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Calculation of the magnetization of the layered III-VI diluted magnetic semiconductor Ga1ÀxMn xS
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The magnetization of a compound belonging to a new class of diluted magnetic semiconductors~DMS! was
calculated. The magnetization of the III-VI DMS, Ga12xMnxS, was found for the smallx regime. The Hamil-
tonian used to model the incomplete shell of 3d4 electrons in the transition-metal manganese atom consists of
the crystal field, spin-orbit, spin-spin, and the Zeeman terms. The 25325 Hamiltonian matrix was found by
using an uncoupled angular momentum basis set and diagonalized numerically. The structure of the field-
dependent energy levels is shown. The energy eigenvalues were used to compute the magnetization of the
system. For a sample withx56.6% at temperatures from 50 to 400 K and fields up to 7 T agreement with
experiment was excellent with only one adjustable parameter, the spin-orbit coupling constant,l. At low
temperatures the interaction of the Mn atoms lowers the magnetization of the system relative to the singlet
model that does not incorporate these interactions. For temperatures,50 K we modeled the Mn pair interac-
tions by introducing a nearest-neighbor antiferromagnetic exchange interaction with an effective exchange
coefficient; this brings the agreement with experiment down to about 20 K. For temperatures below 20 K the
spin-glass-like cusp in the experimental data at 11 K suggests that the longer-range Mn interactions become
significant. The good agreement of our results with experiment over a wide region of parameter space is a
significant step toward understanding the magnetic properties of this new class of DMS.

DOI: 10.1103/PhysRevB.65.195211 PACS number~s!: 75.50.Pp, 71.70.Ch, 71.70.Ej, 75.10.Dg
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I. INTRODUCTION

Recently a new class of diluted magnetic semiconduc
~DMS! have been fabricated in the laboratory.1–3 These ma-
terials have the composition,AIII

12xMxB
VI whereAIIIBVI is

a III-VI semiconductor andM is a transition-metal atom. In
the past few years4 considerable interest in these materia
has arisen because of their potential for photoelectronic
plications and their nonlinear optical properties.

The focus of this paper is the covalently bonded III-
semiconductor, GaS. Although there have been a few exp
mental studies, including measurements of therm
conductivity,5 growth of films and multilayers,6,7 and a
measurement1 of the magnetization of GaS containing su
stitutional Mn, there has been comparatively little theoreti
work on III-VI DMS. In this paper we report on a theoretic
investigation of the magnetization of a III-VI DMS, namel
Ga12xMnxS, concentrating on the limitx,0.07. In this limit
one would anticipate the effects of any possible Mn inter
tions beyond a nearest-neighbor superexchange to be n
gible except at low temperatures where a cusp has been
served that is reminiscent of the spin-glass transitions
II-VI ~Refs. 8, 9! DMS systems. Using a Hamiltonian that
appropriate to the symmetry of the III-VI systems we ha
built on the theory used in investigations of the tetrahed
II-VI DMS ~Refs. 10–12! systems. We calculate the magn
tization of the two-dimensional Ga12xMnxS system by per-
forming an exact numerical diagonalization of the Ham
tonian matrix. The formulation was checked by compar
our results to both theoretical and experimental results fo
number of the earlier tetrahedral and Wurtzite II-VI system
On further comparison of the calculated magnetization
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recent III-VI measurements it is found that Mn with an out
3d4 configuration give magnetization results that are in go
agreement with experiment for temperatures from 50 to 4
K in fields up to 7 T. Agreement is extended to 20 K b
introducing a nearest-neighbor antiferromagnetic excha
interaction between the Mn spins.

This paper is a significant step toward modeling the m
netic behavior of the new class of III-VI DMS. We hav
made several assumptions in this model. One assumptio
the point-ion approximation of crystal-field theory, which r
places the covalently bonded atoms by point ions. This
proximation keeps the correct symmetry but does introd
errors since the bonds are covalent and not ionic.25 The er-
rors introduced by this assumption are corrected either
using an adjustable parameter in the model, as we have d
or, if optical data are available, using them to get the ex
crystal-field energy-level splittings. From the point-io
standpoint, the emphasis in this paper is more on the m
netic properties of the local electronicd states of the substi
tutional transition-metal atoms rather than the band-struc
levels of the pure semiconductor crystal. An additional
sumption, made throughout most of the paper, is the sin
approximation that postulates the magnetic spins of the s
stitutional transition-metal atoms are noninteracting. Nev
theless, in spite of these restrictions, the model reprodu
the experimental data well for a wide region of temperatu
and magnetic fields.

