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We report on the magnetic and electronic properties of single crystalline Ga0.91Mn0.09S, which
is a quasi-two-dimensional diluted magnetic semiconductor. Through an analysis of magnetization
data, we show the existence of an anomalously high spin-glass transition temperature at 11.2 K.
Using density functional theory (DFT), we characterize the properties contributing to the spin-glass
transition through an examination of the electronic and magnetic properties for Ga1−xMnxS with
x varying from 0.00 to 0.18 by randomly substituting Mn atoms into the gallium (Ga) lattice sites.
We show that the presence of magnetic atoms produces impurity bands in the electronic structure,
where an analysis of the density of states shows an increase in magnetic impurity bands at the Fermi
level that lowers the semiconducting gap and is consistent with diluted magnetic semiconductors.
Furthermore, this indicates that the spin-glass transition in Ga0.91Mn0.09S is similar to other
DMS materials, where the primary mechanism is likely through magnetic exchange. However, the
increased electron density in the system with Mn doping could explain the anomalously higher spin-
glass transition temperature in Ga0.91Mn0.09S. In comparison with the substantially lower transition
temperatures in related II-VI based systems (i.e., Zn1−xMnxTe), the high transition temperature is
typically associated with more metallic spin-glass systems that interact through RKKY exchange,
which leads to the conclusion that there may be a combination of interactions occurring in these
systems. Further measurements on the other substitution percentages will hopefully clarify these
interactions.

I. INTRODUCTION

Early spin-glass materials such as Cu1−xMnx and
Au1−xFex consist of a metal (e.g., Au, Cu, or Ag) with
transition metal ions (e.g., Fe, Mn, or Cr) embedded
throughout the host metal1. The magnetic properties
introduced by the transition metal impurities created
promising opportunities to investigate transport proper-
ties and the interaction of magnetic moments in met-
als and dilute alloys2. These materials undergo a long-
range magnetic transition from the normal state above
the critical temperature Tc to the spin-glass state below
Tc. This long-range magnetic ordering arises from the
s-d exchange interaction between the conducting elec-
trons of the metal host and the substituted magnetic ions.
The mechanism for the spin-glass transition was based on
the Ruderman, Kittel, Kasuya, and Yosida (RKKY) ex-
change mediated by conduction electrons. In the RKKY
exchange, spin polarization is induced in conduction elec-
trons which leads to indirect coupling between magnetic
ions3–6.

In contrast, insulating spin-glass materials derived
from chalcogenides (e.g., EuxSr1−xS, EuxSr1−xAs3, and
EuxSr1−xTe)

1 lack readily available conduction electron
states. Without conduction electrons, the RKKY ex-
change cannot exist, and so it was not considered possi-
ble that these materials could undergo a true spin-glass
transition. Instead, the coupling between magnetic ions
in insulating materials is dominated by superexchange7.
This exchange channel results from sp-d hybridization
where neighboring magnetic ions are coupled through
orbital interactions between magnetic and non-magnetic
ions8. EuxSr1−xS is a particularly short-range spin-glass
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FIG. 1: Crystal structure for Ga1−xMnxS lattice in ab-plane
(top panel) and along the c-direction (bottom panel).

with a strong neighbor and next-nearest neighbor spin
interactions. The insulating EuxSr1−xS system transi-
tions from spin-glass behavior to a superparamagnetic
state for concentrations below the percolation threshold
xp = 0.131,9. This case provides strong evidence against
a model in which independent clusters of spins describe a
spin-glass9. With the acceptance of superexchange as the
dominant mechanism for interactions between magnetic
ions in insulating systems, Eu1−xSrxS and other insulat-
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FIG. 2: (a) Normalized magnetization versus temperature
and field for Ga0.91Mn0.09S. Note the log scale on the H(T)
axis. (b) Magnetization versus temperature for the system
taken in a 0.1 T field. The critical temperature Tc at 11.2
K is just above the 10.9 K cusp at low fields. Above the
Tc, the spin-glass exhibits paramagnetism. Below the Tc, the
magnetization exhibits behavior that suggests that a spin-
glass transition is taking place. The 0.1 T magnetization data
was previously published in Ref. [35].

