
PHYSICAL REVIEW MATERIALS 4, 094412 (2020)

Effects of structure modulation on the magnetic properties in diluted
magnetic semiconductor Li1+yZn0.9Mn0.1As1.0
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The emergence of spintronic applications has stimulated intense interest due to expectations for new
functionalities and devices. However, in a I-II-V diluted magnetic semiconductor Li(Zn, Mn)As system
as a corresponding material, the mechanism of the doping and ferromagnetism is not clear yet. Here,
we used aberration-corrected scanning transmission electron microscopy to investigate the microstructures
of the paramagnetic and ferromagnetic Li1+yZn1–xMnxAs (nominal composition: Li1.0Zn0.9Mn0.1As1.0 and
Li1.1Zn0.9Mn0.1As1.0) compounds at atomic scale. Our results provide clear evidence that superstructures exist
in a diluted magnetic semiconductor. We also reveal the origin of the modulated structure of the Li(Zn, Mn)As
system. With the above studies, we indicate the relationship between the structure and magnetism, and investigate
the charge and spin controlling mechanism in the diluted magnetic semiconductor. Our studies may provide a
way to search for diluted magnetic semiconductors with novel and excellent properties.
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I. INTRODUCTION

The increasingly widespread utilization of information
high-speed processing and high-density storage has caused
huge demands for improving current semiconductor and mag-
netic devices. Considerable attention has been focused on
their applications in the charge degree of freedom of electrons
in semiconductor materials and the spin degree of freedom in
magnetic memories [1–8]. Traditional approaches focus on ei-
ther the electronic charge or the spin, rather than utilizing both
properties. In addition, performance of individual charge- or
spin-based devices may deteriorate when they are miniatur-
ized, which presents another issue for trying to meet demand
by scaling down devices [9]. Dilute magnetic semiconductors
(DMSs) which combine the advantages of semiconductors
and magnetic storage are excellent candidate materials to
generate new information devices that exploit charge and spin
characteristics simultaneously [10–12]. These spin-sensitive
electronic (spintronic) devices have the potential to process
and store information instantaneously, potentially with an
overall improved efficiency and integration densities over
traditional devices, such as the spin-field effect transistor,
magnetic tunnel junction, magnetoresistive random access
memory, etc. [13].
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However, for the representative III-V DMSs, such as the
(In, Mn)As and (Ga, Mn)As films, the major challenge is
that material quality and properties exhibit high sensitivity to
the fabrication method and annealing treatments [14] due to
the heterovalent substitution of Mn2+ into Ga3+. Meanwhile,
heterovalent (In/Ga,Mn) substitution leads to coupled charge
and spin doping and prohibition of n-type doping for a poten-
tial p − n junction device. Therefore, the Li1+y(Zn1–xMnx )As
system was designed and synthesized to overcome the dis-
advantage. In bulk Li1+y(Zn1–xMnx )As, Li concentration is
modified to dope charge and isovalent (Zn,Mn) substitution
is for decoupled spin doping. Theoretically the carrier type
of Li1+y(Zn1–xMnx )As can be controlled individually with
excess/deficient Li concentrations (see Supplemental Material
[15]).

Two main questions remain open for the system. First,
excess Li in Li1+y(Zn1–xMnx )As generates holes rather than
the electrons we would expect. The doping mechanism is
necessary to clarify for designing future spintronic devices.
Second, we do not understand the ferromagnetic mechanism
in Li1+y(Zn1–xMnx )As. The change of doping concentration
of Li ions is very small yet causes a huge difference in
magnetic property, which is hard to explain. The mechanism
of controlling the electronic spin degree of freedom and the
origin of ferromagnetism induced by substituting Zn ions with
Mn ions can usually be explained by the Zener model [16–18]
and magnetic polaron theories [19]. However, these theories
cannot fully explain the mechanism. Therefore, if we can
control the charge and spin degrees of freedom in DMSs,
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there will be huge potential for designing high-performance
spintronic devices.

Crystal structure is one of the most important factors
to determine physical properties. Benefiting from using the
bulk form of Li1+y(Zn1–xMnx )As, we applied transmission
electron microscopy (TEM) to study the microstructure of
Li1+y(Zn1–xMnx )As at the atomic scale. In this work, we
choose typical samples, paramagnetic Li1.0Zn0.9Mn0.1As1.0

and ferromagnetic Li1.1Zn0.9Mn0.1As1.0 (nominal composi-
tions), to explore the microstructures. We found two ordered
and identical superstructures in both samples. Moreover, we
obtained direct evidence of the positions occupied by the
excessive Li, doped Mn and Zn ions, with an aberration-
corrected transmission electron microscope. Our results
bridge the gap between the microstructures and physical
properties of I-II-V Li(Zn, Mn)As system, and answer pre-
liminarily the p-type doping and the ferromagnetic origin for
the system.

