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Calculation of the magnetization of the layered IlI-VI diluted magnetic semiconductor Gg_,Mn,S
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The magnetization of a compound belonging to a new class of diluted magnetic semicondd&t8jsvas
calculated. The magnetization of the 1lI-VI DMS, GgMn,S, was found for the smal regime. The Hamil-
tonian used to model the incomplete shell af*2lectrons in the transition-metal manganese atom consists of
the crystal field, spin-orbit, spin-spin, and the Zeeman terms. The285Hamiltonian 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 witk=6.6% 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 coRstantow
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 temperat®@& 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.
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I. INTRODUCTION recent IlI-VI measurements it is found that Mn with an outer
3d* configuration give magnetization results that are in good
Recently a new class of diluted magnetic semiconductorggreement with experiment for temperatures from 50 to 400
(DMS) have been fabricated in the laboratbry.These ma- K in fields up to 7 T. Agreement is extended to 20 K by
terials have the compositiod"; _,M,BY" whereA"B"' is introducing a nearest-neighbor antiferromagnetic exchange
a IlI-VI semiconductor andM is a transition-metal atom. In interaction between the Mn spins.
the past few yeafsconsiderable interest in these materials ~ This paper is a significant step toward modeling the mag-
has arisen because of their potential for photoelectronic agletic behavior of the new class of Ill-VI DMS. We have
plications and their nonlinear optical properties. made several assumptions in this model. One assumption is
The focus of this paper is the covalently bonded I1I-VI the point-ion approximation of crystal-field theory, which re-
semiconductor, GaS. Although there have been a few experplaces the covalently bonded atoms by point ions. This ap-
mental studies, including measurements of thermaProximation keeps the correct symmetry but does introduce
conductivity® growth of films and multilayer§’ and a  errors since the bonds are covalent and not iGhithe er-
measuremehtof the magnetization of GaS containing sub- rors introduced by this assumption are corrected either by
stitutional Mn, there has been comparatively little theoreticaMsing an adjustable parameter in the model, as we have done,
work on 111-VI DMS. In this paper we report on a theoretical or, if optical data are available, using them to get the exact
investigation of the magnetization of a lll-VI DMS, namely, crystal-field energy-level splittings. From the point-ion
Ga,_,Mn,S, concentrating on the limik<0.07. In this limit ~ standpoint, the emphasis in this paper is more on the mag-
one would anticipate the effects of any possible Mn interachetic properties of the local electronicstates of the substi-
tions beyond a nearest_neighbor Superexchange to be negm.ltional transition-metal atoms rather than the band-structure
g|b|e except at low temperatures where a cusp has been 0@V€|S of the pure semiconductor Crystal. An additional as-
served that is reminiscent of the spin-glass transitions ifumption, made throughout most of the paper, is the singlet
11-VI (Refs. 8, 9 DMS systems. Using a Hamiltonian that is @pproximation that postulates the magnetic spins of the sub-
appropriate to the symmetry of the -Vl systems we havestitutional transition-metal atoms are noninteracting. Never-
built on the theory used in investigations of the tetrahedratheless, in spite of these restrictions, the model reproduces
II-VI DMS (Refs. 10—12systems. We calculate the magne- the experimental data well for a wide region of temperatures
tization of the two-dimensional Ga,Mn,S system by per- and magnetic fields.
forming an exact numerical diagonalization of the Hamil-
tonian matrix. The formulgtion was chec_:ked by comparing Il. MODEL HAMILTONIAN
our results to both theoretical and experimental results for a
number of the earlier tetrahedral and Wurtzite 11-VI systems. The magnetic-field dependent energy levels of a system
On further comparison of the calculated magnetization tadetermine the magnetization of the material. We begin by
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van der Waals bonds The two 3 valence configurations of Mn have different
magnetic moments and therefore behave dramatically differ-
ent as will be illustrated below.