II. MODEL HAMILTONIAN

The magnetic-field dependent energy levels of a sys
determine the magnetization of the material. We begin
©2002 The American Physical Society11-1
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C. FULLER et al. PHYSICAL REVIEW B 65 195211
finding the energy levels of a transition-metal atom, M
placed substitutionally in a crystal with an applied magne
field, B. The substitutional Mn atom is bonded to its fo
neighbors via covalent bonds. The energy levels of thd
electrons of the Mn atom are altered by the crystal fi
produced by its neighbors. Within the point-ion approxim
tion one replaces these neighbors and their covalent bo
with point ions. The Mnd electron energy levels are the
determined by, among other variables, the crystal symme
distance between ions, bond angles, and the oxidation s
of the ions in the crystal. Such bonding properties must
found from experiment. The bond lengths have be
measured13 for a similar material, GaSe, and these valu
were used in this paper. Our results were not very sensitiv
these variables and consequently, using the GaSe data s
not introduce significant error.

Ga12xMnxS consists of van der Waals coupled four-ato
thick layers with a manganese ion substituting for a galli
ion with a probabilityx. The manganese ion resides at t
center of a distorted tetrahedron with three Mn-S coval
bonds~bond lengthR>2.473 Å in GaSe! and one Mn-Ga
covalent bond~bond lengthR8>2.388 Å in GaSe!. We de-
note the angle between the Mn-Ga bond and each of
Mn-S bondsu ~in the ideal tetrahedral caseu5109.5° and
this is the value we used!. The geometry is illustrated in Fig
1. The Ga-S bonds are partially covalent with the sulfur
oms in oxidation stateZ522 and the gallium atoms in oxi
dation stateZ8512.

One can reasonably postulate two candidate oxida
states of the substitutional manganese, either12 or 13. We
would expect Mn12 to behave as a nearly free ion with a 3d5

outer electron configuration and a6S ground-state term
Consequently, the effects of the crystal field, spin-orbit, a
spin-spin coupling should be quite small in Mn12 as was
found in the II-VI DMS systems.8,9 The magnetization is
simply given by the Brillouin function. In contrast, Mn13

has a 3d4 outer electron configuration and a5D ground-state
term according to Hund’s rules. The crystal field should ex
a strong influence on the 3d energy levels of the Mn13 ion.

FIG. 1. The geometry of the GaS layered semiconductor m
eled in this paper. The transition-metal atom, Mn, substitutes for
Ga atom with probability x. Shown is one portion of a four-atom
thick layer. Neighboring layers are coupled via the van der Wa
interaction. The bold and dashed lines in the figure illustrate p
sible channels of exchange interactions between the neighbo
Mn atoms. These interactions lie outside the singlet model.
19521
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The two 3d valence configurations of Mn have differen
magnetic moments and therefore behave dramatically dif
ent as will be illustrated below.

The Hamiltonian for an isolated transition-metal ion in
crystal is of the form14

H5H free-ion1Hcrystal1Hspin-orbit1Hspin-spin1HZeeman,
~1!

whereH free-ion is the Hamiltonian of the free ion@for the 3d4

Mn ion, (2L11)(2S11)525-fold degenerate ground term
5D#, the spin-orbit Hamiltonian,

Hspin-orbit5lL•S, ~2!

the spin-spin Hamiltonian,

Hspin-spin52r@~L•S!21 1
2 ~L•S!2 1

3 L~L11!S~S11!#,
~3!

and the Zeeman Hamiltonian,

HZeeman5mB~L12S!•B. ~4!

In the above equations,L (S) is the total orbital~spin! opera-
tor for thed electrons of the transition metal ion,B the ap-
plied magnetic field,mB the Bohr magneton,L(S) the total
orbital~spin! quantum numbers~L5S52, for the ground
term! and from Ref. 14 we find for the Mn ion the value
l588 cm21 and r50.18 cm21. It should be noted, how-
ever, the value used forl was 21 cm2165 cm rather than
the 88 cm21 value. Reference 14 gives values ofl appropri-
ate to afree ionrather than an ion in a matrix and as point
out there, the free ion values are usually substantiallylarger
than those for ions in a crystal. Consequently, for this rea
and reasons stated below,l was used as a fitting paramete

The crystal-field term of the Hamiltonian in Eq.~1! is
found by expanding the Coulomb potential for the intera
tion of the d electrons, positions$r i%, with the neighboring
crystal point ions, positions$Rj%, in spherical harmonics.

