Structural, electronic and magnetic properties of chalcopyrite magnetic
semiconductors: A first-principles study
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Stimulated by recent experimental observations of room-temperature ferromagnetism of
Mn,Cd, _,GeR, and MnZn,_,GeR,, we investigate the structural, electronic, and magnetic
properties of this class of systems (II-GexsMI=2Zn, Cd, and \EAs, P) as a function of Mn
concentration and chemical constituents by means of first-principles density-functional-
theory-based codes. Our calculations indicate that, for Mn substituting the Il element, the
antiferromagnetic alignment is the most stable ordering for all the systems studied. For Zn- and
Cd-rich systems, the total magnetic moments per Mn atom of the ferromagnetic phase is very close
to the ideal value of &g, since the Mn 8 states in the minority spin channel are nearly empty; on

the other hand, for Mn rich compounds, the stronged hybridization lowers the total magnetic
moment to about 4.45. © 2002 American Vacuum SocietyDOI: 10.1116/1.1515801

[. INTRODUCTION single crystal followed by a solid state reaction at elevated
temperature. Subsequently, Chbal?® reported the discov-
The attractive idea of manipulating the spin of the elec-ery of a room-temperature FM semiconductor chalcopyrite
tron, in addition to its charge, as an additional degree ofzn, _,Mn,GePR, with Tc=312 K and a coercivity of 10—50
freedom, has recently stimulated a very strong interest in thee at 280 K. They also observed that at temperatures below
field named “spintronics.® Within this framework, the dis- 47 K, a sample forx=0.056 showed antiferromagnetism
covery of ferromagnetic materials operating at room tem-{AFM), i.e., FM was present between 47 and 312 K. It was
perature and with high-thermal equilibrium stability would suggested that helimagnetic MnP clusters may form in the
be a breakthrough in realizing spin-polarized transistors, ofow-T samples, overall leading to an antiferromagnetic be-
integrating spin logic and nonvolatile spin memory in the havior. However, the origin of this unusual transition is not
exciting field of quantum computing. So far, most of theyet clear and more experimental work is called for.
work has been focused d@a, MnAs or (In, Mn)As diluted Stimulated by these recent experimental works, we per-
magnetic semiconductorOMS), with transition tempera- formed accurate first principles calculations within density
tures up to 110 K.However, the main disadvantages of Mn- functional theory in the generalized gradient approximation
doped IlI-V compounds are the limited solubility of mag- (GGA) for this class of materials, i.e., for Zn,Mn,GePR,,
netic impurities in the semiconducting matrix and thezn,_ ,Mn,GeAs, Cd,_,Mn,GeR,, and Cd_,Mn,GeAs,
impossibility of independently controlling doping and mag- considering Mn substituting the 1l-column atom. In particu-
netic properties, being that Mn in Ill-V compounds is alar, in Secs. Il and IIl, we report the computational and struc-
source of holes and spins at the same time. In the search f@iiral details, respectively; in Sec. IV we discuss the elec-
new ferromagnetic materials with high Curie temperaturesironic and magnetic properties in terms of density of states,
the chalcopyrites seem to be good candidates; the expectéslored spin-configurations, and magnetic moments and in
advantage of these systems is that Mn can readily substitu&ec. VV we draw our conclusions.
for the type-ll cations, as has been demonstrated for
I1;_,Mn,VI alloys with x up to 1.0 without defect formation,
due go the natural tendency of Mn to adopt+& valence || COMPUTATIONAL DETAILS
state:

Recently, Medvedkinet al4 reported room-temperature The theoretical framework on which our predictions are

ferromagnetism(FM) in unintentionally highly doped chal- based is the spin-polarized .density'functiona! theory. Since it
copyrite Cd_ Mn,GeR (x<0.53) which was prepared by Was shown that the local-spin density approximatioBDA)

deposition of a Mn layer on both a CdGefim and a bulk to the exchange-correlation potential in DMS can severely
underestimate equilibrium lattice constants and bond lengths

