RESEARCH Revista Mexicana dédica59 (2013) 493497 SEPTEMBER-OCTOBER 2013

Metallic behaviour at YBaCuQO7/Zas interfaces (G=Ga, Al)
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We present the electronic band structure of the interfaces,€B4D,/GaAs (direct gap) and YB&us; O;/AlAs (indirect gap) in different
configurations calculated using the Density Functional Theory as in the Wien2k code within the local density approximation. We have
projected the density of states at the atomic layers forming the interface. We concentrated on the semiconductor side. The four first atomic
layers in the semiconductor side of the interface present a clear metallic behaviour. We found for both semiconductors considered that it
converges towards the bulk atomic-layer projected density of states a few atomic layers from the interface. We considered an ideal non-
reconstructed interface in the (001) direction first and let it relax using the corresponding option in the Wien2k code. The behaviour does
not change in an important way and we found but small deviations from the ideal case in the Density of States of the relaxed interface. It is
important to relax the interface since the metallic behaviour of the semiconductor side of the could have been suppressed which is the mos
interesting result of this work. The behaviour at the interface is interesting and could be used in several technological applications and it
opens, for example, the possibility to induce superconductivity on the semiconductor side of the metal/semiconductor interface.
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1. Introduction components are of interest in spintronics and spin polarized
transport [22].

There are several electronic applications with Superconduc-
tor/semiconductor interfaces including, for example, am-2 Computational Details
plifier hybrid circuits [1], hybrid transistors [2], mag- ~° P

netic micro-switches [3]’. light-emitting diodes [4], diode- \ye s in our calculations the Density Functional Theory
detet_:tors [5] and memories [6,7], amang chers [8’9]'_ Th FT) [23,24] with Linearized Augmented Planes Waves
possible change of character at the semiconductor side lus local orbitals (LAPW-+lo) [25] as implemented in the
a superconductor/semiconductor interface, could allow th ien2k code [26] together with the Local Density Approxi-

sc:mhlcinductor well e_stab]yshed techgology tfo takehad\ian.tagfation (LDA). In a run YBaCusO,/GaAs, we used the Gen-
ofthe known properties of superconductors for technologicay, ,ji;eq Gradient Approximation (GGA) instead but found

applications. no significant differences. We used a cut-BffiKmax = 7.0,

YBa;Cu;O7 is a second generation superconductor witha Muffin-tin radius,Rm:, equal to 2.3 for Y, 2.5 for Ba, 1.79
a critical temperature of the order of 90 K [10]. Interfacesfor Cu, 1.58 for O, and 2.22 for Ga, Al and As in atomic units,
containing this superconductor and metals have been studigghen in the configuration shown in Fig. 1a. When in the con-
experimentally [11-13] as well as theoretically [14-16] sincefiguration shown in Fig. 1b and Fig. 1B,,,; = 2.2 a.u. in the
long ago. Nevertheless, the superconductor/semiconduct@st atomic layer (either Ga, As or Al) anfl,,; = 2.0 a.u.
interfaces have been scarcely studied except for some Ofor the second layer (either Ga, As or Al). We take YBCO7
ides [17,18]. in the normal state.

In general, the change of character at an interface is of The lattice matched ideal interfaces were built up with
interest. A metallic behavior in semiconductors, for exam-two unit cells of the semiconductor and one of the supercon-
ple, has been obtained at a semiconductor/semiconductor iductor which acts as the substrate and therefore the semicon-
terface [19] by introducing vacancies. The metallic behavioductor takes the lattice parameter of the YBCO7. To avoid
at the semiconductor side of a superconductor/semiconducttension at the interface as much as possible we have turn the
interface could induce superconductivity at the semiconducsemiconductor unit cell b¢5° around the z-axis. We con-
tor side. This would open the possibility that the nano-circuitsidered orthorhombic YB&£u;0; (spatial groupPmmm),
technology that has been intensely developed for semicorwith lattice parameters [28h = 3.823, b = 3.886,
ductors can be employed with the advantage of the supercor-= 11.681 in A. The semiconductor is therefore under ten-
ducting behavior since no heat will be produced. To inducesion in the way shown in Table I. The new lattice parameters
superconductivity in a semiconductor is not new idea. It hador the semiconductgra(‘ anda,) diffeg from the original
been discussed long ago by Marvin Cohen [20,21], for exones (gaas = 5.653 A, l4;4s = 5.660 A) and were calcu-
ample. Also, interfaces with semiconductors as one of théated in the following way. Ther and y axis parameters
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TABLE |. Parameters used in the calculation for the semiconduc-
tors.