Hcrystal~r i ,$Rj%!52e(
i

(
j

eZj

uRj2r i u

5(
i

(
l

(
m52 l

l

Al
mr i

lYl
m~u i ,f i !, ~5!

where

Al
m[

4pe2

2l 11 (
j

ZjYl
m* ~u j ,w j !

Rj
l 11 .

Equation ~5! assumes the covalent bonds between the
atom and its Ga and S neighbors may be approximated
ionic bonds with the charge of the neighboring Ga and S i
possessing spherical symmetry. Because of this approx
tion optical data are often used to determine the energy-le
splitting by the crystal field~see Ref. 14, p. 394!. In the
absence of optical data for Ga12xMnxS we have used the
crystal-field levels based on Eq.~5!, and we used the spin
orbit coupling constantl as a fitting parameter.
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CALCULATION OF THE MAGNETIZATION OF THE . . . PHYSICAL REVIEW B 65 195211
The coordinate axes we used have the origin at the
ion, thex axis coming out of the page~parallel to the two-
dimensional layers! and thez axis along the Mn-Ga bond
~perpendicular to the layers!. We have oriented the crysta
relative to our axes so that the third (j 53) S ion is behind
the page residing in thex-zplane. With this arrangement, th
sulfur ions (j 51,2,3) have positions in spherical coordinat
~R5R15R25R3 , u15u25u35109.5°, andf1560°, f2
5180°, and f35300°!, and oxidation stateZ5Z15Z2
5Z3 , while the Ga ion has position~R45R85 length of the
Mn-Ga bond,u450, f450! and oxidation stateZ45Z8.
Because of the crystal symmetry10 ~point-group symmetry
C3v at the transition-metal site! only the followingAl

m’s are
nonzero: A2

0, A4
0, A4

352A4
23. We find for the operator

equivalent crystal field Hamiltonian,15,16

Hcrystal5b@3Lz
22L~L11!#1a$35Lz

41@25230L~L11!#Lz
2

13L2~L11!226L~L11!%2d$Lz ,L1
3 1L2

3 %. ~6!

HereL6[Lx6 i L y andLx , Ly , andLz are the component
of the total orbital angular momentum operator along
Cartesian axes,x, y, andz. In Eq. ~6!, $ % represents an an
ticommutator and the coefficients are given by

b[A2
0^a&^r 2&A5/16p,

a[A4
0^b&^r 4&A9/256p,

d[A4
3^b&^r 4&A1.23/p,

where for Mn13 ~Ref. 14!, ^a&52/21, ^b&522/63, ^r 2&
51.286 a.u.~atomic units!, and^r 4&53.466 a.u.

The matrix representation of the Hamiltonian was o
tained using the ‘‘uncoupled’’ angular momentum ba
states,uLSMLMS&. In the case of Mn with 3d4, L5S52
and bothML andMS50,61,62. The full Hamiltonian ma-
trix has dimensions 25325. However, in the case of Mn with

FIG. 2. Energy-level diagram for Ga12xMnxS assuming Mn31

andC3v symmetry. The numbers refer to the energy gap in units
cm21.
19521
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3d5, L50, S55/2, ML50, andMS561/2,63/2,65/2 and
the Hamiltonian matrix is 636 because only the Zeema
term contributes to the full Hamiltonian. The diagonalizati
of the Hamiltonian was performed numerically.

III. RESULTS

We first performed a series of benchmark tests on sev
II-VI DMS systems. The II-VI DMS, Cd12xFexTe has tetra-
hedral symmetry. Upon increasing the values ofa, b, andd in
our crystal potential we found the energy levels versus fi
for the lowest ten levels to be in excellent agreement w
previous workers’17–19 results. Our magnetization versu
field results for Cd12xFexTe matched those of Fig. 8 of Re
20 for the magnetic field in the@111# direction ~our uB50!.
As a more robust test, we considered the Wurtzite II-
DMS system, Cd12xFexSe. With values fora, b, andd in our
crystal potential expression taken from optic
measurements21 we obtained magnetization versus field r
sults matching those in Fig. 3 of Ref. 22.