II. EXPERIMENTS

The polycrystalline samples of Li1.0Zn0.9Mn0.1As1.0 and
Li1.1Zn0.9Mn0.1As1.0 were prepared by the solid-state reac-
tion with high-purity elements (see Supplemental Material
[15]). The phases of the powder samples were characterized
by x-ray diffraction (XRD) with Cu Kα radiation at ambient
temperature. The specimens for TEM and scanning transmis-
sion electron microscopy (STEM) were milled and dispersed
into high-purity ethanol and transferred onto a carbon film
with a copper supporting grid. Because of the high chemical
activity and volatility of lithium, the above operations were
carried out in a glove box filled with Ar gas under 1 atm pres-
sure. The aberration-corrected TEM and STEM experiments
were performed on a JEOL ARM200F transmission electron
microscope equipped with double Cs correctors (CEOS) for
the condenser lens and objective lens. Annular bright-field
(ABF) and high-angle annular dark-field (HAADF) images
were acquired at acceptance angles of 11.5–23.0 and 90–370
mrad, respectively. The available spatial resolution for each
of the STEM images is better than 78 pm at 200 kV. Room-
temperature neutron powder diffraction (NPD) was performed
on the GPPD (general purpose powder diffractometer) time-
of-flight diffractometer at CSNS (China Spallation Neutron
Source), Dongguan, China. Samples were loaded in 9.1-mm
vanadium cans and patterns were collected with wavelength
band 0.1–4.9 Å.

III. RESULTS AND DISCUSSION

The x-ray diffraction patterns together with the structural
model of LiZnAs (Fig. S1 in the Supplemental Material
[15]) and the temperature dependence of magnetization curves
are shown in Figs. S1 and S2, respectively [15]. In the
paramagnetic compound Li1.0Zn0.9Mn0.1As1.0, we found a
commensurately modulated structure with 2a periodicity from
our TEM experiments. The corresponding selected area elec-
tron diffraction (SAED) patterns along the [011] and [0-11]
zone axes are shown in Figs. 1(a) and 1(b), respectively.

We performed the high-angle annular dark-field (HAADF)
and annular bright-field (ABF) experiments for the paramag-

FIG. 1. SAED patterns of paramagnetic Li1.0Zn0.9Mn0.1As1.0

sample with 2a modulated structure along the (a) [011] and (b) [0-11]
zone axes, respectively.

netic sample Li1.0Zn0.9Mn0.1As1.0 in order to study the details
of the 2a modulated structure. Figures 2(a) and 2(b) show
the HAADF and ABF images of the 2a modulated structure
along the [011] zone axis, respectively. In Fig. 2(b), from
the line scan intensity profile (yellow curve) along the left
red frame, it can be seen that the contrast changes from
original strong-weak-strong-weak-strong shape to strong-
weak-weak-weak-strong shape. The original Zn-Li-Zn-Li-Zn
alternating arrangement of atomic columns, which forms a
basic lattice for an undoped LiZnAs semiconductor, turns
into the Zn/Zn(Mn)-Li-Li-Li-Zn/Zn(Mn) atomic arrangement
(the slashes denote the overlap of different atoms along the

FIG. 2. (a) HAADF and (b) ABF images of paramagnetic
Li1.0Zn0.9Mn0.1As1.0 sample with 2a modulated structure along the
[011] zone axis. (c) HAADF and (d) ABF images of paramagnetic
Li1.0Zn0.9Mn0.1As1.0 sample with 2a modulated structure along the
[0-11] zone axis. The yellow curves indicate line scan intensity
profiles along red frames, respectively. The corresponding structural
models and atomic sites are indicated and superimposed on the
images (b,d).
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FIG. 3. Constructed structural model of supercell of param-
agnetic Li1.0Zn0.9Mn0.1As1.0 sample with 2a modulated structure
almost along (a) [011] and (b) [0-11] zone axes, respectively. Green,
blue, and red balls indicate Li, As, and Zn atoms, respectively. Purple
balls indicate ∼80% Mn + ∼20% Zn (for keeping Mn/Zn = 1/9).