ing materials were established as a new class of spin-glass
systems.
Transition-metal chalcogenide materials have become

a hot topic in the field of condensed matter physics due
to their semiconducting properties and wide range of
configurations and elemental variance10–13. These are
materials that are sulfur (S), selenium (Se), and tel-
lurium (Te) based, where the tunability of these mate-
rials makes them ideal for technological applications as
well as provides a playground for the examination of com-
plex interactions11.
The chalcogenide materials can have many differ-

ent configurations depending on the crystal symme-
try around the metal atoms. The most popular are
the dichalcogenide materials (MX2)

12,14–18. These two-
dimensional (2D) materials have hexagonal structures
that have a sandwich like configuration (X-M-X), where
M is typically a transition metal. This configuration
typically leads to semiconducting materials with either
a direct band gap (monolayer) or indirect band gap

FIG. 3: The nonlinear magnetization data analyzed ac-
cording to a universal scaling model for Ga0.91Mn0.09S and
Zn0.49Mn0.51Te. There is an excellent overlap following the
same universal scaling function over the entire range. The uni-
versal scaling relation was used to confirm that Ga0.91Mn0.09S
alongside Zn0.49Mn0.51Te undergoes a true spin-glass transi-
tion. This analysis was previously published in Ref. [35].

(bulk)19,20.
Additionally, there are monochalcogenide configura-

tions. Typically, the transition metal monochalcogenide
materials are bulk materials ranging from cubic to hexag-
onal structures13,21–23. However, the M2X2 configura-
tion of the MX chalcogenides mixes the 2D structure of
dichalcogenide materials with the stoichiometry of the
monochalcogenide materials. Similar to the dichalco-
genides, the 2D MX chalcogenides have two metal atoms
in the center (X-M-M-X), where the M and X bond form
a honeycomb lattice in the ab-plane and quasi-2D layers
that are connected through van der Waals interactions
(illustrated in Fig. 1.)
The 2D MX chalcogenide materials are typically pro-

duced using M = Ga and In, which leads to insulating
materials such as GaS24,25. However, the doping of the
Ga and In sites with transition-metal elements has lead to
interesting physical phenomena such as long range mag-
netic order and spin interactions26–35.
Gallium sulfide (GaS) and other III-VI doped and

un-doped semiconductors are well known for exhibit-
ing remarkable optical properties including a large non-
linear coefficient, THz generation and detection, high-
temperature operation, high damage threshold, and a
wide transparency range36–45. Doping with Te40,41, Cr39,
Ag36, and Er38 strengthens GaSe. Doping with In sig-
nificantly enhances the physical properties and strength-
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FIG. 4: Calculated total and partial electronic density of
states for Ga1−xMnxS with x = 0 and 0.02, where the TDOS
(black), PDOS-s (red), PDOS-p (blue), PDOS-d (green). The
positive and negative DOS denote the spin up and down chan-
nels, respectively. To guide the eye, the contribution lines are
total, p, d, and s from the outside in at the -4.0 eV level.

ens the crystals enough to allow optical surfaces to be
cut and polished along additional directions. Surpris-
ingly, doping with In does not diminish the useful proper-
ties of GaSe but actually enhances the non-linear optical
properties39–45.

The incorporation of a transition metal element raises
intriguing possibilities for coupling the magnetic prop-
erties of the transition metal ion with the host III-VI
semiconductor leading to optical or electrical transport
effects. Specifically, the sp-d exchange coupling in related
materials can sometimes have dramatic physical conse-
quences such as giant Faraday rotation, bound magnetic
polarons, or induced metal to insulator transitions46,47.

