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ABSTRAC"Ij: The .perpendicular magnetic anisotropy of a layeFed ?? A (Ba,K)(Zn,Mn),As,
ferromagnetic semiconductor (BaK)(Zn,Mn),As, is studied using Magnetlcfleld :

angle-dependent X-ray magnetic circular dichroism (XMCD) measure-
ments. The large magnetic anisotropy with an anisotropy field of 0.85 T
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® =
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is deduced by fitting the Stoner—Wohlfarth model to the magnetic-field- .' Mn Ls

angle dependence of the projected magnetic moment. Transverse XMCD ) ll,) - C—
spectra highlight the anisotropic distribution of Mn 3d electrons, where ‘ ) \\] Theory
the d,, and d,, orbitals are less populated than the d,, state because of the \— X-ray 6 :'5 5 : 6:1 5 : 6:1 > 64.1 y
D,y splitting that arises from the elongated MnAs, tetrahedra. The Magnets

. : .. . Photon Energy [eV]
magnetic anisotropy originates from the degeneracy lifting of p—d,,, d,,

hybridized states at the Fermi level. Namely, spin—orbit coupling lifts their degeneracy and induces energy gain when spins align
along the z direction. The present system offers another tuning knob to control magnetic anisotropy through atomic orbital
engineering.
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single crystal

1. INTRODUCTION magnetic anisotropy would be expected. In fact, large
perpendicular magnetic anisotropy, where the magnetic easy
axis is along the c-axis, was observed by SQUID measure-
ments.”!” Perpendicular magnetic anisotropy is useful for
future magnetic memory applications because it can lead to a
high bit density and reduce the critical current density for
magnetization switching.'® In general, magnetocrystalline
anisotropy would not appear from the Mn>* high-spin state
(°A;) because of the lack of an orbital magnetic moment. In
the case of (Ga,Mn)As, however, it was reported that biaxial
strain from the substrate induces perpendicular or in-plane
magnetic anisotropy.'”~>> This was ascribed to the orbital
magnetic moment carried by the holes in the valence bands,
which are magnetically coupled with the 3d electrons through
p—d exchange interactions. In the case of (Ba,K)(Zn,Mn),As,,
however, the valence band top consists of only the As 4p,
orbital,” and the system does not have orbital degrees of

Ferromagnetic semiconductors (FMSs) have attracted much
attention since the discovery of ferromagnetism in (Ga,Mn)As
and (In,Mn)As' ™ as they are promising materials for future
spintronics applications. Recently, a new FMS
Ba,_,K.(Zn,_ ,Mn )zAsz was synthesized in bulk form,>°
which crystalhzes in the tetragonal ThCr,Si, structure (I4/
mmm) and is isostructural to 122-type Fe-based super-
conductors, as shown in Figure la. The host compound
BaZn,As, is a semiconductor with a narrow band gap of 0.2
eV.” In this system, one can independently control the
numbers of carriers and spins by the heterovalent substitution
of K* for Ba®" and the isovalent substitution of Mn>* for Zn?",
respectively. Furthermore, with 30% K and 15% Mn
substitution, the Curie temperature (Tc) reaches 230 K,
which is higher than T¢ of (Ga,Mn)As, 200 K.” The transport
and magnetic properties can also be controlled by external
pressure.'”'" The ferromagnetism is most likely carrier- —
induced as evidenced by previous experimental and theoretical Received:  October 23, 2020
studies. 11216 Accepted: January 24, 2021
Because the crystal structure is inherently anisotropic, that is, Published: February 4, 2021
the Ba ions are located between the quasi-two-dimensional
(Zn/Mn)As layers and the (Zn/Mn)As, tetrahedra are
elongated along the c-axis by ~6% (see Figure 1la), sizable
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Figure 1. Crystal structure of (Ba,K)(ZnMn),As, and the
experimental setup. (a) The unit cell of (Ba,K)(Zn,Mn),As,. (Zn/
Mn)As, tetrahedron elongated alon§ the c-axis by ~6%. The
structures were drawn using VESTA.”® (b) The schematic figure of
the experimental apparatus. (c) Measurement geometry. The sample
was placed so that the X-ray incident angle with respect to the sample
surface was 45°. H and M denote the magnetic field and the
magnetization, respectively, and &y (8),) denotes the angle of H (M)
with respect to the sample normal.

freedom. Therefore, the orbital magnetic moment of holes
alone in host valence bands cannot be responsible for the
magnetic anisotropy of (Ba,K)(Zn,Mn),As,.