observing direction and the parentheses refer to the mixed
occupation of different atoms). The right adjacent line scan in-
tensity profile shows that the original Li-Zn-Li-Zn-Li atomic
arrangement (weak-strong-weak-strong-weak contrast) turns
into the Li-Zn-Zn-Zn-Li atomic arrangement (weak-strong-
strong-strong-weak contrast). This reveals that the regular
exchange between the Li atomic columns and the Zn atomic
columns, which is indicated by the cyan frames that are ar-
ranged in a zigzag pattern, forms this special 2a modulated
superstructure. Due to the fact that the nominal Li elemental
composition of the paramagnetic sample Li1.0Zn0.9Mn0.1As1.0

is 1.0, the thorough exchange between Li atomic columns and
Zn atomic columns could occur.

In addition, we carried out the observations along the [0-
11] zone axis and present the corresponding HAADF and
ABF images of the paramagnetic sample Li1.0Zn0.9Mn0.1As1.0

in Figs. 2(c) and 2(d), respectively. In Fig. 2(d), the line scan
intensity profiles (yellow curves) along the red frames indicate
that the original Zn-Li-Zn-Li-Zn atomic arrangement in the
left turns into the Zn(Mn)/Li-Li-Zn/Li-Li-Zn(Mn)/Li atomic
arrangement; meanwhile the original Li-Zn-Li-Zn-Li atomic
arrangement in the right turns into the Zn/Li-Zn-Zn/Li-Zn-
Zn/Li atomic arrangement. In particular, the contrast of the
Zn/Li atomic column is weaker than that of the Zn atomic
column as indicated by the cyan circles.

Furthermore, we constructed a superstructure with a rep-
etition period of 2a in Fig. 3 in order to investigate the
commensurately modulated structure. Since our superstruc-
ture model is ideal without modifying, there is a slight
discrepancy between the simulated and experimental patterns.

The projection views of the commensurately modulated
structural model are shown in Figs. 3(a) and 3(b) for the
paramagnetic Li1.0Zn0.9Mn0.1As1.0 along the two mutually
perpendicular zone axes [011] and [0-11], respectively (re-
ferred to as the basis vector a0 of the LiZnAs structure).
The modulated structure has an orthorhombic structure with
a space group of Imm2 and the cell parameters are as fol-
lows: a ≈ 8.4132 Å (

√
2a0), b ≈ 8.4132 Å (

√
2a0), and c ≈

11.8980 Å (2a0) (the volume is four times that of the unit cell
of the LiZnAs structure and the density is 0.057 ions/Å3).
It should be noted that the composition of this constructed
superstructure is indicated in Li1.0Zn0.9Mn0.1As1.0, which is
consistent with the experimental nominal composition. We
found mutual thorough substitution occurs between Li (green

balls) and Zn (red balls) atomic columns [Fig. 3(a), yellow
frames with a regular zigzag arrangement]. However, the sub-
stitution between Li and Zn in Li1+y(Zn1–xMnx )As was not
observed in a similar sample, Li1+x(Zn, Mn)P, by nuclear
magnetic resonance measurement [20]. Additionally, in the
top layer of the atomic arrangement of the LiZnAs basic
structure, Zn-As (blue balls)-Li-Zn-As-Li-Zn turns into the
Li (the substitution of Li for Zn)-As-Zn (the substitution of
Zn for Li)-Zn/Zn(Mn) (the Mn is doped into Zn)-As-Li-Li
(the substitution of Li for Zn) atomic arrangement. To keep
the doping ratio Mn/Zn = 1/9, the purple balls denote ∼
80% Mn+ ∼ 20% Zn (atomic ratio), whose average atomic
number is about 26, close to the atomic number of Fe element.
Due to the close atomic numbers between the Zn ion and
the Zn(Mn) ion, the contrasts of Zn/Zn(Mn) and Zn atomic
columns are similar in the ABF image as shown in Fig. 2(b),
corresponding to the black arrows in Fig. 3(a). After rotating
90° with respect to the [011] direction, the [0-11] projection of
the constructed superstructure model is presented in Fig. 3(b).
Since the average atomic number of Zn/Li is smaller than the
atomic number of Zn, a weaker contrast of the Zn/Li atomic
column than that of the Zn atomic column is observed in
the ABF image as shown by the cyan circles in Fig. 2(d),
corresponding to the yellow circles in Fig. 3(b). According to
the above observations, we propose that the regular exchange
between the Li atomic columns and the the Zn atomic columns
gives rise to the long-range commensurately modulated struc-
ture, thus further affecting the electronic charge distribution
induced by Li doping. Therefore, we deduce that the forma-
tion of a modulated structure may be a new mechanism for
controlling carriers in the paramagnetic Li1.0Zn0.9Mn0.1As1.0