In this study, we present magnetization measurements
on Ga0.91Mn0.09S, where an analysis of this data shows
the presence of a spin-glass transition at 11.2 K, which
is too high to be associated with the standard superex-
change spin-glass systems, but too low for the metallic
RKKY spin-glasses. Therefore, to further understand
the nature of this transition, we performed density func-
tional calculations on Mn-doped supercells of GaS. Start-
ing with the undoped GaS system, we effectively dope the
supercells through substitution of Mn atoms into random
Ga sites and then calculate the electronic and magnetic
properties. We find that a distinct magnetic moment is
produced on the Mn sites, which is governed by a stan-
dard antiferromagnetic superexchange. An analysis of
the electronic density of states indicates the production
of transition-metal impurity bands near the Fermi level,
which lowers the semi-conducting gap and allows for or-
bital interactions between the Mn and S sites. The low-
ering of the semiconducting gap may explain the higher
transition temperature in this material.

II. EXPERIMENTAL AND COMPUTATIONAL

METHODOLOGY

A 0.0160 g single crystalline Ga0.91Mn0.09S sam-
ple was grown by the vertical Bridgman method with
a nominal concentration of x = 0.05. Magnetization
measurements were performed using a Quantum Design
MPMS XL7 superconducting quantum interference de-
vice (SQUID) magnetometer at temperatures between
1.8 and 400 K in fields up to 7 T. The 0.1 T magnetization
data and spin-glass analysis was previously published in
Ref. [35]. A Curie-Weiss fit at high temperatures gave a
concentration of x = 0.091. A concentration of x = 0.089
was obtained from a comparison of the magnetization
values over a range of fields up to 7 T and temperatures
above the cusp up to 400 K with the values obtained
from a reference sample whose actual concentration was
determined by both a Curie-Weiss analysis and atomic
absorption spectroscopy (AAS). We, therefore, take the
actual concentration of our sample to be x = 0.09. Mea-
surements for the nonlinear scaling analysis were made
for fields between 0 and 1 T. An undoped GaS crystal
was measured to determine the value of the diamagnetic
signal (-3.7 x 10−7 emu/g G) due to the semiconductor
host GaS, which was subtracted from the data.

Computational analysis was performed using Den-
sity Functional Theory (DFT) provided by Atomistix
Toolkit48,49. Starting with the well-documented GaS
structure24,50, we simulated a 100-atom supercell (shown
in Fig. 1), which restricts concentrations to even
amounts. To help reduce computational time, we consid-
ered only one quasi-2D layer and randomly substituted
Ga atoms with Mn atoms to mimic experimental dop-
ing levels. Test simulations on the multiple layers with
and without van der Waals interactions showed no major
difference.

All structures were energy minimized and geometry
optimized to a tolerance of 0.01 eV/Å using a Limited-
Memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS)
method. The DFT calculations were performed us-
ing a Spin-Polarized General Gradient Approximation
(SGGA) with Perdew, Burke, and Ernzerhof (PBE) func-
tionals with a self-consistent tolerance of 10−5 Hartrees
with a 10x10x1 k-point sampling and standard electron
temperature of 300K. Calculations of the energy gap for
the mother compound of GaS were compared to previ-
ously published calculations50 and found to be consistent
around 3 eV.

For analysis, we determined the electronic density of
states, electron density, magnetic moment, optical spec-
trum, and total energy for doping levels of x = 0 to 0.18
by 0.02. Furthermore, we determined the electronic prop-
erties for both the ferromagnetic (FM) and antiferromag-
netic (AFM) magnetic configurations.
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FIG. 5: Comparison of the antiferromagnetic and ferromag-
netic density of states for a single (a) and (c) and configura-
tion averaged (b) and (d) x = 0.08 substitution. The positive
and negative DOS denote the spin up and down channels,
respectively.

III. THE SPIN-GLASS TRANSITION

Figure 2(a) shows the temperature and field dependen-
cies of the normalized magnetization data from 10 to 12
K and 0.01 to 7 T, where the cusp in the M(T) data oc-
curs around 10.9 K for Ga0.91Mn0.09S. As expected for a
spin-glass transition, this maximum in the magnetization
occurs at a slightly lower temperature than the 11.2 K
spin-glass transition temperature. Figure 2(b) shows the
magnetization versus temperature for Ga0.91Mn0.09S in
a 0.1 T field. From 400 K down to 15 K the magne-
tization is featureless following a standard Curie-Weiss
temperature dependence for a paramagnet.
A detailed scaling analysis of the nonlinear magnetiza-

tion Mnl for Ga0.91Mn0.09S was previously published in
Ref. [35] and is shown in Fig. 3 for data taken between
11.2 and 13.0 K in several set fields between 0.0130 and
0.1000 T. The key feature is that the data all collapse
onto a single universal scaling function F (H/ǫ(γ+β)/2)
given by

