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From systemati@b initio calculations for the alloy system Mg,Al,B,, we find a strong tendency for the
formation of a superstructure characterized by Al-rich layers. We also present a simple model, based on
calculated energies and an estimate of the configurational entropy, which suggests that the alloy has two
separate concentration regimes of phase separation, with critical pointx#€25 andx=0.75. These
results, together with calculations of electronic densities of states in several ionic arrangements, give a quali-
tative explanation for the observed structural instabilities, as well az tependence of the superconducting
T, for x<0.6.
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The superconducting properties of MgERef. 1) remain  theory® We used ultrasoft pseudopotentidlswithin the
the subject of intense research. Although superconductivitgeneralized gradient approximatihFor all compositions,
in MgB, (T,=39 K) appears to result from a phonon- we first arranged the ions into an ideal Mghke structure,
mediated BCS-like interactién® the details of this mecha- then relaxed the positions of individual ions within a com-
nism, including the possible relevance of anharmonicputational supercell until the energy had converged to a cho-
effects*°> multiple gaps® and Fermi nestingare still being ~ sen tolerance. At most considered, we did calculations for
investigated. Studying the effects of doping is very impor-several possible ionic arrangements, in an effort to determine
tant, as it may not only give additional evidence on the ori-the energetically favored superstructure.
gins of superconductivity in pure MgB but is also needed Our main numerical results are summarized in Table I.
to explain the observed structural instabilifie®and experi-  Forx=0 and 1, our calculated lattice parameters, band struc-
mental difficulties in verifying the predicted increaseTp  ture and density of states are in very good agreement with
with Na or Ca substitution$!* experiment or with those calculated by other authors. We

Alloys of the form Mg, _,Al,B, are the most widely stud- now discuss our results at othey starting withx=1/3. In
ied experimentally of all the doped MgBmaterial$~1°  Fig. 1(a), we show the supercell used to model this compo-
These systems exhibit a variety of unusual behavior. For exsition assuming equal concentrations of Al ions in the differ-
ample, x-ray diffraction results suggest that MgAl,B, is  ent Mg layers(entryd in Table |). After ionic relaxation, the
unstable against phase separation in the concentration rangeions shift from their original positions towards the neigh-
0.09<x<0.25 and again near=0.7871° Secondly, the su- boring Al atoms, as indicated by arrows. This behavior is not
perconducting transition shows unusual behavior as a funcsurprising, since the AP ions carry an additionat e charge
tion of x: the transition is broad around=0.25, consistent compared to the Mg? ions, thus attracting the Bions. But
with phase Separation’ then the transition tempera'ﬂ[ére this ionic relaxation, since it requires aItering the Iength of
drops sharplywithin the single phase region (02% the strong in-plane bonds formed by the Bp? orbitals, is
<0.4)° but superconductivity persistsvith T,~10 K) up  very small (~0.01 A) in plane with a correspondingly
to x~0.7. Thirdly, a superstructure appears to form near small energy change<0.02 eV per A.
=0.52%corresponding to Al ordering in the c direction, and ~ BY contrast, if the Al atoms are assumed to completely fill
possibly also at other Al concentrations. every third A/Mg layer[see Fig. )], the entire B layers

In this Study we investigate the energetics of A|_d0pedSh|ft towards the Al Iayel’s by more than 0.1 A Table | shows
MgB,, and their possible relation to superconductivity. Ourthat this relaxation reduces the energy by about 0.2 eV per Al
particular aim is, first, to determine which structures have thétom. Hence, this layered superstructure is much more favor-
lowest energy at several concentrations, especiath0.5  able energetically than that with Al ions uniformly distrib-
andx=0.333, and, secondly, to use this knowledge to shedted in the Mg layers.
light on the phase separation which may occur at small and Similar behavior is observed at other values>ofsee
at largex, and the relation of these structural phase transi'able I and Fig. (c)]. The energies of “fully layered” super-
tions to the loss of superconductivity with doping. While the Structures are always lower than those of structures in which
influence of Al doping on superconductivity in Ng,Al,B, Al is ur_uformly distributed in the Mg Iayers, pecause of th|§
has been discussed theoretically by several aufiolnone relaxation effect. The large effect of layering is made clear in

have considered the effects of these superstructural trandii9- 2, where ~we plot AE(X)=EgoundX) ~Eiin(X)-
tions. EgroundX) is the energy per Mg ,Al,B, formula unit of the