sample.
In order to investigate the difference in microstructure be-

tween the paramagnetic sample and ferromagnetic sample,
we also conducted TEM and scanning transmission elec-
tron microscopy (STEM) experiments for the latter. Figures
S3(a) and S3(b) [15] display the SAED patterns of the fer-
romagnetic Li1.1Zn0.9Mn0.1As1.0, which indicate clearly the
2a modulated structure along the [011] and [0-11] zone
axes, respectively. Furthermore, Figs. 4(a)–4(c) show the
HAADF and ABF images along the [011] zone axis and
corresponding line scan intensity profiles, respectively, for
the ferromagnetic Li1.1Zn0.9Mn0.1As1.0 (Tc ∼ 37 K). Like the
paramagnetic sample [Figs. 2(a) and 2(b)], a 2a modulated
structure is also observed in the ferromagnetic sample. The
intensities in the cyan frames in Fig. 4(c) indicate that a
regular exchange between the Li atomic columns and the Zn
atomic columns also occurs as shown by the yellow frames in
Fig. 4(b), forming the commensurately modulated structure.

Figures 4(d) and 4(e) show the HAADF and ABF images
along the [0-11] zone axis, respectively. The line scan inten-
sity profiles (yellow curves) along the red frames in Fig. 4(e)
are also inserted. It can be seen that the contrast turns from
the original strong-weak-strong-weak-strong shape into the
strong-weak-not too strong-weak-strong shape. That is, the
original atomic arrangement Zn-Li-Zn-Li-Zn turns into the
arrangement Zn/Li-Li-Zn(Mn)/Li-Li-Zn/Li. The Zn atomic
columns are substituted by Zn(Mn)/Li atomic columns,
forming an orderly modulated structure, which is con-
ducible to inducing the ferromagnetic property when T < Tc.
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FIG. 4. (a) HAADF and (b) ABF images of ferromagnetic
Li1.1Zn0.9Mn0.1As1.0 sample with 2a modulated structure along the
[011] zone axis. Curves in panel (c) show line scan intensity profiles
along red frames in panel (b). (d) HAADF and (e) ABF images
of ferromagnetic Li1.1Zn0.9Mn0.1As1.0 sample with 2a modulated
structure along the [0-11] zone axis. Yellow curves indicate line scan
intensity profiles along red frames in panel (e). The corresponding
structural models and atomic sites are indicated and superimposed
on the images (b, e).

Comparing the intensity line scan profiles in Figs. 4(c) and
4(e), we can find that the intensity ratios of the atomic
columns are Zn : Li = 7 : 3 and Zn/Li : Zn(Mn)/Li : Li =
21 : 12 : 8, respectively.

Similarly, we also proposed a superstructure with a repeti-
tion period of 2a for the ferromagnetic Li1.1Zn0.9Mn0.1As1.0

sample, and Figs. 5(a) and 5(b) show the projection views
of the commensurately modulated structure model along the
[011] and [0-11] zone axes, respectively. Due to elemental
composition y ≈ 0.1 in the ferromagnetic sample, the actual
concentration of Li is close to 1.1; therefore the Zn ions
are substituted by Li ions completely while the excessive Li
ions are still retained at the initial positions, forming Zn(Li)
ions indicated by yellow balls in Fig. 5(a). The elemental
composition of the yellow balls indicates ∼60% Zn + ∼40%
Li for keeping Li = 1.1. In Fig. 5(a), the yellow frames in-
dicate the orderly exchange between the Li atomic columns

FIG. 5. Constructed structural model of the supercell of ferro-
magnetic Li1.1Zn0.9Mn0.1As1.0 sample with 2a modulated structure
almost along the (a) [011] and (b) [0-11] zone axes, respectively.
Green, blue, and red balls indicate Li, As, and Zn atoms, respectively.
Purple balls indicate ∼72% Mn + ∼28% Zn (to keep Mn/Zn = 1/9)
and yellow balls are ∼ 60% Zn+ ∼ 40% Li (to keep Li = 1.1).

and the Zn(Li) atomic columns, thus forming a 2a modulated
structure. Along the [0-11] zone axis [Fig. 5(b)], some Zn
ions are partially substituted by Mn ions, forming purple balls
whose elemental composition is ∼72% Mn + ∼28% Zn in
order to guarantee that the Mn/Zn ratio is 1/9 (the average
atomic number is about 26.4, close to the atomic number
of Fe element). For this superstructure model, the composi-
tion is Li1.1Zn0.81Mn0.09As1.0; thus some extra (Zn+Mn) ions
may form interstitial atoms or stay in the grain boundaries
when considering the nominal composition. In this case, the
composition Li1.1Zn0.81Mn0.09As1.0 confirms the assumption
that the p-type carrier is from the excess Li that occupies the
substitutional Zn/Mn sites (see Supplemental Material [15]).