Mnl(ǫ,H) =(γ+3β)/2 F (H/ǫ(γ+β)/2), (1)

over several orders of magnitude along both axes. This
fit is shown in Fig. 3 by the solid circles. Here H is the
applied field, ǫ = (T - Tc) / Tc is the reduced temper-
ature, and γ and β are critical exponents. Additionally,
the data approaches a slope of (γ +3β)/(γ + β) for tem-

peratures near Tc and approaches a slope of 3 for T >
Tc as expected for a spin-glass transition. This nonlin-
ear scaling analysis is the key test for a true spin-glass
transition1. We, therefore, conclude that there is a true
transition from the paramagnetic to the spin-glass state
at 11.2 K for Ga0.91Mn0.09S.
Also shown in Fig. 3 is the nonlinear scaling analy-

sis for Zn1−xMnxTe (solid squares). The data for both
Ga0.91Mn0.09S and Zn1−xMnxTe collapse onto the same
universal scaling function over many orders of magnitude
along both axes. Both approach the same asymptotic
limits and both have the same values for the critical ex-
ponents. However, despite both systems being based on
semiconducting hosts, their spin-glass transition temper-
atures are dramatically different versus Mn concentra-
tion.
From this magnetization analysis, we see an

anomalously high spin-glass transition temperature for
Ga0.91Mn0.09S that more closely resembles metallic spin-
glass systems, which suggests that something unusual
could be occurring, perhaps involving the presence of
conducting electrons in Ga0.91Mn0.09S at low temper-
atures. However, the Tc for Ga0.91Mn0.09S is still well
below the values for the metallic spin-glass systems indi-
cating that any conduction electrons would be playing a
much smaller role than in the metallic systems. To ad-
dress this intriguing result, we conducted detailed DFT
calculations to explore the role of the electronic states in
Ga0.91Mn0.09S.

IV. DENSITY FUNCTIONAL CALCULATIONS

To understand the electronic and magnetic properties
in Ga0.91Mn0.09S, we performed DFT calculations to ex-
amine the electronic density of states, electron density,
magnetic moment, and optical spectrum. The goal is to
gain insight into the possible origin for the anomalous
spin-glass transition temperature observed in the bulk
magnetic measurements35.
Through an examination of the Mulliken population,

we determine that the magnetic moment on the Mn
atoms is about 4.0 µB, which indicates that the oxida-
tion state of the Mn atoms is 2+ (due to only three un-
paired electrons), if we introduce an on-site potential to
the Mn 3d electrons, then the oxidation is shifted to-
ward the Mn3+ state with little shifting of the impurity
bands, which is also shown in recent calculations on the
fully doped M2X2 materials52.
In Fig. 4 we show the total and partial electronic den-

sity of states (DOS) for the FM and AFM configurations
of Ga1−xMnxS for x = 0 and 0.02 concentrations. Here,
the total density of states (TDOS) are in black and par-
tial density (PDOS) is broken into the orbital contribu-
tions from the s- (red), p- (blue), and d- (green) orbitals.
The solid and dashed lines denote the spin up and down
channels, respectively. From the data, it is clear that the
presence of Mn impurities into the GaS structure pro-
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FIG. 6: (a) Total, partial, and local density states for the x = 0.08 concentration. (b) Zoomed in view of the impurity state
at 0.6 eV.The positive and negative DOS denote the spin up and down channels, respectively.(c) An illustration of the spatial
positions for the atom examined for the local density of states.
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FIG. 7: Calculated total and partial electronic density of states for Ga1−xMnxS with x = 0.04 to 0.18 by 0.02, where the
TDOS (black), PDOS-s (red), PDOS-p (blue), PDOS-d (green). The positive and negative DOS denote the spin up and down
channels, respectively. To guide the eye, the contribution lines are total, p, d, and s from the outside in at the -4.0 eV level.
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FIG. 8: Calculated imaginary component of the dielectric
function as a function of energy and percent substitution.