We have carried ougib initio calculations of the total fully layered ground state superstructure at concentratjon
energy for several compositions of MgAI,B, , using the ~ @ndEjin(x) =(1—X)Enge, * XEwgar, is the linear interpola-
Vienna Ab Initio Simulation Packageasp),***®which em-  tion. Clearly,AE(x) is just proportional to the number of B
ploys a plane wave implementation of density functionallayers situatedetweemeighboring Mg and Al layers. This
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TABLE |. Calculated equilibrium lattice parametessand r =c/a, total energyE per Mg, _,Al,B,
formula unit, and the change in energy per formula Ugjf{ due to ionic relaxation for several possible
superstructures of Mg ,Al,B, at different values ofk. For entries denoted “eclipsed(as opposed to
“staggered”) the Al ions are situated directly above one another in successive Al/Mg layers in the c direction.

superstructure a, A r E, eV Euy, eV
0 a pure MgB, 3.07 1.145 —15.416 0
%, b fully layered 3.05 1.135 —15.8573 —0.048
;11 c fully layered 3.05 1.13 —15.9661 —0.050
z d no layering(eclipsed 3.05 1.105 -16.117 —0.006
e no layering(staggeref 3.05 111 —16.107 —0.001
f partially layered 3.05 1.115 —16.148 —0.042
g fully layered 3.04 1.125 —16.1512 —0.067
% h fully layered (2+ 3 layers 3.04 1.12 —16.294 —0.074
1 i no layering(eclipsed 3.04 1.095 —16.459 —0.007
i no layering(staggere 3.04 1.10 —16.439 —0.0004
k fully layered 3.03 1.11 —16.512 —0.079
z I fully layered 3.02 1.105 —16.772 —0.068
1 m pure AlB, 3.005 1.09 —17.245 0

behavior is reasonable, since only these B layers can underdgb)]. In an arrangement we denote the “2/3” structure, the

the preferential relaxation which favors the

superstructuré?

layeredAl's fill 2/3 of the sites in every second laygsee Fig. 1d)

and Table ]. These two structures have nearly the same

Although the fully layered superstructure is always theenergy?’ which is significantly lower than that in which the
lowest in energy at any, one can attain nearly the same Al's are randomly distributed in the Mg layers. We now use
reduction in energy by segregating the Al into various par-this fact as the basis of a simple model for phase separation
tially layered superstructures. We illustrate this point by con-in these alloys, considering for simplicity only the regime
sideringx=1/3. In the fully layered superstructure, the Al <1/2.

ions occupy all the Mg sites in every third Mg laygFig.

@ o
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FIG. 1. Some of the Mg ,Al,B, superstructures studiech),
(b), (c), and(d) correspond to entried; g, k, andf in Table I. Large
circles denote Alshaded and Mg (open ions; small open circles
denote B ions(a) Top view ofx=1/3 structure with no Al layering,
showing both B and Al/Mg layer&ctually separated bg/2 in the
¢ direction. The in-plane displacement of the B ions $y0.01 A
towards the Al ions is indicated by arrow&) The ground state
superstructure at=1/3: Al ions occupy evenyhird Mg/Al layer;
two layers of B’s are displaced towards Al's by0.1 A. (c) The
ground state superstructurexat 1/2. (d) Example of an alternative,
higher-energy “2/3 structure”X=1/3): The Al ions fill 2/3 of the
sites in everysecondMg/Al layer.