X-ray magnetic circular dichroism (XMCD) is a powerful
method to study magnetic anisotropy because one can directly
probe the anisotropy of the spin (m,) and orbital (m;)
magnetic moments. In addition, one can use angle-dependent
XMCD (AD-XMCD) measurements to deduce the anisotropic
spatial distribution of 3d spins, which appears as the magnetic
dipole term (my) in the XMCD sum rule.”* In particular,
XMCD spectra taken under the transverse XMCD (TXMCD)
geometry, where the applied magnetic field induces spin
magnetic moments perpendicular to the incident X-ray, are
known to be sensitive to the anisotropic distribution of 3d
spins because the usually dominant spin contribution of the
XMCD spectra vanishes. Note that there have been few
experimental reports on the observation of TXMCD*™*’
because the direction of the magnetic field is usually fixed
parallel to the incident X-rays in most XMCD measurement
systems.

In the present study, we perform AD-XMCD measurements
using our custom-designed apparatus and reveal that the large
perpendicular magnetic anisotropy of (Ba,K)(Zn,Mn),As,
originates from the degeneracy lifting of p—d,, and p—d,,
hybridized orbitals due to spin—orbit interactions and the
resulting energy gain when spins align along the z-direction.

2. METHODS

Bag 904K0.006(Z 1 50sMng 195),As, single crystals with T = 60 K were
grown by the flux technique (see the Supporting Information for the
detail). AD-XMCD measurements were performed at BL-16A2 of the
Photon Factory, KEK, where we installed our custom-designed
apparatus®”*® equipped with two pairs of superconducting magnets
capable of applying magnetic fields up to 1 T that can be applied in
any direction between the incident X-ray direction and a direction
perpendicular to it (see Figure 1b for a schematic drawing). Prior to
the measurements, we cleaved the samples in situ to obtain clean
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surfaces. Absorption signals were collected in a total electron yield
mode. The measurement geometry is shown in Figure 1c. The sample
was placed so that the angle between the incident X-ray and the [110]
direction was 45°, at which the magnetic dipole-term contribution
becomes the largest (see the Supporting Information for details).
Because the direction of the incident X-rays was fixed in the present
XMCD measurements, any artifact arising from the saturation effect®’
in the total electron yield mode was ruled out. XMCD spectra are
obtained as the difference between two absorption spectra taken with
right- and left-circularly polarized X-rays, while X-ray absorption
spectroscopy (XAS) spectra are their summation.

To extract more information from the experimental XAS and
XMCD spectra, we have performed CI cluster model calculations.’’
In the calculation, we assume a tetrahedral [MnAs,]™ cluster (Mn**
cluster). We adopt basically the same parameters as those used for
(Ga,Mn)As”” except that we add finite D, splitting so that the energy
of the d, and d,, orbitals lie higher in energy by 0.2 eV than the d,,
orbital, and the d_ orbital is 0.2 eV higher than that of d. The
parameters used for D,y splitting are chosen based on the DFT
calculations,® which shows a ~0.2 eV splitting for the relevant
orbitals (see the Supporting Information for further details).

3. RESULTS AND DISCUSSION

Figure 2a,b shows the XAS and XMCD spectra of
Bag 904Ko.006(Z10.50sMng 105),As, recorded at the Mn L, ;
absorption edges. Here, the XMCD spectrum was taken with
the magnetic field along the light direction and was dominated
by the spin component. We thus refer to this spectrum as the
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Figure 2. (a, b) Mn L,;-edge XAS and LXMCD spectra of
Bay,004K0.006(Z10g 50sMng 105 )2AS, shown by black curves. The spectra
of (Ga,Mn)As,>* 2008 American Physical Society, and the cluster
model calculation are also shown by blue and red dashed curves,
respectively. The calculated spectra were broadened (red solid curves)
using a Lorentzian function with an FWHM of 0.25 eV (0.4 V) at the
Ly (L,) edge.
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Figure 3. (a, b) Magnetic-field-angle dependence of the XMCD spectra and Mn magnetic moment projected onto the incident light direction. In
panel (b), the solid curves represent the results of the simulation performed using the Stoner—Wohlfarth model, and the inset shows the simulated
magnetic moment direction as a function of the magnetic field angle. (c) Transverse XMCD spectra measured with positive and negative transverse
magnetic fields. The dashed curves at the top are the actual data, while the overlaid solid curves are guide to the eye, which are obtained by curve
fitting with three Voigt functions. Calculated spectra are also shown at the bottom. (d) Schematic energy diagram of the occupied majority-spin Mn
3d orbitals in (Ba,K)(Zn,Mn),As,. Here, white circles represent doped holes. (e) The schematic energy diagram of the top-most d,, and d,, levels
with holes showing how the perpendicular magnetic anisotropy emerges as a result of the degeneracy lifting caused by spin—orbit interaction ¢.