In the top layer of Fig. 5(b), according to the nominal
composition of the yellow balls, Zn (∼60%)/Li (40%), their
average atomic number is about 19.2, close to the atomic
number of K element. Therefore, compared with the con-
trast of Zn/Li atomic columns, the contrast of Zn(Li)/Li
atomic columns should be weak, which is indicated by red ar-
rows. Additionally, the contrast of Mn(Zn)/Li atomic columns
should also be weaker than that of Zn/Li atomic columns
indicated by the black arrows, implying that we can obtain
elemental contrast at atomic resolution in the ABF images.
Our ABF results described above [Figs. 4(b) and 4(e)] are also
consistent with the above analyses. However, in the paramag-
netic sample, since the amount of Li is close to 1.0, this kind
of contrast difference is not observed.

According to the report of Deng et al.(see Supplemental
Material [15]), the highest Curie temperature of the Li(Zn,
Mn)As system series is still lower than the requirement of
practicality. To further improve TC of this DMS system, one
needs to obtain deep insight of its ferromagnetic mechanism.
Surprisingly, we found some superstructures in the Li(Zn,
Mn)As system. Furthermore, the results of room-temperature
neutron powder diffraction (NPD) support the existence of
superstructures. The Rietveld refinement of the NPD pattern
for the ferromagnetic Li1.1Zn0.9Mn0.1As1.0 (Tc ∼ 37 K) sam-
ple is performed (Fig. 6). The green arrows indicate weakly
modulated diffraction peaks corresponding to the superstruc-
ture (other modulated diffraction peaks are so close to basic
diffraction peaks that they cannot be distinguished from the
basic diffraction peaks clearly). It is worth noting that the two
diffraction peaks can only be found in NPD rather than XRD
due to the low x-ray scattering length of Li. The d values of
modulated diffraction peaks are 2.305 and 2.659 Å, respec-
tively, which are consistent with the (321)∗ and (222)∗ lattice
spacing of constructed ferromagnetic superstructure in Fig. 5
(∗ represents the diffraction peaks of modulated structure).
This verifies the rationality of the constructed ferromagnetic
superstructure in principle though there might be some dis-
crepancy in occupancy ratio. Except for the (321)∗ and (222)∗
modulated diffraction peaks, all identifiable diffraction peaks
can be indexed according to the LiZnAs basic structure.

It should be noted that such a small change of the Li
composition (paramagnetic sample y = 0; ferromagnetic sam-
ple y = 0.1) can lead to a huge difference in the magnetic
property of Li1+yZn0.9Mn0.1As1.0. We consider that the mag-
netic interaction induced by the doped Mn ions is strongly
affected by the excessive Li ions. According to the Zener
model [16–18], the magnetic interaction occurs between the
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FIG. 6. Rietveld refinement (Rwp = 8.47% and Rp = 5.87%) re-
sult of room-temperature neutron powder diffraction data by using
GSAS software for ferromagnetic Li1.1Zn0.9Mn0.1As1.0 (Tc ∼ 37 K)
sample based on LiZnAs model. Observed (black circles) and calcu-
lated (red solid line) neutron diffraction patterns are shown (upper).
The difference between observed and calculated intensities is shown
by blue solid line (lower). The green arrows indicate the diffraction
peaks of the modulated structure.

local magnetic moments of magnetic ions through hole carri-
ers as a medium in valence bands, while the magnetic polaron
theory considers the fact that the magnetism originates from
the defect-controlled ferromagnetic exchange interaction [19].
However, neither of the above theories could perfectly explain
the observed magnetism. In either the Zener model or the
magnetic polaron theory, doped magnetic cations have ran-
dom distribution in lattices. On the contrary, we found the
superstructures in Li1+yZn0.9Mn0.1As1.0 samples. From the
perspective of structures, our results show some degree of dif-
ference from the Zener model or magnetic polaron theory. For
our case, the first-principles calculations with Perdew, Burke,
and Ernzerhof (PBE) exchange correlation was performed
by VASP for investigating the relationship between the super-
structure and magnetic property of the Li1+yZn0.9Mn0.1As1.0

sample and the spin controlling mechanism induced by Mn
doping [21–23]. (See Fig. 7.)

