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Chemical trends in band offsets of Zn- and Mn-based II-VI superlattices:
d-level pinning and offset compression
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Calculation of the unstrained band offsets between conventional zinc-blende II-VI superlattices
(ZnS/ZnSe/ZnTg or between magnetic II-VI superlattic€InS/MnSe/MnTeg or combinations theregMnX/
ZnX) show that(i) the range of offsets spanned by different magnetic II-VI superlattices is compressed by a
factor of 2 relative to the range of offsets spanned by conventional 1I-VI superlatfigebe distance between
the Mnd band and the valence-band maximum in Xdepends weakly oiX, while in conventional 1I-VI
superlatticesge.g., Zn 3 in ZnX) there is a wider spread, artii ) unlike the case for conventional common-
anion II-VI superlattices, the mixed offs&E,,(ZnX/MnX) depends strongly oiX. We show that all three
effects have a simple and common physical origin.

Superlattices and heterojunctions between common-catiomon physical origin: they emerge from the fact that the anion
conventional II-VI superlatticege.g., ZnS/ZnSe/ZnTJebe- plevels of S, Se, and Te in Mkilie between the spin-up and
tween common-cation magnetic 1l-VI superlatticés.g.,  spin-down Mn 3l states, while in ZK, the Zn 3 band is
MnS/MnSe/MnTg, and combinations theredfe.g., ZrX/  systematicallybelowthe anionp levels.

MnY) have been studied extensivé§Of particular interest To calculate the valence-band offséE, (AX/BX) be-
to optical and transport studies are experiméntdland tween two compoundsX and BX we follow the procedure
theoretical®~1" investigations of the band offsets in these used in photoemission core-level spectrosclpyhere the
systems. We have systematically studied afminitio theo-  band offset is given by

retical methods the various unstrained, “natural” valence-

band offsetsAEy in these systems, finding the following AEW(AX/BX)=AEgs, o — AEGy ¢+ AEc c (AX/BX).
three interesting effects. (1)

(i) Both the magnitude and the range of the of'fsetsHere
AE,(MnX/MnY) betweenmagneticll-VI superlattices with '
different anionsX,Y=S, Se, and Te are reduced relative to AEAX  _EAX _ EAX ©
the magnitude and range AfE,(ZnX/ZnY) in the analogous VBM.C™ TVBM  =C
nonmagnetidl-VI superlattices. The calculated nonmagnetic (and similarly forAE\EjéM /) are the core-level valence-
offsets 6'11’6 053, 073, and 126 eV for the S/.SE, Se/Te, a%nd_maximum energy éeparations for pmﬁ (and simi-
S/Te pairs, respectively, while for the magnetic systems theyly for pure BX), while
offsets are 0.22, 0.42, and 0.64 eV, respectively.

(i) The one-electron energy separatiahEy+(MnX) AEc c/(AX/IBX)= E?f— EAX 3
=E\gy—Eg4+ between the valence-band maximyBM)
and the center of the occupied M band depends only is the difference in core-level binding energy betwe®X
weakly on the identity of the aniorX: the values of and BX in the AX/BX heterojunction. To obtain then-
AEg4+(MnX) are 2.4, 2.6, and 2.9 eV fot=S, Se, and Te, strained“natural” offsets, the core-to-VBM one-electron en-
respectively. This result parallels the trend observed in ®rgy differenceAE, gy ¢ is calculated foAX andBX at their
related® quantity, namely, the pinning of the Md*-band  respectiveequilibrium cubic lattice constantgTable |), thus
binding energiesn photoemission experiment of Mat! In - the VBM is not split by a crystal field. The core-level differ-
contrast, in conventional 1I-VlI compounds, the calculatedenceAEc c.(AX/BX) is obtained here from the calculation
distanceAE4(ZnX) varies in a wider range, being 6.4, 6.8, for the (AX),/(BX), superlattices with(001) orientation.
and 7.5 eV for ZnS, ZnSe, and ZnTe, respectivély. The superlattice layer thicknessis increased until the core

(iii) The unstrained band offs&E,,(ZnX/MnX) between levels of the innermost layer on each side of the superlattice
magnetic and nonmagnetic 1I-VI superlattices dependsire bulklike. The structural parameters of the superlattice are
stronglyon the identity of the anioiX. The offset is positive fully relaxed, so interface effects on the band offset are taken
for X=S, but changes to negative values ¥ Se and Te. into account. The lattice constant mismatch betwarand
This is unlike the case of conventionghonmagnetic ~ BX causes some relaxation, hence shift, in the core I&Vels.
common-anion heterostructures where the “new commorThe effect on the differenc&E¢ . (AX/BX) is estimated to
anion rule™®*and the dat show that the unstrained offset be smaller than 0.05 eV for all systems studied here. There-
AE\(AX/BX) depends only weakly on the identity of the fore, our calculated results represent “relaxed and unstrained
anion X. natural band offsets.” If one is interested instead in the case

In the following, we will describe our calculations and where the compounds form @herently strainednterface,
show that all three effect§)—(iii) share a simple and com- the band-edge enerdy,gy Of each compound is split and
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TABLE |. Relative energies€, g, of eight cubic II-VI com-
pounds calculated at their respective measured cubic equilibrium
lattice constants, (from Ref. 1. We give calculated results using
the standard LSDA and using the corrected LSRSDA+C). The Mn, &
energy zero is placed arbitrarily at the VBM of ZnS. The energy
difference between any of the two compounds gives the unstrained
natural band offset. The calculated spin-orbit splittinggincluded
in the present relativistic calculatipare also given.

