle of the (111)-
oriented L1,-Mn;Ir films grown at 800 °C is several times larger than
those observed in single-crystalline Mn3Sn and MnzGe systems. We
also observed polarity inversion of the MOKE between two samples
grown at different substrate temperatures and discussed that this is

owing to a slight change in the in-plane lattice constant. Our results
indicate the critical impact of the crystal structure, including the
order parameter and slight lattice distortion, on the magneto-optical
Kerr effect in Kagome-type antiferromagnets.

The supplementary material includes a more detailed descrip-
tion of the magneto-optical setup and x-ray diffraction ¢ scans.
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