between the 8 element and the aniofiswe use the GGA,
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dimensional periodic SO|id§ and full potential linearized TrBLE I. Lattice constana (in A) andc/a used in this work. The experi-
augmented plane wa\(§LAPW)9 methods are used. mental lattice parameters for the‘pure II-Ge—thalcopyrites are taken
An efficient three-dimensional numerical integration of form Ref. 15 an d referench th? rein. Values for_Mngem MnGeAs are
. . . . o obtained from “CTB plusy= 7" rules, and forx=0.5 and 0.25, the value
the matrix elements occurring in the Ritz variational methods 5 anda/c are interpolated linearly from=0 and 1.0.
and the choice of localized numerical orbitals, used as basi
set, are responsible for the high level of accuracy of the x=0 x=025  x=050  x=1.00
DMol?® results. Scalar relativistic effects via a local pseudo- a ca a ca a «ca a cla
potential for all-electron calculations are included in the
method!® In this work, a double set of numerical valence Zm-,Mn,Gef - 5.466 1.961 5517 1.943 5.569 1.925 5.673 1.889
, , r G , Zn,_,Mn,GeAs 5.672 1.966 5.718 1.948 5.765 1.929 5.858 1.892
functions with a local basis cutofR; of 9 a.u. is used. The cq  mnGem, 5740 1.877 5723 1.880 5.706 1.883 5.673 1.889
structural degrees of freedofimternal relaxations and lattice cd,_,Mn,GeAs, 5.945 1.886 5.923 1.888 5.902 1.889 5.858 1.892
constants are optimized using DMdland the final equilib-
rium geometry is checked using the FLAPW method.
The FLAPW is one of the most accurab initio meth-

ods, in which there is no artificial shape approximation forMnGeA,Sz (see Table)l This appro?qmanon IS equilvalent to.
I\/egards law and works well in this system. For instance, it

the wave functions, charge density, and potential. For al : 4 :

atoms, the core and valence states are treated fully and Senl]sl_reported by Medvedkiet al." that the Iat_t|ce constant de-
S . : . . : creases to 5.7 A when the Mn concentration becomes greater

relativistically (i.e., without spin-orbit coupling respec-

) . or E207 i
tively. The muffin—tin(MT) radii for Zn, Cd, Ge, and Mn are than Cd, which meansin the range of 50%-53% since the

: . o . .
sett0 2.3 a.u.; 1.8 and 2.0 a.u. are used for P and As, resp aximumx value is 53% in the experiment. Our interpolated

. attice constant at=0.5 is 5.706, which differs from experi-
tively. An energy cutoff of 9.0 Ry was employed for the ment by only 0.4%.

wave functions expansion in the interstitial region, whereas a
49 Ry cutoff was used for the charge density and potential

The integrations in reciprocal space are performed followin V. RESULTS AND DISCUSSION

both the Monkhorst—Pack schethéusing a set of 8—2& The FLAPW calculated total energy differences between
points in the irreducible wedge of the Brillouin zorand the  the FM and AFM states of JL,Mn,GeV, (Il =Zn or Cd and
tetrahedron methotf. V=P or A9 are shown in Fig. 1 fox=0.25, 0.5, and 1.

DMol?® calculated values show a similar trend and are there-

fore not shown. For the AFM configurations, we consider

lll. STRUCTURAL DETAILS “spin superlattices” with alternating magnetically ordered
Let us first focus on the structural details. According tolayers along the[100] ([001]) direction for x=0.25 (x

the Mn electronic configuration @ 4s?), we expect Mnto  =0.50,1.0). The AFM state is lower in energy than the FM

readily substitute the Il element and we therefore consideresdtate for all systems with different Mn compositions; for

Mn,ll;_,GeV, alloys!31 =0.5 andx=0.25, all the energy differences are in a small
Recall that the chalcopyrite differs from the zincblenderange between-20 and—50 meV and are nearly compound

crystal structure by a doubling of the unit cell along a four-

fold axis, rendering the system body-centered tetragonal.