duces an impurity band near the Fermi level. The DOS
for GaS (Fig. 4(a)) clearly shows an insulating gap of
about 3.2 eV, which is consistent with the experimental
value50. However, as shown in Fig. 4(b), the presence of
only 2% doping of Mn produces an impurity band near
the Fermi surface, which begins to lower the gap energy.
To clarify the nature of the impurity bands, Figure 6

examines the total, partial, and local DOS for the x =
0.08 concentration focusing on the Mn and Ga atoms,
where the lower panels of the figure zooms into the im-
purity bands to examine the orbital contributions and
clearly shows that the band come from the Mn impu-
rities. Since the x = 0.08 concentration has more Mn
atoms, the number of impurity bands increases. Further-
more, this seems to indicate the potential for pd-orbital
hybridization from the Mn atoms coupling to sp-orbitals
from the Ga. This is due to the shifting of electrons in
the Mn-Ga bonds as the system is doped. Furthermore,
by examining the LDOS of multiple atoms in the unit
cell, it is clear that the presence of the Mn atoms induces
a this impurity state in the surrounding atoms, which
extends to multiple atoms away from the magnetic im-
purity (shown in Fig. 6(c)). A similar state has been
observed in Ga1−xMnxAs

51.
To examine the evolution of the impurity states fur-

ther, we calculated the electronic and magnetic proper-
ties for various concentrations. Figure 7 details the total
and partial electronic density of states (DOS) for the FM
and AFM configurations of x = 0.04 to 0.18 (Fig. 7).
Here, we did not employ the averaging since it is clear it
will simply widen the impurity bands.
The issue with concentrations larger than x = 0.02 in

these simulations are that there could be multiple spa-
tial and spin configurations. Therefore, one has to av-
erage over these configurations. In Fig. 5, we show the
single and averaged total DOS for the AFM and FM
configurations for the x = 0.08 concentration, since this

TABLE I: Total Energies (in eV) for the Antiferromagnetic
and Ferromagnetic Configurations.

x EAFM EFM ∆E

0.04 -22167.504 -22167.504 0.000
0.06 -22723.508 -22723.270 -0.238
0.08 -23279.365 -23279.124 -0.240
0.10 -23835.193 -23834.954 -0.240
0.12 -24390.919 -24390.650 -0.269
0.14 -24946.732 -24946.456 -0.275
0.16 -25502.807 -25502.300 -0.507
0.18 -26058.590 -26058.069 -0.520

is closest to the experimental concentration. This data
shows that the averaging effect over multiple configura-
tions widens and “blurs” the impurity bands near the
Fermi level, which is typically expected.

From the simulations, Table I shows an analysis of
the total energy for the FM and AFM configurations
where the AFM arrangement is the dominate ground
state, which is consistent with the magnetization mea-
surements that exhibits AFM behavior determined by
the Curie-Weiss extrapolation35. The change in energy is
given by EAFM - EFM , where a positive value indicates
a FM ground state and negative is AFM. It should be
noted that these energies are for the single configurations
and not averaged over multiple magnetic configurations.
The x = 0.04 concentration is degenerate because the
spins are far enough away of each other not to correlate.
Therefore, the AFM and FM are equally probable.

As more Mn atoms are introduced into the supercell,
the number of Mn impurity bands near the Fermi level
is increased (shown in Fig. 7). As the increased pres-
ence of impurity bands begins to fill in the energy gap,
the system shifts from an insulator to a diluted magnetic
semiconducting state. Recent calculations on MnS have
indicated that the system will become completely metal-
lic as the system is fully doped52. Therefore, indicating
that there may be a threshold or increase in the transi-
tion temperature of the spin-glass state as one increases
doping.