Returning to Ga12xMnxS, initially we calculated the mag
netization assuming 3d5 for the Mn ion as was the case i

f

FIG. 3. The dependence on magnetic field of the ten low
energy levels of Fig. 2. The magnetic field is along thez axis. The
ground-state energy has been subtracted from each of the le
The slope of each of these curves gives the magnetic dipole
ment of the ion for that state. The presence of magnetiza
‘‘steps’’ in the magnetization versus field plot would not be manife
until 90 T where two low energy levels cross. This field is rath
large and may be difficult to produce in the laboratory at this tim
1-3
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FIG. 4. ~a! Magnetization versus field for
Ga12xMnxS with field along thez axis. The mag-
netization is found at four temperatures, 100, 20
300, and 400 K, and assumes ionization st
Mn31. Shown also is the experimental magne
zation. The nominal concentration of Mn isx
56.6%. ~b! Same as Fig. 3~a! except at the two
temperatures, 50 and 20 K. The disagreem
with experiment at the lower temperature poin
to the possibility of Mn-Mn interactions.
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the II-VI’s. The calculated magnetization is unreasona
larger than the experimental values, leading us to consi
the 3d4 Mn configuration.

The energy-level diagram for Mn 3d4 case is shown in
Fig. 2. The numbers in Fig. 2 give the spacing of the levels
cm21; the diagram is not to scale. The crystal-field intera
tion splits the 25-fold degenerate free ion term into a fivef
degenerate and a tenfold degenerate set of higher en
states and a ground state of tenfold degeneracy. The s
orbit interaction removes some of these degeneracies
shown in the figure. The spin-spin term further split the
states by a small amount~,0.01 cm21! lifting all remaining
degeneracies as can be seen on the far right of Fig. 2
primary interest are the ten low-lying states since th
largely determine the magnetization.

Figure 3 is a graph of these ten lowest energy levels a
function of field. For a given energy level, the level contri
utes a magnetic moment given by the slope of the cu
More specifically, the energy levels determine the magn
zation according to,

M ~T,B!52
n~x!

Z (
i 51

N

e2bEi
]Ei

]B
. ~7!

In Eq. ~7!, b51/kBT ~with kB the Boltzmann constant!, Z is
the partition function,
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Z~T,B!5(
i 51

N

e2bEi, ~8!

whereN is the number of energy levels~N525 for Mn with
3d4! andn(x) gives the number of Mn ions per unit mass
the sample for concentrationx, that is,

n~x!5xNA /@~12x!MGa1xMMn1MS#, ~9!

whereM is the atomic mass andNA is Avogadro’s number.
The magnetization versus field at several constant t

peratures is shown in Fig. 4 with good agreement with
periment from about 50 to 400 K. Figure 5 is a graph of t
magnetization versus temperature with a constant magn
field of 0.1 and 1 T. The agreement of theory with expe
ment is good for temperatures above about 50 K. The d
rioration in agreement below 50 K is likely due to Mn-M
interactions that are not accounted for in the singlet mod
In fact, the experimental data1 show a cusp at about 11 K
which is reminiscent of the spin-glass transitions seen
II-VI DMS systems.

In an effort to extend the agreement with experiment
temperatures below 50 K an additional term was added to
Hamiltonian to model the Mn-Mn interactions. We intro
duced a Heisenberg antiferromagnetic interaction betw
nearest-neighbor Mn ions with an effective coupling const
Jeff /kb>250 K, the temperature where the singlet mod
1-4
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CALCULATION OF THE MAGNETIZATION OF THE . . . PHYSICAL REVIEW B 65 195211
FIG. 5. ~a! Magnetization versus temperatur
for Ga12xMnxS with field of 0.1 T along thez
axis. The nominal concentration of Mn isx
56.6%. The magnetization was calculated a
suming singlet Mn31. The open circles represen
the experimental results while filled circles a
for the theory.~b! Same as Fig. 4~a! except the
applied field is 1 T.

FIG. 6. Magnetization versus temperature
Ga12xMnxS in an applied magnetic field of 0.00
T. The value ofx is 0.066. The theoretical curve
are: Mn12 3d5 ~Brillouin!, Mn13 3d4 ~singlet!,
and singlets and doublets of Mn13 ~mixture!. The
experimental data are from Ref. 1.
195211-5
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C. FULLER et al. PHYSICAL REVIEW B 65 195211
suggests pairing becomes important. For two Mn ions~a
‘‘doublet’’ ! with total angular momentum operators,J1 and
J2 , the coupling takes the form,

Hdoublet52JeffJ1•J21gmBB~J1z1J2z!. ~10!