ZnX MnX

Evem (V)  Eygm (8V) 1.26
Compounds  aeq(A)  Aq(eV) LSDA LSDA+C
ZnS 5.409 0.07 0.00 0.00
ZnSe 5.668 0.40 0.53 0.53
ZnTe 6.089 0.89 1.26 1.26
MnS 5.606 0.00 0.43 0.09
MnSe 5.904 0.14 0.55 0.31
MnTe 6.330 0.42 0.86 0.73
CdTe 6.480 0.85 1.17 1.17
HgTe 6.460 0.78 1.53 1.53

shifted relative to the unstrained values through the deforma-

tion potential. The change &, g, depends on the size and

direction of the straiff? We find that the total uncertainty due

to the neglect of core-level deformation potential and the

choice of magnetic orderin(see belowis about 0.1 eV. Zn, 3d |
The band-structure calculation is performed using the =~~~

local-spin-density-functional approximatforf* (LSDA) as

implemented by the general-potentiatelativistic, all-

electron, linearized-augmented-plane-wave (LAPW)

method?® We used the Ceperley-Alder exchange and corre- FIG. 1. Schematic plot ob-d repulsion in MiX (X=S, Se, and

. . 3 .
lation potentlaﬂ as parametrlzec_j by Perdew_ and_ Zun?ﬁer. Te) and ZrX. Atomic orbitals are shown as horizontal dashed lines,
For MnX we assume a type-| antiferromagnetic spin arrangegniie the VBM and the occupied states in the solids are shown as
ment. The electronic properties of type-l Mrre similar to  gqjig jines. Note that the anigp orbitals lie between the occupied

those of the type-Ill ground stafé. . Mn d* and the unoccupied Md~ orbitals, while the Zn 8 is well
We have previously noted that the LSDA underestimates pelow the anionp orbitals. Values refer to natural band offsets

the spin-exchange splitting in M We corrected thfS via (LSDA+C) with respect to ZnS.

addition to the LSDA of a fitted parametric external poten-

tial, finding that this also improves considerably the agreein a level repulsion, inversely proportional to the unperturbed
ment with experiment of many other band-structure-relateenergy differencéey— €,|. The key aspect of Fig. 1 is that
properties. Here we calculate the band offset using both theéue to the large exchange splitting between the Mn spin-up
standard LSDA and the LSDA-correctdlSDA+C) ap- and spin-downd orbitals, the S, Se, and T orbitals lie
proaches. Eight system&nS/MnS, ZnSe/MnSe, ZnTe/ betweerthe occupied Mrd™ and unoccupied M~ levels,
MnTe, ZnS/ZnSe, ZnSe/ZnTe, ZnS/ZnTe, CdTe/MnTe, andwvhile the Znd levels are systematically webelowthe anion
MnS/MnSg were computed directly in the present study. p levels. This explains effeci$)—(iii) noted in the Introduc-
Our calculated unstrained valence-band offsets are given ition as follows.

Table I, together with our previousfy**computed band off- (i) Spectral compressiom E,(MnX): The valence-band
sets for ZnTe/CdTe, ZnTe/HgTe, and CdTe/HgTe. We findmaximum of MrX is pushedupwardsby the Mnd* and
that transitivity is well satisfied for theamstrained,"natu-  downwardsby the Mnd ™. This results in a spectrabmpres-

ral” offsets. Hence, in Table | all of the VBM energies are sion of the VBM energies of MnS, MnSe, and MnTe into a
related to that of ZnS. The trendig—(iii) noted in the Intro- narrow range. In contrast, Zncompounds do not exhibit
duction are evident in our results. this “balancing act,” since all the valence-band maxima are
To understand these trends, we provide in. Higa sche- pushed systematicallypwards by the deep-lying Zn 8
matic diagram showing how the atomic aniprorbitals and  band. As a result, the spread in the VBM energies is larger,
the cationd orbitals (both shown as dashed horizontal lines mainly reflecting the natural spread of the anjpenergies.
interact to produce the VBM and the occupidd bands (i) d-level pinning:Therangeof VBM to occupied cation
(solid horizontal linesin the crystal. In the zinc-blende com- d* energy differenced E4(ZnX) reflects primarily the large
pound withTy site symmetry both the anigmand the cation spread in the VBM energig§ig. 1). In contrast, in the mag-
d orbitals transform(among othersas thel';5 (or t,) repre-  netic II-VI superlattices, not only is there a narrower spread
sentation. These two equal-symmetry states can interact witin the VBM energiegeffect(i)], but there also exists a com-
each other. The interaction between thandd states results pensating spread in the energies of M the Mnd™ level
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in MnTe is pushed down less than that in MnS, due to theand measured results do not agree with previous predtétion
weaker p-d repulsion in the former. As a result, based on the dielectric-midgap model, suggesting that the