Semiconductor GaAs AlAs
Lattice constant of the bulk (A) 5.653 5.660
Parallel lattice constarif (A) 5.452 5452
Perpendicular lattice constait. (A) 5.876 5.882
Stress orl; (%) 3.57 3.70
Stress ord; 1 (%) 3.94 3.90
Elastic constant in GPa [29]

c, 118.4 125
Cy 53.7 53.4

(parallel to ther andb axis of the superconductor) are given

by
le =+Va? + b? (1)
In the z-direction, the semiconductor lattice parameter is
given by [27]

lir=0—osrfi)l; )
where Al L1
T_] = jliju = —fj. 3
J J
Theo?, parameter is
) c’
1= S0 (4)

¢, andC’, are the elastic constants of the semiconductor.

3. Interfaces Considered

D R. BAQUERO

3. The third series of calculations were performed with
CuGQ,-plane terminated YBACu; O;, which we denote
as plane/X where X is defined as before. The rotation
was made clockwise. The calculation with the rotation
counter clockwise was not performed since the differ-
ence in the resulting position of the O-atoms is very
small (a0.06% difference with respect to the YBCO7
c-axis length). (See Fig. 1c). We took the distance at
the interfaces ad = 2.2 A so that all core states lie
inside the muffin-tin sphere.

4. Results and Discussion

We present in Fig. 2, the Interface Density of States (IDOS)
obtained in all the cases considered in this work. A very re-
markable result is that in all the configurations considered
the first few layers in the semiconductor side present a metal-
lic behavior. This change of character might turn out to be
very usefull in technological applications. In more detail, we
obtained three somehow different results presented below. In
Fig. 2a, we present the IDOS projected on the first two atomic
layers of the interface chain/AsGa. The major contribution
in these two layers comes from states of p-symmetry. The
Fermi energy is at the origin. As itis apparent from the figure,
the two atomic layers from the semiconductor side facing the
chains of YBCO7 present a metallic behavior. In Fig. 2b, we
present the first two atomic layers of the chain/GaAs. Here
again we can see that the two atomic layers are metallic. In
Fig. 2c, we present the IDOS for the two first atomic layers
on the semiconductor side for plane/GaAs interface.

In general, our results show that all the interfaces of the
form chain/AsZ, chaip/AsZ and plane/AsZ behave as show

We have performed the calculation of the Interface Density

of States (IDOS) for the following systems,

1. CuO-chains terminated YB&u; O, with both Ga (As)
terminated GaAs rotated5° clockwise so that the

first atomic layer on the semiconductor side faces the

sides of YBaCu3 Oy that do not contain oxygen atoms

(see Fig. 1la). We label the interfaces accordingly as

chain/X, X=AsGa (meaning that the As atomic layer
is facing YBgCu;O7), chain/GaAs, chain/AlAs and

chain/AsAl. We took the distance between the adya-

cent atomic layersd) at the interface ag = (d; +
ds)/2 whered; andd, are the distance between the
two first atomic layers at each side of the interface.

(b) )':

(c) ‘\Q
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. Same system but now the rotation of the semiconduc-

tor is counter clockwise so that the atoms on the first
atomic layer of the semiconductor side face the oxygen Q 9

atoms of the superconductor chains We denote them as

chainp/X, where X has the same definition as before z ;

(See Fig. 1b). We took the distance at the interfaces as

d = 2.0 A so that all core states lie inside the muffin-tin Ficure 1. The interfaces studied a) chain/X, b) chalX and c)
sphere. plane/X. See text for the definition of the symbols.
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FIGURE 2. Results for the interfaces a)chain/AsGa, b)chain/GaAs Energy (eV)

and c)plane/GaAs. FIGURE 3. Difference between the bulk YBCO7 atomic-plane Lo-
cal Density of States (LDOS) and the IDOS at the same atomic
shown in Fig. 2a, the interfaces of the kind chain/ZAs, plane for the chain/AsGa case. (a)CuO, (b) BaO and (c)CuO

chairp/ZAs behave as illustrated in Fig. 2b and the interfaces
plane/ZAs behave as illustrated in Fig. 2c. atoms and the BaO planes loose almost nothing and seem not