Through total energy calculations, we fully optimized the O I T
MnGeAs system, obtaining=5.83 A, c/a=1.9+0.05 and 30 k- -
u~0.25. The estimated numerical uncertainty on thealue L .
can be ascribed to the very small effect on the total energy -60 [~ -
due to the tetragonal deformatidie., »=c/2a+ 1) around i T
the » equilibrium value. Our optimized structural values are < -0 B ]
in good agreementwithin 0.5% on thea lattice constant g ol .
with the values predicted by the “conservation of tetrahedral é L .
bonds(CTB) plus = 7 theory discussed in Ref. 15. In Z-150 |~ —
our work, Pauling’s tetrahedral ratfiiwere chosen as 1.31, g I 7

-180 G—e MI]ZIIGCPZ

1.48, 1.22, 1.22, and 1.10 A for Zn, Cd, Ge, As, and P, | MnZnGeAs,

respectively; the Mn tetrahedral radius, derived from the Mn 210

. . . . — |- MnCdGeP, =
chalcogenides, is 1.41 A. With these values, we obtamed L -
o—& MnCdGeAs,
=5.86 A andc/a~1.9. The good agreement for the As- 240 - —
based chalcopyrite suggests that the “CTB pius 7’ rule C | ‘ | 1 | . L
may even hold for the similar P-based MnGefystem; we '2700 075 0.5 0.75 1
therefore useda=5.673 A, c/a=1.889. Regarding the Mn concentration X

lIMnGeV, (Il=Zn, Cd, and \=P, A9 structures,”'® we Fe 1 FLAPW caloulated fotal differencia mev/Min ators b
. . i 1G. 1. Calculated total energy differen me n atol e-
interpolated the lattice constani and ») from the experi tween FM and AFM states for GdMnGeR, Cd, Mn,GeAs,

mental values for the pure bulk semiconducting chalcopyrit%nl_anXGe%y and Zn_ Mn,GeAs, as a function of the Mn concentra-
and the “CTB plus n=n value for MnGeR and tionx
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15 L S L are consistent with those found from first principles in Ref.
E 13 for Mn-doped CdGeP Mn isovalent substitution of Cd
10 i site leads to an AFM interaction. For a comparison with
experiment$;®> showing room-temperature FM, we observe
5 ; that real samples could be different from our idealized sys-
| tems, probably exhibiting low-energy hole-producing intrin-
§ sic defects? leading to FM.
The total DOS for FM and AFM Zn ,Mn,GeAs (X
=0.5) are shown in Fig. 2 as an example; the DOS plots for
-5 : other systems are very simifHr'® For both FM and AFM,
: the main features aréi) around—11 eV we find hybridized
-10 — Total Ge s—p and anions bands(ii) around—8 eV we find hy-
- — Mn 3d (x2) . bridized Znd, Ges, and aniors—p bands;(iii) the states at
st b L T T T higher energy(i.e., from —5 to +2 eV) have a mixed char-

acter. In particular, it is evident that the Mh states are
almost totally occupied, whereas tiig states are mainly
unoccupied and hybridized with theanion states. We can
estimate ad exchange splitting of about 4.5 eV.

The FLAPW calculated magnetic properties and the Mn-
anion bond lengths are listed in Table Il. The calculated
Mn—As and Mn—P bond lengths are almost independent of
the magnetic ordering at low Mn compositiox={ 0.25), but
are slightly shorter in the AFM state for=0.5 andx=1.0.
Forx=0.5, the total magnetic moments for the FM states are
very close to the expected value of @ per Mn since the
Mn 3d minority states are nearly unoccupied. On the other
hand, atx=1.0, the free Mn atom magnetic moment 45
in thed® configuration is reduced due tp—d hybridization,
which combines the unoccupied Mh states with the occu-

212 10 8 -6 4 2 o0 2 pied p bands. The total FM magnetic moment of the As-
Fic. 2. Density of states for zn,Mn,GeAs for x=0.5: the total(bold based systems at- 1'9 anq 0.5 have slightly smaller values
solid line) and Mn 3 (thin solid line projected density of states are shown than those of P. That is, since Ap 4tates are more delocal-
for (@) FM and (b) AFM spin configurations. To evidentiate the role of the ized in energy than are Fp3states, more Mn@' states hy-
magnetic impurity in the plot, the MnBPDOS was multiplied by a factor  bridized with anionp states are occupied in the As systems.
of 2. The magnetic moment in the Mn muffin—tin spheres are

close to 4.Qug in the FM states, but are only 0.04—-0.28

independent. On the other hand, the effect of the differensmaller in the corresponding AFM states. This suggests that
anion is evident in th&e=1.0 case, where the P-based com-the spin moments are very localized at the Mn site. The small
pound shows a total energy difference between AFM and FMenergy difference between FM and AFM fo< 0.5 also sug-
phases much larger than the As-based compound. Our resulissts that the spin moments are weakly coupled.