AE4+(MnX) is only weakly dependent oX. VBM of MnTe lies above that of CdTe [i.e.,
(i) Strong anion dependence AE/(ZnX/MnX) The AEy(CdTe/MnTe=+0.6 eV].
band offsetAE,(ZnS/MnS>0, since the S B to Mn d* There are two interesting inconsistencies between experi-
coupling is very strong due to the closeness of the respectiv@ent and our theory. .
energy levels. On the other haniE, (ZnTe/MnTe<O0, be- (&) The inferred large positive offsetsE, (ZnX/MnX)>0

cause the VBM of ZnTe is pushed up by thed repulsion, for all X obtained by Weidemann and co-workérérom
while in MnTe the net shift of VBM due to thp-d repulsion ~Photoemission measurement is inconsistent with our pre-
is very small, since the Tp orbital energy is almost in the dicted trends(Fig. 1). In interpreting their measurement,
middle betwéen Mrd* andd- however, the authotsassumed that the Znd3orbitals be-

The hybridization ofd orbitals at VBM of zinc-blende have as Iclzonstant corehke_ state;: mXZcomprLlJnds and in
compounds reduces the spin-orbit splitting.*>4In MnX, ZnMnX alloys. However, since the Znd3orbitals are ener-
the d orbital mixing at the VBM is larggdue to the small g(itlcally close to Mn 8, the ensuing coupling between Mn
anionp to cationd energy differenck thus the reduction of d a_nd Zn 3j states in ZnMix aIIst pushes the an?state .
A, in MnX is much larger than in 26 (Table ). This reduc- to higher binding energy, makmg them noncorelike. This
tion of Ag(MnX) also reduces the upwards shift of VBM in could be the reason for the discrepancy. We thus suggest that
MnX, thus enhancing effeci)—(iii) above. This spin-orbit for magnetic semiconductors, accurate photoemission mea-

contribution tofi)—(iii ) is maximal forx=Te, and smaller for surement of the band offset requires using as reference ener-
X=S ' gies chemically inerti.e., deeper than Znd& Cd 4d, etc)

core levels.

The trends discussed above are general for all II-VI su- Recently. Wanet al.12 using photoelectron spectrosco
perlattices and can thus be used to estimate the band ofstt Y: gt al, gp P Py,

between other related systems. For example, we expect thaQ[:m.d al poﬁ.'t'l\(/e banld OﬁsaEV(.Z nie/ Mn8=+0ﬁ_5 ?V. for
the band offsef E, (MgTe/MnTe should be small and posi- reélatively thick MnS layers strained on ZnSe. This is in con-
tive. This is becaL\J/se the VBM shift due fd repulsion is tradiction to our calculated unstrained band offset-@f.44
very small in MnTe[effect(i)], while the downward shift of *0.1 eV for th|§ syste;q. Coherent stralnhhas I'ttlllel effect
the VBM in zinc-blende MgTe by the unoccupied, high- (0.'02 eV reductiopon this system due to the small lattice
energy Mgd orbita?” is compensated by its larger spin-orbit mismatch(Table I). Hence, the discrepancy between present
splitting (A,=0.83 eV} relative to MnTe. This expecta- theory and the experiméfitis not understood at this time.
tion s Oconf'irmed by  our calculéted value  of In summary, using theoretical band-structure calculation
AE,(MgTe/MnTe=0.17 e)</ and is consistent with experi- we have studied the general trends of band offsets between
me\r/1tal observation%io’zsAéV(MgTe/MnTezo. MnX (X=S, Se, and Teand other “normal” Il-Vi com-

Our calculated band offsets given in Table | are in goodpounds. We find that thp-;j rzepulsmn mechan:sm can be .
agreement with a number of recent experimentalused to understand most of the interesting results o_bserved in
measurements:% For example, our calculated band offset these systems. Our calculated results agree well with the ma-

AE,(ZnSe/MnSg=—0.22+0.1 eV (Table ) is consistent jority of the recent experimental measurements. The discrep-
witﬁl the measure?t‘i” vélues of AE,(ZnSe/MnSe ancy between the present results and some of the calculated
\

—_0.15:0.1 eV. Our calculated band offét of 2ndmeasured systems are discussed.
AE,(CdTe/MnTg=—-0.44+0.1 eV (Table ) is also in good This work was supported by the U.S. Department of En-
agreement with recently measufetf values of ergy, Grant No. DE-AC36-83-CH10093. We are grateful to

AE,/(CdTe/MnTg=-0.48-0.1 eV using photolumines- Professor Sivananthan for sharing with us his reqief. 12
cence excitation spectroscopy. However, both the calculatedn ZnSe/Mn$ before publication.
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