to be most influenced by the interface. This is common to

the two sides of the interface, electron states are redistributed!! the different interfaces studies for both, the chain or plane
We illustrate this in Fig. 3. The Atomic-Plane Local Density Interfaces. . S

of States (LDOS), is compared to the corresponding Bulk At the semiconductor side, charge redistribution renders
LDOS. We present in Fig. 3 the difference (Bulk-lnterface)meta”ic several atomic planes. As the plane distance from

between the two to show explicitly the changes at differentn€ interface enhances, its LDOS recovers the bulk LDOS
frequencies. and the material becomes a semiconductor again. This is il-

In Fig. 3, we present the difference at the CuO-pIaneIUStr"’Ited In Fig. 4a.

(Fig. 3a), the planes BaO (Fig. 3b), and Gu(ig. 3c).

The CuQ plane looses charge the most, as itis evident frong. The effect of relaxation

Fig. 3c. Looking in more detail, oxygen in both, the CuO and

the CuQ planes looses about the same amount of chargdt is important to relax the interface so as to check that the
The Cu atoms at these planes loose the most while the Beesults presented above are not qualitatively modified. We

Since at thermal equilibrium the Fermi level is unique for
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FIGURE 4. (Color online) Here we compare the As-atomic layer 6
LDOS whenin bl_JIk and at the inter_face. In (a) right at the interface ©) Cu relax
and (b) on the third layer from the interface. 5 Cu no relax
have used the option included in the Wien2k code for that E 44
purpose. We concentrated on the Y,Ba;O;/GaAs inter- 8 i
face and compared the density of states projected on twa % ]
atomic layers (As and Ge) on the semiconductor side and & 2-
also on the first atomic layer (CuO) on the YBCO7 side. We 2
present our results in Fig. 5. "

As we can see, relaxation has a minor effect on the den- o f o eed
sity of states although some changes occur, namely, the semi -10 § 10
conductor/superconductor distance changes from A .4
relaxation) to 1.6@. This is close to 1.4 which is the dis-
tance between the atomic layers in the semiconductor. Sore- 234 () —— O relax
laxation does manifest itself in the crystal structure of the in- | — O no relax
terface but the conclusion that four atomic layers in the semi-
conductor side of the interface become mettallic prevails. We 3 207
did not consider other interfaces for relaxation since it is clear £ "¢+
from the example just studied that the general result of this @ 2]
work, namely, that some atomic layers in the semiconductor § 08
side of the interface become mettallic, will not be altered in © o4
any essential way. ]

y y 00 . a2
-10 5 10

6. Conclusion E (eV)

FIGURE 5. (Color online) We compare in this figure the relaxed

In - this work, . we have considered twelve_ ide?I NON- {5 the non-relaxed DOS projected on the first atomic kayers from
reconstructed interfaces (001)YBCO7/GaZ with Z=Al, AS he interface at the semiconductor side and at the YBCO7 side. (a)

and we find that in all the interfaces considered, the first foulrirst atomic layer (As) at the semiconductor side (b) Second atomic

planes on the semiconductor side are metallic, this behaviousyer (Ga). (c) On the first atomic layer on the YBCO7 side: Con-
attenuates slowly and it tends to behave back as a semicomibution to the DOS from Cu, (d) from O.
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semiconductor. This effect is interestipgr seand it can be  of states projected on the atomic layers on the semiconductor
also useful for technological applications. In these interfacesside change but very little as can be observed in Fig. 5. The
whether the first element interacting with the metal is of theimportant conslusion that four atomic layers in the semicon-
[1IA or the VA group, plays a role and does make a noticeableductor side of the interface change their character to metallic,
difference in the detailed character of the band structure at therevails.

semiconductor side. On the contrary, whether the gap of the

semiconductor is direct or indirect has a much less influence

or almost none at all. On the other hand, the more activéhCknowledgments

layers in YBCOY7 side are respectively Cu@aO and CuO

regardless of the plane right at the interface. We further studhis work was performed using the facilities of the super-
ied the effect of relaxation on the YBCO7-GaAs interfacecomputing center (Xiuhcoatl) at CINVESTAV-ékico. One
and found that, in spite of the fact that some atomic layer®f us acknowledges the support of Conacy#tito through
change their respective distance, the influence on the densigyPhD scholarship.
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