At a given value ofk, the quantity of interest is the Helm-
holtz free energy per three-atom primitive cell of the MgB
structure, which we writd=(x, T)=E(x) — TYX). We con-
sider a sample that has a totalNf layers, each layer having
N, of Mg/Al sites. We assume thatN, of these layers are
Al rich, each with Al concentratior,, and (1-x,)N, layers
are Al poor, with concentratior,,. In the regimex<0.5, we
assume for simplicity that,,,~0, from which it follows that
XaX,=X. [When we includex,, as a variable, in a suitably
generalized free energy, we find th&tx, T) is minimized by
Xm~0 for temperatures up te-500 K1°]

We assume that the internal enefgyloes not depend on
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FIG. 2. EnergyEgoundX) of the fully layered(ground state
structure per Mg_,Al,B, formula unit, as given in Table |, minus
the linear interpolatiorE;,(x) between the energies of MgEnd
AlB, , plotted versus. The full line simply connects the calculated
points, and the dotted line connects the pointg-a0, 0.5, and 1.
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FIG. 3. AF=F (X T)—FjinealX,T), as calculated from the =N ;.
model described in the text fofa) T=E,~350 K; (b) T A
=E,/2.45~140 K. The dashed line shows the common tangent ,'" sF(x=0)
construction which determines the composition limits of the two 0.0 W : ‘ :
phases in the phase separated regovidedE,  ngon{X) is linear -10.0 -5.0 0.0 5.0
in x1. Energy (eV)

FIG. 4. Electronic density of statdé(e,x) (per MgB, formula
unit per spin for x=0 and for the fully layered superstructure at
x=0.5[the structure shown in Fig.(d@)]. Vertical full and dashed
lines denotes atx=0 andx=0.5. The two curves are lined up so
that they each have a filling of eight valence electrons per formula
unit ate(x=0).

the arrangement of the Al ionsithin the Al-rich layer, but
only onx, andx,,?! and we consider only the regionsx
=<0.5. We then make the approximation that

E(Xa,X2) = Eqandont X) —N(X) (Exxa+Exx3), (D)

whereE, ,hqon(X) is the energy of random Mg,Al,B,. We

approximateE, ,nqon{X) as varying linearly betweex=0 (62AF/9x2)1=0. We find T,s=E,/2 (independent oE,),
andx=0.5, as is approximately true from our numerical re- _ - _ ;
sults. The second tpeF;m in Em))i/s the energy reduction due a_nd Xingi=1/4. For our ChOICEE.Z_O'OB ev, this prqcedure
) | orderi di dab It " gives Ty~ 175 K. The experimental value Offjng is un-
to superstructural orderirig,.q discussed above. Itis propor known but must exceed the temperature at which a phase

tional to the fraction of B layersn(x,)=0.5—|x,—0.5 - _ | term-
which are situated between Al-rich and Al-depleted IayerS'S eparated mixture was reporte? (presumably room

this effectivelv bounds th f ibl I peraturg. But our estimate is obtained using an extremely
IS efiectively bounds the range ot possible va u_exzdﬁy simple means of estimating,, and would probably be im-
X,<0.5. From our numerical calculations,y is also

hl ional In additi low f : proved by a more elaborate calculationoreover, our data
roug y_prpportlonq 0. In a |t|9n, we aflow for a erm” suggest slight deviation d&,5nqom from linear behavior, fa-
guadratic inx,, to insure that the “fully layered structure

. oring phase instabili
has an energy lower than that of “partially layered” struc- voring p ! ity

i Thi dratic t ) ol for ph tion. W For concentrationg>0.5, a similar model could also be
ures. This quadratic term IS crucialfor phase separation. Spplied, probably with different parametdfs andE,, lead-
obtain estimates oE; and E, from entriesd-g from the

) ¥ ) ing once again to a region of phase separation with a critical
Table I: we assume that at=1/3, Eranoni= 3Ed+5Ee, concentratiorx;,;= 0.75. On the other hand, the upward cur-
E(x,=183xa=1)=Ey, and E(X,=12Xa=2[3)=Er. |41 re inE(x) at x>0.5 (see Fig. 2 should oppose phase
These rel_atlons y|eI&_1~0.1 eV, E,~0.03 eV. ' ) separation, decreasing thédth of the two-phase region at a

we _estlmatéS(_x) ?"_“p'y as the sum of the conflguratlo_nal given temperature. This behavior once again appears to agree

entropies of the individual layefé.The standard expression with experiment, as the observed two-phase region mear
for this entropy of one layer havinly, sites, of whichpN, ~0.7 is reported to have much smaller width at comparable
are occupied by Al ions, is-kgN,[p In p+(1—p)In(1—p)]. 9