To illustrate the shifting of the gap energy, we calcu-
lated the imaginary part of the dielectric function (Fig.
8). Here, there is a definite red shift in energy from
the insulation gap of 3.2 eV towards the semi-conducting
gap of about 1 eV, which provides a precise prediction
for experimental optical measurements on these types of
systems. It should be noted that this gap was determined
by single calculations. When averaged over multiple con-
figurations, the widening of the impurity bands may lead
to a smaller gap as more metallic-like pathways are pop-
ulated.
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FIG. 9: Calculated electron density for Ga1−xMnxS with x = 0 → 0.18 by 0.02. The color scale goes from 0 (blue) to 1 (red)
Å−3, where red indicates increased density.

V. DISCUSSION

The magnetization data from Ref. [35] and shown
above clearly indicates the presence of a spin-glass
transition and antiferromagnetic ordering. Further-
more, the density functional simulations demonstrate
that Ga0.91Mn0.09S is a diluted magnetic semiconduc-
tor, which is not mutually exclusive to spin-glass order.

Figure 10 shows the corresponding spin-glass transition
temperatures for known metallic, insulating, and semi-
conducting materials. From this plot, metallic spin-glass
materials (red triangles) have relatively high Tc’s at de-
ficient doping concentrations due to the ability of spin
coupling through RKKY interactions. Insulating (green
x) and semiconducting materials (blue circles, squares,
and diamonds) have much lower Tc’s since the spin in-
teractions occur through orbital superexchange.

The II-VI diluted magnetic semiconductors (II-VI
DMS) (AII

1−xMxB
V I) are based on an AIIBV I semicon-

ductor host with a fraction x of magnetic ion M sub-
stituting at the group II lattice site. As expected for
a semiconductor system at low temperatures, where the
carriers are frozen out, the mechanism for interaction be-
tween magnetic ions in a II-VI DMS spin-glass is due to
superexchange as is observed in insulating materials60.
Since semiconductors have a lower electronic gap energy,
their Tc can dramatically increase as the chemical poten-
tial is enhanced with doping.

When we plot the spin-glass transition temperature
of 11.2 K for Ga0.91Mn0.09S in Fig. 10, as shown by
the black star, we find that the transition temperature
is substantially higher than what we would expect for a

semiconducting system. As is seen in Fig. 10, the II-
VI DMS systems have transition temperatures close to
those observed for the insulating spin-glass systems for x
< 0.2. In the case of both the insulating and II-VI sys-
tems, the spin-glass transitions are believed to arise from
superexchange rather than due to conduction electrons
via the RKKY interaction. This dilemma provides the
exciting possibility of having a system that combines the
two regimes.

A key difference between metallic and insulating
spin-glass systems is how the doping concentration af-
fects the spin-glass transition temperature. As seen in
Fig. 10, the metallic spin-glass transition occurs at
high temperatures for low doping concentrations (e.g.,
Cu1−xMnx

55–57 and Au1−xFex
58,59). In contrast, the in-

sulating spin-glass systems (e.g., EuxSr1−xS
9) maintain

a low spin-glass transition temperature even at high dop-
ing concentrations. The II-VI DMS (e.g., Zn1−xMnxTe,
Cd1−xMnxTe

53,54, and Cd1−xMnxSe
54) have low transi-

tion temperatures for doping concentrations below 0.2
similar to the insulating spin-glass systems. Interest-
ingly, the spin-glass transition temperature Tc increases
faster for concentrations above 0.2. To our knowledge,
this faster rise in Tc is not fully understood.

Through an analysis of the DOS, it is clear that the
Ga1−xMnxS system is insulating and non-magnetic at
x = 0. However, upon doping with Mn, the system
gains a magnetic moment that induces impurity bands
at the Fermi level. These impurities provide the basis for
the shifting chemical potential that pushes the insulating
state to a semiconducting state.