The Hamiltonian for an isolated transition-metal ion in a
crystal is of the forn*

H= Hfree—ion+ H crystal+ Hspin—orbit+ H spin—spin+ H Zeeman ( )
1

whereH ee.ion iS the Hamiltonian of the free ioffor the 3d*
Mn ion, (2L +1)(2S+1)=25-fold degenerate ground term,
D], the spin-orbit Hamiltonian,

van der Waals bonds

FIG. 1. The geometry of the GaS layered semiconductor mod- HSpin-orbit:AL S, @
eled in this paper. The transition-metal atom, Mn, substitutes for th
Ga atom with probability x. Shown is one portion of a four-atom-
thick layer. Neighboring layers are coupled via the van der Waals Hepinspii= — (L - S)2+ l(L 9 — 1L(L+ 1)S(S+1)]
interaction. The bold and dashed lines in the figure illustrate pos- PSP 2 3 '

the spin-spin Hamiltonian,

. . . ) : 3
sible channels of exchange interactions between the neighboring ©)
Mn atoms. These interactions lie outside the singlet model. and the Zeeman Hamiltonian,

finding the energy levels of a transition-metal atom, Mn, Hzeemar te(L +29)-B. (4)

placed substitutionally in a crystal with an applied magnetic _ . ) )
field, B. The substitutional Mn atom is bonded to its four IN the above equations,(S) is the total orbitaspin) opera-
neighbors via covalent bonds. The energy levels of dhe tor for thed ellec'trons of the transition metal ioB, the ap-
electrons of the Mn atom are altered by the crystal fieldPlied magnetic fieldug the Bohr magneton., (S) the total
produced by its neighbors. Within the point-ion approxima-orbita(spin quantum numbergL=S=2, for the ground
tion one replaces these neighbors and their covalent bond8'™m and from Ref. 14 we find for the Mn ion the values
with point ions. The Mnd electron energy levels are then A=88 cm * and p=0.18 cmi *. It should be noted, how-
determined by, among other variables, the crystal symmetnVer, the value used for was 21 cm*+5 cm rather than
distance between ions, bond angles, and the oxidation staté€ 88 cm~ value. Reference 14 gives valueso&ppropri-
of the ions in the crystal. Such bonding properties must béte to afree |0nrath_er than an ion in a matrix and as pointed
found from experiment. The bond lengths have beerPut there, the free ion values are usually substantlaliyer
measuretf for a similar material, GaSe, and these valuesthan those for ions in a crystal. Consequently, for this reason
were used in this paper. Our results were not very sensitive t8Nd reasons stated belowwas used as a fitting parameter.
these variables and consequently, using the GaSe data shouldThe crystal-field term of the Hamiltonian in E€l) is
not introduce significant error. found by expanding the Coulomb potential for the interac-
Ga,_,Mn,S consists of van der Waals coupled four-atom-tion of thed electrons, positiongr;}, with the neighboring
thick layers with a manganese ion substituting for a galliumcrystal point ions, position§R;}, in spherical harmonics.
ion with a probabilityx. The manganese ion resides at the
center of a distorted tetrahedron with three Mn-S covalent _
bonds (bond lengthR=2.473 A in GaSgand one Mn-Ga Harysi 1 R ) EZ ; |Rj—ril
covalent bondbond lengthR’=2.388 A in GaSg We de- |
note the angle between the Mn-Ga bond and each of the :2 2 E
Mn-S bondsé (in the ideal tetrahedral cage=109.5° and i
this is the value we useédThe geometry is illustrated in Fig.
1. The Ga-S bonds are partially covalent with the sulfur atwhere
oms in oxidation stat&= —2 and the gallium atoms in oxi- .
dation statez’ = +2. o Ame? o Z)Y (6;,9))
One can reasonably postulate two candidate oxidation A E2|+1; RIF1
states of the substitutional manganese, eith2ror +3. We )
would expect Mii2 to behave as a nearly free ion with d3  Equation (5) assumes the covalent bonds between the Mn
outer electron configuration and % ground-state term. atom and its Ga and S neighbors may be approximated as
Consequently, the effects of the crystal field, spin-orbit, andonic bonds with the charge of the neighboring Ga and S ions
spin-spin coupling should be quite small in Mhas was possessing spherical symmetry. Because of this approxima-
found in the II-VI DMS system&® The magnetization is tion optical data are often used to determine the energy-level
simply given by the Brillouin function. In contrast, MA  splitting by the crystal fieldsee Ref. 14, p. 394 In the
has a 3% outer electron configuration and®® ground-state absence of optical data for GaMn,S we have used the
term according to Hund'’s rules. The crystal field should exertrystal-field levels based on E¢5), and we used the spin-
a strong influence on thed3energy levels of the Mir® ion.  orbit coupling constank as a fitting parameter.