longitudinal XMCD (LXMCD) spectrum hereafter. The XAS
and LXMCD spectra exhibit multiplet features and are very
similar to those of (Ga,Mn)As,***> which are shown by the
blue curves in Figure 2a,b. This indicates the localized nature
of the Mn 3d electrons and is consistent with the carrier-
induced ferromagnetism model, where itinerant holes mediate
ferromagnetic interactions between the localized Mn spins.
Here, the positive peak in the LXMCD spectrum at 642 eV
located just above the dominant negative peak at 640 eV is
smaller than that in the (Ga,Mn)As spectrum. This may reflect
the difference in the electronic structures of (Ga,Mn)As and
(Ba,K)(Zn,Mn),As,.

The calculated spectra are shown by the red dashed curves
in Figure 2a,b. The calculated spectra are broadened using a
Lorentzian function with a full-width at half-maximum
(FWHM) of 0.25 eV (0.4 eV) for the L; (L,) edge to account
for the core-hole lifetime.”® The broadened spectra are shown
by red solid curves, and they agree well with the experimental
spectra. Note that the XMCD pre-edge peak around 640 eV is
broadened out, and one may need to consider the final-state
dependence of the core-hole lifetime’® to reproduce both
sharp pre-edge peak and the broad asymmetric main peak with
a tail on the higher energy side.

Figure 3a shows XMCD spectra taken with various magnetic
field angles. We deduce the total Mn magnetic moments
projected onto the incident light direction using the XMCD
sum rules. Here, we assume that the hole number is 5 and that
the correction factor for the spin sum rule is 1.47.%>*"*% Figure
3b shows thus deduced projected magnetic moments. If there
was no magnetic anisotropy and magnetic moments always
pointed toward the magnetic field direction, the data would
follow a sine curve, as shown by the blue curve in Figure 3b.
However, the data clearly deviate from the sine curve,
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indicating considerable magnetic anisotropy in this system.
Here, we reproduce the data using the Stoner—Wohlfarth
model. In this model, the total energy of the system is
expressed as

E=—pM
Hopr2
+7M

H cos(6y; — 0y)

sat

at cos® Oy — Ky cos® Oy (1)
where i, denotes the permeability of the vacuum, M, is the
saturation magnetization, H is the magnitude of the magnetic
field, and Ky is the uniaxial magnetocrystalline anisotropy
energy per unit volume. As shown in Figure Ic, 6, and 0y
represent the angles of the magnetic moment and the magnetic
field relative to the sample normal (c-axis direction),
respectively. The first term represents the Zeeman energy,
the second term represents the shape anisotropy energy, and
the third term represents the uniaxial anisotropy energy. From
this formula, one can calculate 6y, [or the projected moment
M., cos(45° — 0,))] for given Oy, H, M, and Ky values by
minimizing the total energy E. In this way, we have fitted the
data by treating Ky; and M, as free parameters, and the results
are shown by the red curve in Figure 3b. The fit yielded Ky, =
(6.2 + 0.5) X 10* J/m® and saturation magnetization per Mn
atom myg, = 0.60 + 0.03 up. These values give an anisotropy
field poHy = 2K/ M, of 0.85 & 0.07 T. A positive value of Ky
means that the easy axis is along the c-axis, which is consistent
with a previous study.17 The obtained my, of 0.60 py at 20 K is
also consistent with a previous study’s’ saturation magnet-
ization (not shown here) but significantly smaller than that of
(Ga,Mn)As, 2—4 pp.***° The cause of the reduction was
theoretically attributed to the preferential formation of
antiferromagnetically coupled nearest-neighbor Mn pairs'®
but should be clarified experimentally in future studies, for

https://dx.doi.org/10.1021/acsaelm.0c00938
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example, by performing XMCD measurements at various
temperatures and magnetic fields.”*~*

Figure 3c shows the TXMCD spectra, namely, XMCD
spectra taken with the transverse geometry (6 = —70, 110° or
0y ~ —45, 135°) at which the spin component in the projected
magnetic moment disappears and only the magnetic dipole
term is present. For the numerical correspondence between 6,
and Oy in the TXMCD geometry, refer to the inset of Figure
3b. The angles of the magnetic field were set such that the
XMCD intensity was minimized. In Figure 3c, the dashed
curves represent the actual data and solid curves are guide to
the eye, which are obtained by curve fitting with three Voigt
functions. The spectral line shape is very different from that of
LXMCD, indicating that the signals observed here are not due
to the residual spin component. Moreover, the sign of the
TXMCD spectra is reversed by rotating the magnetic field by
180°. If these weak TXMCD spectra were just differential XAS
spectra resulting from the slight photon energy difference
between left- and right-circularly polarized X-rays, the two
TXMCD spectra taken with the different magnetic field
directions should coincide. Therefore, the sign reversal
observed here is strong evidence to prove that the TXMCD
signals are not artifacts but are real.