Furthermore, by comparing the total energies of the
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FIG. 10: Spin-glass transition temperature Tc versus concen-
tration x for various spin-glass materials. The metallic spin-
glass systems (e.g. Cu1−xMnx

55–57 and Au1−xFex
58,59) have

high values of Tc for small values of x. In contrast, Tc remains
below 2K for insulating materials (e.g. Eu1−xSrx

9) for a wide
range of x. The II-VI DMS systems (e.g. Cd1−xMnxTe

53,54)
have Tc values similar to the insulating spin-glass systems
for x < 0.2. For the same value of x, the III-VI DMS
Ga0.91Mn0.09S

35 system is an order of magnitude larger than
the insulating and II-VI DMS systems and about a factor of
three smaller than the metallic systems. The lines are a guide
to the eye.

FM and AFM states, we find that the AFM configura-
tion is dominant, which indicates that superexchange is
the main contributor to the interaction between spins.
This interaction is further confirmed by the partial DOS
that shows the possibility of sp-d hybridization in the
impurity bands. However, the system does not produce
a metallic signature in the DOS, which means there is
no avenue for the presence of an RKKY interaction like
that observed in the metallic materials. However, Fig.
9 shows the electron density for each calculated system.
Here, the red indicates an increase in electron density
with the presence of Mn atoms. Although, it should be
noted that there is a distinct increase in electron den-
sity on the nearest neighbor sulfur atoms, which is likely
responsible to the increased communication between the
Mn atoms in the spin glass phase. This is further sup-
ported by the presence of the impurity bands in sulfur
and gallium LDOS (shown in Fig. 6).
From the electron density and density of states, the

placement of Ga0.91Mn0.09S in Fig. 10 starts to become
more evident. In combination with the DOS crossover
in the impurities, this indicates a pathway towards the
metallic region. Recently, it was shown that in the case
of a complete substitution of Mn atoms, the system be-
comes metallic52. From this analysis, it appears that the
increased doping of Mn atoms into the Ga sites leads
to a semi-conducting materials that exhibits some semi-
metallic characteristics, which provides a possible avenue

for metallic behavior, even though the system is not
metallic. Therefore, While Ga0.91Mn0.09S is a diluted
magnetic semiconductor, the spin glass Tc is about ten
times higher than other semiconductors at that doping
concentration but does not have the free carriers of a
metal to increase its Tc further.

Previous studies on the hole doping of Ga2X2 struc-
tures have shown the possibility of Lifshitz transitions
due to change in the Fermi surface topology50, which
could provide a mechanism for the increase in Tc with
transition-metal substitution. Figure 9 shows the in-
creasing percolation of electron density from the addition
of Mn atoms. While this is not surprising, the increase
in electron density on the sulfur sites around the Mn
sites indicates a network of orbital overlap. As more Mn
is added to the system, we would expect that the tran-
sition temperature would increase towards the metallic
regime in Fig. 10, since the system appears to become
more metallic with substitution52. Further systematic
experimental studies of intermediate concentrations will
hopefully clarify this state.

VI. CONCLUSION

In conclusion, we show the presence of a sharp spin-
glass transition at 11.2 K in the diluted magnetic semi-
conductor Ga0.91Mn0.09S, which provides an exciting
crossover between the standard metallic spin-glasses that
interact through RKKY and the insulating spin-glasses
that interact through superexchange. Using density func-
tional theory, we show that the increase of Mn into the Ga
sites of GaS produces impurity bands that shift the gap
energy from insulating to semiconducting. The presence
of an antiferromagnetic ground state and lack of metallic-
ity at the Fermi level suggests that the magnetic moments
interact through a standard superexchange mechanism.
However, increased electron density due to the presence
of the Mn atoms could provide a mechanism for spin-glass
state and may explain the higher transition temperature,
even though the system is non-metallic and does not in-
teract through RKKY.

The importance of this manuscript stems from the
identification of this anomalous spin-glass transition and
the work towards understanding it. These calculations
show that the presence of impurity bands near the Fermi
level and increased electron density and density of states
could provide a semi-metallic state that allows for com-
munication between spin states and may produce a spin
glass state. Therefore, further systematic measurements
on doping levels in Ga1−xMnxS are being planned and
may provide a clearer understanding of the nature of this
spin-glass transition.
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Muñoz, Strong optical nonlinearities in gallium and indium
selenides related to inter-valence-band transitions induced
by light pulses, Phys. Rev. B 56, 4075 (1997).
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