ez

A0 0, (8)
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FIG. 2. Energy-level diagram for Ga,Mn,S assuming M#" ' 09
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The coordinate axes we used have the origin at the Mn
ion, thex axis coming out of the paggarallel to the two-
dimensional layepsand thez axis along the Mn-Ga bond
(perpendicular to the layersWe have oriented the crystal
relative to our axes so that the thirfl3) S ion is behind
the page residing in the-z plane. With this arrangement, the
sulfur ions (= 1,2,3) have positions in spherical coordinates FIG. 3. The dependence on magnetic field of the ten lowest
(R=R;=R,=R3, 6;=60,=6;=109.5°, and¢,;=60°, ¢, energy levels of Fig. 2. The magnetic field is along #exis. The
=180°, and ¢3=300°, and oxidation stateZz=Z7,=27Z, ground-state energy has been subtracted from each of the levels.
=75, while the Ga ion has positiofR, =R’ =length of the ~ The slope of each of these curves gives the magnetic dipole mo-
Mn-Ga bond, 8,=0, ¢,=0) and oxidation stat&,=Z’. ment of the ion for. tha}t state. The presence of magnetizgtion
Because of the crystal symmét?y(point-group symmetry “steps”lnthe magnetization versus field plot would_no_t be _mamfest
Cs, at the transition-metal sitenly the followingA™s are until 90 T where tW_o_Iow energy Ieve_ls cross. This field is. ra_ther
NONZero: Ag, A2’ A2= _Aig' We find for the operator large and may be difficult to produce in the laboratory at this time.

equivalent crystal field Hamiltonial?;'®

1] 20 40 60 80 100
Field(Tesla)

3d® L=0,S=5/2,M =0, andMg= *+1/2,+3/2+5/2 and
Heysa=b[3L2—L(L+1)]+a{35L4+[25-30L(L+1)]L?  the Hamiltonian matrix is &6 because only the Zeeman
term contributes to the full Hamiltonian. The diagonalization
+3L%(L+1)°-6L(L+1)}—d{L,,L3+L3}. (6) of the Hamiltonian was performed numerically.

HereL.=L,*i L, andL,, Ly, andL, are the components
of the total orbital angular momentum operator along the ll. RESULTS
Cartesian axesy, y, andz In Eq. (6), { } represents an an-

; - . We first performed a series of benchmark tests on several
ticommutator and the coefficients are given by

II-VI DMS systems. The II-VI DMS, C¢_,FeTe has tetra-

bEAg<a)<r2> 5/167, hedral symmetry. _Upon increasing the valueg,df, andd in _
our crystal potential we found the energy levels versus field
—A0 4y./0/256r, for the lowest ten levels to be in excellent agreement with
A=A BN previous workers”~1° results. Our magnetization versus
dEAf{(BXr“) 1.230, field results for C¢_,Fe Te matched those of Fig. 8 of Ref.