In order to simplify the calculations, we construct all
possible supercells containing Li8Zn8As8 from the cubic
structure of LiZnAs and the tetragonal structure of LiM-
nAs, and then we substitute one of the Zn atoms by Mn
(nominal composition: Li8MnZn7As8) without considering
the exchange between Li atoms and Zn atoms. We calculate
the volume-dependent total energy of different structures with
spin polarization after substitution as shown in Fig. 7(a). It
reveals that the Amm2 and Pmm2 structures constructed from
cubic LiZnAs with a sqrt(2)a0 × sqrt(2)a0 × 2a0 (S2S22C)
supercell have similar lowest energy, while other structures
with sqrt(2)a0 × sqrt(2)a0 × 2a0 (S2S22C) from tetragonal
LiMnAs have relatively high energy. Although the energy dif-
ference between the Amm2 structure and the Pmm2 structure
is very minute (just several meV), we prefer the higher-
symmetrical Pmm2 for the supercell. Here, it should be

FIG. 7. (a) Volume dependence of total energy of different struc-
tures with spin polarization after substitution in Li1+yZn0.9Mn0.1As1.0

samples. Empty squares and triangles and solid circles correspond to
supercells constructed from tetragonal LiMnAs and cubic LiZnAs
with Amm2 and Pmm2 space groups, respectively. (b) Energy band
structure of Li8MnZn7As8 sample and corresponding DOS results.

pointed out that the symmetry of the modified supercell is
different from that of the suggested structural models in
Figs. 3 and 5. This difference, we think, comes from the
simplification of the supercell model used in calculation, in
which the exchange between Li atoms and Zn atoms is not
included. Figure 7(b) indicates the results of energy band
structures and the corresponding density of states (DOSs) for
Li8MnZn7As8. The ground state is of a semiconductor with a
small band gap, which is consistent with the reported transport
property (Supplemental Material [15]). The calculated mag-
netic momentum of Mn is about 4.9 μB, i.e., high spin state.
For the Li1.0Zn0.9Mn0.1As1.0, the Mn-Mn distance is long so
that the direct ferromagnetic exchange can be ignored, and
only the antiferromagnetic superexchange mediated by the
As 3p orbitals dominates. However, with increasing Li con-
centration, the extra electron will provide more carriers and
mediate the ferromagnetic double exchange between Mn ions.
Therefore, the extra Li doping induces the ferromagnetism to
occur in Li1+yZn0.9Mn0.1As1.0 serial samples. We deduce that
the formation of modulated structure may be an alternative
mechanism for controlling electronic spin degree of freedom.

It should also be noted that the composition percentages of
atomic columns may have discrepancies between our struc-
tural models and real structures. However, our studies propose
approximate models for the superstructures observed in our
samples.

IV. CONCLUSIONS

Considerable attention to current semiconductor and mag-
netic devices is paid because of enormous demands for
information high-speed processing and high-density storage.
In a diluted magnetic semiconductor Li(Zn, Mn)As system,
the mechanism of doping and ferromagnetism has not been
fully explained. We focus on the relationship between the
microstructures and different magnetisms of the paramagnetic
Li1.0Zn0.9Mn0.1As1.0 and ferromagnetic Li1.1Zn0.9Mn0.1As1.0

samples. We find superstructures in diluted magnetic semi-
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conductor. Paramagnetic Li1.0Zn0.9Mn0.1As1.0 and ferromag-
netic Li1.1Zn0.9Mn0.1As1.0 have an identical superstructure
with different element occupancy ratios. The exchange
between Li atoms and Zn atoms gives rise to a 2a commensu-
rately modulated structure in both samples. In ferromagnetic
Li1.1Zn0.9Mn0.1As1.0, the excess Li occupies Zn/Mn sites
to generate the p-type carrier. Therefore, it is beneficial to
achieve spintronic p − n junction devices. Theoretical cal-
culations indicate that the magnetic interaction induced by
doped Mn is strongly affected by the excessive Li. We deduce
that the formation of modulated structure may be an alter-
native mechanism for controlling electronic charge and spin
degrees of freedom in the Li1+yZn0.9Mn0.1As1.0 system. Our
results provide a unique perspective to study the ferromag-
netic mechanism of DMSs.
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