The energy eigenvalues of the pair are,23

Edoublet52
Jeff

2
JT~JT11!1gmBBJTz , ~11!

whereg52 andJT5J11J2 ,..., uJ12J2u58,...,0 is the total
angular momentum quantum number of the two coupled
ions and for a given value ofJT , JTz5JT ,...,2JT . The total
magnetization when only singlet and doublet Mn ions
present with probabilitiesp and (12p), respectively, we find
by averaging,20

Mmixed5pMsinglet1~12p!Mdoublet. ~12!

The doublet magnetization was found by using the same
pression for magnetization as in Eq.~7!, except we divided
that expression by two and used the doublet eigenvalue

Results are shown in Fig. 6. Included in this figure
the Mn with 3d5, a Brillouin function, which is unrea-
sonablylarger than the experimental magnetization, a cur
that assumes only Mn with 3d4 singlets, and the Mn with
3d4 ‘‘mixed’’ curve that includes both singlets and double
with magnetization computed from Eq.~12!. Assuming the
manganese atoms substitute for the gallium atoms i
random fashion then the probability Mn is a singlet is giv
by the expression,2 p5(12x)13, where x is the concen-
tration of manganese. Clearly, the mixed model impro
the agreement of the singlet model with experiment by lo
ering the singlet magnetization because of the antiferrom
netic coupling of the ions; agreement is good all the way
about 20 K.

IV. CONCLUSION

The present work extends the calculation of the magn
zation of II-VI DMS to the new class of layered III-VI DMS
systems. The Hamiltonian used to represent thed electrons
of the transition-metal ion consists of crystal field, spin-orb
spin-spin, and Zeeman contributions. The eigenvalues of
Hamiltonian were used to find the magnetization of the s
tem. In the absence of optical data that could be used
adjust the crystal potential levels, we used the first-princip
crystal potential in the point-ion approximation and trea
the spin-orbit coupling parameter,l, as a fitting parameter
i,

s,

ki,

v.
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The good agreement of the singlet results with experim
over the wide temperature range of 50 to 400 K in fie
from 0 to 7 T suggests that the model captures much of
physics of the magnetization of the Ga12xMnxS material.

Our conclusion that the Mn with a 3d4 electron configu-
ration more closely coincides with the experimental mag
tization data than the 3d5 configuration used in the II-VI
DMS points out an interesting contrast between II-VI a
III-VI DMS systems. In the II-VI tetrahedral systems th
substitutional transition-metal atom bonds to four identi
atoms, whereas in the III-VI layered systems studied in t
paper the Mn also bonds to four atoms but only three ar
atoms and the fourth is a Ga atom. In undoped GaS the
atom is in the12 oxidation state. However, in Ga12xMnxS
the substitutional Mn does not acquire a12 oxidation state
but rather a13 state. This is because the Mn-Ga bond
between atoms of slightly different electronegativity24 @the
electronegativity of Mn is slightly smaller~1.5! than that of
the Ga atom~1.6!#. The electrons in the covalent bond b
tween the substitutional Mn atom and its Ga neighbor~see
Fig. 1! would be concentrated slightly closer to the Ga ato
and therefore in the point-ion approximation the Mn io
would have an oxidation state13 with outer shell configu-
ration 3d4. Consequently, the magnetic behavior of t
Mn13 ion with outer shell configuration 3d4 in the layered
III-VI DMS Ga12xMnxS is in sharp contrast to the exten
sively investigated Mn12 ion with outer shell configuration
3d5 in the II-VI DMS.

Going beyond the singlet model we found that modeli
the Mn ions as pairs using a simple nearest-neighbor ant
romagnetic interaction brought the agreement with exp
ment down to about 20 K. Consequently, this work sho
promise as a model that can be extended to incorporate
interactions with longer-range magnetic coupling that b
comes significant for temperatures,20 K. To this end, cal-
culations are underway to extend the doublet model by
cluding Mn triplets, to include the effects of magnet
anisotropy in Ga12xMnxS, and to compute the magnetic he
capacity.
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