20 for the magnetic field in thgl11] direction (our 5= 0).

where for Mn"3 (Ref. 14, (a)=2/21,(B8)=—2/63,(r?)  As a more robust test, we considered the Wurtzite 1-VI
=1.286 a.u(atomic unit$, and{r*)=3.466 a.u. DMS system, C¢l_,Fe Se. With values fom, b, andd in our

The matrix representation of the Hamiltonian was ob-crystal potential expression taken from optical
tained using the “uncoupled” angular momentum basismeasurement$ we obtained magnetization versus field re-
states,|LSM_ Mg). In the case of Mn with 8, L=S=2  sults matching those in Fig. 3 of Ref. 22.
and bothM; andMg¢=0,+1,*=2. The full Hamiltonian ma- Returning to Ga_,Mn,S, initially we calculated the mag-
trix has dimensions 2825. However, in the case of Mn with netization assumingd® for the Mn ion as was the case in
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the 1I-VI's. The calculated magnetization is unreasonably N
larger than the experimental values, leading us to consider Z(T,B)=2 e A, (8)
i=1

the 3d* Mn configuration.

The energy-level diagram for Mnd$ case is shown in ] _
Fig. 2. The numbers in Fig. 2 give the spacing of the levels ifvhereN is the number of energy leve(si=25 for Mn with
cm L the diagram is not to scale. The crystal-field interac-3d*) andn(x) gives the number of Mn ions per unit mass of
tion splits the 25-fold degenerate free ion term into a fivefoldthe sample for concentration that is,
degenerate and a tenfold degenerate set of higher energy
states and a ground state of tenfold degeneracy. The spin- N(X)=XNp/[(L=X)Mga+XMyn+ Mg], (9
orbit interaction removes some of these degeneracies as

shown in the figure. The spin-spin term further split theseyhereM is the atomic mass anld, is Avogadro’s number.

states by a small amouft0.01 cm'?) lifting all remaining

The magnetization versus field at several constant tem-

degeneracies as can be seen on the far right of Fig. 2. Qferatures is shown in Fig. 4 with good agreement with ex-
primary interest are the ten low-lying states since theyperiment from about 50 to 400 K. Figure 5 is a graph of the

largely determine the magnetization.

magnetization versus temperature with a constant magnetic

Figure 3 is a graph of these ten lowest energy levels as field of 0.1 and 1 T. The agreement of theory with experi-
function of field. For a given energy level, the level contrib- ment is good for temperatures above about 50 K. The dete-
utes a magnetic moment given by the slope of the curverioration in agreement below 50 K is likely due to Mn-Mn
More specifically, the energy levels determine the magnetimnteractions that are not accounted for in the singlet model.

zation according to,

N
M(T,B)=—ME ose 5

Z = B’ @

In Eq.(7), B=1/kgT (with kg the Boltzmann constantZ is
the partition function,

In fact, the experimental ddtahow a cusp at about 11 K,
which is reminiscent of the spin-glass transitions seen in
I1-VI DMS systems.

In an effort to extend the agreement with experiment to
temperatures below 50 K an additional term was added to the
Hamiltonian to model the Mn-Mn interactions. We intro-
duced a Heisenberg antiferromagnetic interaction between
nearest-neighbor Mn ions with an effective coupling constant
Jeit/K,=—50 K, the temperature where the singlet model
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FIG. 5. (a) Magnetization versus temperature
for Ga,_,Mn,S with field of 0.1 T along the
axis. The nominal concentration of Mn ig
=6.6%. The magnetization was calculated as-
suming singlet MA*. The open circles represent
the experimental results while filled circles are
for the theory.(b) Same as Fig. @) except the
applied field is 1 T.

FIG. 6. Magnetization versus temperature of
Ga_,Mn,S in an applied magnetic field of 0.005
T. The value ofx is 0.066. The theoretical curves
are: Mn*2 3d® (Brillouin), Mn*2 3d* (singled,
and singlets and doublets of MA (mixture). The
experimental data are from Ref. 1.
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suggests pairing becomes important. For two Mn igas The good agreement of the singlet results with experiment
“doublet”) with total angular momentum operatotk, and  over the wide temperature range of 50 to 400 K in fields