TasLE II. FLAPW calculated Mn—anion bond lengths, total magnetic moments, and magnetic moment within
the Mn MT sphere in || _,Mn,GeV, for x=0.25, 0.5, and 1.0.

Bond length(A) Total moment gz /Mn) Mn moment (ug)

Compound X FM AFM FM AFM FM AFM
Zn,_ Mn,GeR, 0.25 2.39 2.39 5.00 0 3.83 3.76
0.50 241 2.40 4.99 0 3.89 3.84
1.00 2.44 2.43 4.37 0 3.80 3.70
Zn,_ Mn,GeAs, 0.25 2.46 2.46 5.00 0 3.98 3.90
0.50 2.48 2.47 4.96 0 3.91 3.84
1.00 2.52 2.51 4.34 0 3.84 3.76
Cd,_,Mn,GeR 0.25 243 243 5.00 0 3.91 3.86
0.50 2.44 2.43 5.00 0 3.92 3.88
1.00 244 243 4.37 0 3.80 3.70
Cd,_,Mn,GeAs, 0.25 2.50 2.50 5.00 0 3.93 3.88
0.50 2.50 2.49 4.97 0 3.94 3.88
1.00 2.52 2.51 4.34 0 3.84 3.76
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Fic. 3. Spin density of FM Zp_ ,Mn,GeAs for x=0.5 in the[110] plane.
Spin density contours start at10™° and increase successively by a factor
of 212 Positive(negative spin density is shown by solitlashed lines.
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0 in terms of their structural, electronic, and magnetic

properties. We find that the total energy of the AFM state is
alw

ays lower than the corresponding FM state for all systems
udied. The disagreement with experimentally observed

room-temperature FM was attributédo hole-producing de-

cts(not considered in our ideally perfect crysbatisat may
abilize FM. The total magnetic moment per Mn atom is

close to 5ug for the Cd- and Zn-rich systems, whereas it is

duced in the Mn-rich P- and As-based chalcopyrites.
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Further insights can be gained from the spin-density in
FM Zng sMng GeAs in the[110] plane, shown in Fig. 3; at
variance with the Ill-V case, the induced spin density is
positive around the As atofnesulting in a magnetic moment
of about 0.02ug) and in the bond area, even though there is
a slightly negative spin-density region along the bond. Our 2
results confirm what was suggested in Ref. 17: with the Mn
anion bond lengths slightly larger in FM than in AFM, the
FM Mn-anion interaction seems to be a repulsive effect
which increases the total energy, therefore stabilizing the
AFM configuration. As a further remark note that small posi-
tive magnetic moments are also induced on the (dat
shown in Fig. 3 and Ge atom$0.03 and 0.06.g, respec-
tively).

To conclude, all the systems are energetically stable in the
AFM phase aff=0 K, and the various electronic and mag-
netic properties are very similar to each other. Being that thei’
Mn valence matched to that of the host substituted gian
Zn or Cd, there are not hole-like carriers showing up; as a
consequence, according to Dietl al,® we expect that the
magnetic properties are nearly independent of the lattice sizei.j
This is indeed confirmed by our calculations.
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V. CONCLUSIONS

The recently reported room temperature ferromagnetism5
in Cd; _,Mn,GeR and Zn _,Mn,GePR stimulated a system-
atic investigation for this class of compounds, using the
FLAPW and DMof codes, within the generalized gradient *’
approximation to density functional theory. In particular, we 4
focused on Cd ,Mn,GeR, Cd,_,Mn,GeAs,
Zn;_,Mn,GeR, and Zn _,Mn,GeAs, for x=0.25, 0.5, and

16y
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