The calculated TXMCD spectra are also shown at the
bottom of Figure 3c. Although there are some discrepancies in
the line shapes, the overall features capture the experimental
observations well. According to the calculation, 0.2 eV D,q
splitting resulted in almost fully occupied (~98% filled)
majority-spin d,,, dz and dg_; orbitals and slightly less
occupied (~89% filled) d,, and d,, orbitals. Therefore, holes
are predominantly doped into the d,;, and d,, orbitals or p—d,.
and p—d,, hybridized orbitals. Note that the minority-spin
orbitals are almost completely empty.

This situation is schematically depicted in Figure 3d. Under
the tetrahedral crystal field, the five Mn 3d orbitals are split
into doubly degenerate e (d2_7 d;2) orbitals and triply
degenerate t, (d,,, d,,, d,,) orbitals, as shown on the left-hand
side of Figure 3d. The t, orbitals strongly hybridize with As 4p
orbitals and form bonding and antibonding p—t, orbitals, while
the e orbitals remain intact, as shown in the middle column of
Figure 3d. The bonding and antibonding p—t, hybridized
orbitals predominantly consist of t, and p orbitals, respectively.
This orbital configuration is realized in cubic (Ga,Mn)As, and
the holes residing in the antibonding p—t, hybridized states are
the source of ferromagnetic exchange interactions. The
elongation or compression of the MnAs, tetrahedra along
the c-axis splits each of the t, and e energy levels further into
sublevels: the t, level splits into (d,,, dyz) and d,, levels, and the
e level splits into d,>_,> and d,* levels. In the present system, the
d,. and d,, levels are higher in energy than the d,, level, and the
d,_y level is higher in energy than the d_> level,’ * as shown on
the right-hand side of Figure 3d. The doped holes thus reside
in the p—d,, and p—d,, hybridized antibonding orbitals.

Magnetocrystalline anisotropy arises as a consequence of the
energy gain of electrons occupying crystal-field-split orbitals
caused by spin—orbit coupling when spins are aligned along a
certain crystallographic direction, and only the orbitals near the
Fermi level are relevant. In the present system, the p—d,, and
p—d,. hybridized antibonding orbitals near the Fermi level
with holes in them should be responsible for the magnetic
anisotropy. Figure 3e shows how the partially occupied d,, and
d,, orbitals can give rise to perpendicular (z-axis) magnetic

Yz
anisotropy. When spins are aligned along the z-axis by a

magnetic field, the degeneracy of the d,, and d,, orbitals will be
lifted due to spin—orbit interactions to form d,, + id,, (L, =
+1) orbitals, resulting in an energy gain. On the other hand,
when spins are aligned in the x—y plane, the d,, and d,, orbitals
remain degenerate because any linear combination of these
orbitals cannot form the eigenstate of L, or L,, and thus, there
is no energy gain. This anisotropy of the orbital magnetic
moment may explain the difference in the out-of-plane and in-
plane saturation magnetizations observed in a previous study.’
This situation is similar to the cases of Fe/MgO‘“’42 and Co/
Pt interfaces,”’ where the origin of their large perpendicular
magnetic anisotropy was attributed to the degeneracy lifting of
the d,, and d,, orbitals near the Fermi level.

The present results also suggest that it is possible to control
the magnetic anisotropy by changing the number of carriers to
change the electron occupation of each d orbital or even by
isoelectric substitutions that change the magnitude of the D4
splitting. These degrees of freedom, tuned by charge carrier
engineering and atomic orbital engineering, would enable one
to independently control the Curie temperature, carrier
concentration, and magnetic anisotropy, which would be
useful for future spintronics applications.

4. CONCLUSIONS

In summary, we performed an angle-dependent XMCD study
to reveal the origin of the perpendicular magnetic anisotropy of
(Ba,K)(Zn,Mn),As,. Using the Stoner—Wohlfarth model, the
magnetic anisotropy energy was estimated to be Ky = (6.2 +
0.5) X 10* J/m? and the saturation magnetization per Mn
atom was estimated to be myg, = 0.60 & 0.03 yi5. We observed
transverse XMCD spectra, which were well reproduced by
performing cluster-model calculations with D, splitting where
holes reside in the d,, and d,, orbitals. We conclude that the
magnetic anisotropy originates from the degeneracy lifting of
those orbitals due to spin—orbit coupling and the resulting
energy gain when spins are aligned along the z-direction.
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