J,, the coupling takes the form, from 0 to 7 T suggests that the model captures much of the
physics of the magnetization of the GaMn,S material.
Haoubler™ — JeiJ1- J2+gupB(J1, 1 J2;). (10 Our conclusion that the Mn with ad? electron configu-
The energy eigenvalues of the pair &fe, ration more closely coincides with the experimental magne-

tization data than the & configuration used in the 1I-VI
DMS points out an interesting contrast between 1l-VI and

eff
Edgoubler™ ~ = Ir(Jr+1)+gueBIrs, (1D yj-vi DMS systems. In the II-VI tetrahedral systems the
substitutional transition-metal atom bonds to four identical
whereg=2 andJ;=J1+J,,...,[J;=J5[=8,...,0 isthe total  atoms, whereas in the 11-VI layered systems studied in this
angular momentum quantum number of the two coupled Mrpaper the Mn also bonds to four atoms but only three are S
ions and for a given value df, J1,=J1,...,—Jr. Thetotal  atoms and the fourth is a Ga atom. In undoped GaS the Ga

magnetization when only singlet and doublet Mn ions areatom is in the+2 oxidation state. However, in GaMn,S
present with probabilitiep and (1-p), respectively, we find  the substitutional Mn does not acquiret® oxidation state

by averaging; but rather a+3 state. This is because the Mn-Ga bond is
. between atoms of slightly different electronegati?itythe
M mixed= PMsingiett (1= P)Mdoublet (12) electronegativity of Mn is slightly smallgid.5) than that of

The doublet magnetization was found by using the same exthe Ga atom(1.6)]. The electrons in the covalent bond be-
pression for magnetization as in EJ), except we divided tween the substitutional Mn atom and its Ga neighizae
that expression by two and used the doublet eigenvalues. Fig. 1) would be concentrated slightly closer to the Ga atom,
Results are shown in Fig. 6. Included in this figure isand therefore in the point-ion approximation the Mn ion
the Mn with 3d°, a Brillouin function, which is unrea- would have an oxidation state3 with outer shell configu-
sonablylarger than the experimental magnetization, a curveration 3d*. Consequently, the magnetic behavior of the
that assumes only Mn withd® singlets, and the Mn with Mn™2 ion with outer shell configurationd® in the layered
3d* “mixed” curve that includes both singlets and doublets llI-VI DMS Ga;_,Mn,S is in sharp contrast to the exten-
with magnetization computed from E(L2). Assuming the  sively investigated Mfh? ion with outer shell configuration
manganese atoms substitute for the gallium atoms in &d°® in the II-VI DMS.
random fashion then the probability Mn is a singlet is given Going beyond the singlet model we found that modeling
by the expressioh,p=(1—x)*3, wherex is the concen- the Mn ions as pairs using a simple nearest-neighbor antifer-
tration of manganese. Clearly, the mixed model improvegomagnetic interaction brought the agreement with experi-
the agreement of the singlet model with experiment by low-ment down to about 20 K. Consequently, this work shows
ering the singlet magnetization because of the antiferromageromise as a model that can be extended to incorporate Mn
netic coupling of the ions; agreement is good all the way tdnteractions with longer-range magnetic coupling that be-
about 20 K. comes significant for temperature20 K. To this end, cal-
culations are underway to extend the doublet model by in-
IV. CONCLUSION cluding Mn triplets, to include the effects of magnetic

) anisotropy in Ga_,Mn,S, and to compute the magnetic heat
The present work extends the calculation of the magneticapacity.

zation of II-VI DMS to the new class of layered IlI-VI DMS
systems. The Hamiltonian used to representdtedectrons

of the transition-metal ion consists of crystal field, spin-orbit,
spin-spin, and Zeeman contributions. The eigenvalues of this
Hamiltonian were used to find the magnetization of the sys- This research was supported by Cottrell Science Awards,
tem. In the absence of optical data that could be used t€C4845 and CC4719 of Research Corporation, NSF Grants
adjust the crystal potential levels, we used the first-principleiNos. DMR-99-72196, DMR-99-75887, DMR-01-02699, and
crystal potential in the point-ion approximation and treatedECS-01-29853, Purdue University Academic Reimburse-
the spin-orbit coupling parametey, as a fitting parameter. ment Award and UNF Research Grants.
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