Thus, the total entropyper Mg, _,Al,B, formula uniy is

X Finally, we discuss the observed variation of supercon-
estimated as

ducting transition temperaturg.(x) with X, bffﬁ% on these
_ _ _ results. Our calculations confirm the suggestion; that the

5= ~keXel Xl X+ (1= Xa)IN(1=Xa)]. @ decrease of . with increasingx is due primarily to a reduc-
We have numerically minimized the free energy tion in the density of state®OS) near the Fermi energy. By
F(Xa,Xz, T)=E(Xa,X;) — TS(Xs,X,) for fixed x and T with  way of illustration, we show in Fig. 4 our calculated Kohn-
respect tox,, subject tox,x,=x. We call this resulting free Sham DOSN(e) in pure MgB, and the fully layered
energy Foin(x,T), and define the quantityjeal(X, T)=(1 Mgo.sAl 0B, . (We have attempted to minimize structure due
= 2X) F min(0,T) + 2XF,in(0.5,T). The resulting isotherms of to spurious van Hove singularities produced by the compu-
AF=F in(T)—Fiineal X, T) are plotted in Fig. 3 for several tational algorithmd®2?* by usingk meshes as fine as 385
T. They have the classic shape associated with phase sepata35.) IndeedN(eg ;x=0.5)<N(eg,x=0) as expected. The
tion: concave up foll >T;.s; concave down folf <T;.. In  observed largavidth AT(x) of the superconducting transi-
the latter regime, the concentrations of the two coexistingion nearx=1/4 occurs, we believe, because this concentra-
phases are determined by the standard common tangent caien lies in the two-phase regime. To some extent, DOS be-
struction sketched in Fig. 3. The critical temperatliyg;and  haves as predicted from the rigid-band model, simply
critical concentrationx;,s; for phase separation are deter- shifting in energy, relative teg, without greatly changing
mined as the maximunT, and corresponding, where its shape. However, the slightly broader DOSxat0.5 is,
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we believe, a real departure from the rigid-band picture, and
due to the increased physical unit cell size.

PHYSICAL REVIEW B56, 012509 (2002

To summarize, the preseab initio study of Mg _,Al,B,

has led to three principal findings. First, we find that at low

For further insight into the occurrence of superconductiv-temperatures a layered superstructure is energetically pre-
ity, we have examined the calculated band structures at differred, not only atx=0.5 as was found experimentafty’
ferent values ofk and x,. We paid special attention to the but also at other values of Secondly, we have described a
o-bondingp,, bands believed to be primarily responsible for very simple model for phase separation in these alloy sys-

the superconductivity. Using a rigid-band model f&mall
variations inx at fixedx,, we found that fomanyvalue ofx,,

tems. The model is based on a balance between the calcu-
lated ab initio energies and configurational entropy, and

theseo bands fill atx~0.6. (For example, they are filled for leads to critical points at=0.25 andx=0.75, also consis-
structurel.) If these were the only occupied bands, the su-tent with experiment. Finally, we find that & 0.5 the ex-

perconductingl; would seem to vanish abowe=0.6. Since
the electron-phonon coupling constaxy, for those bands

that remain partially filled atx>0.6 is very small X,

~0.28% it could not produce superconductivity foF
>Tep,~0.01 K, according to the Allen-Dynes formuiaZ®

Thus, the persistence of a finifg, (~10 K) may result
from some kind of coupling between electrons in fheand

pe

N(

rimental trends in botfi.(x) and the widthAT(x) of the

superconducting transition can be qualitatively interpreted in
terms of the calculatedx-dependent density of states

eg,X), but that the interband coupling must be crucial in

maintaining finiteT, at x>0.6.
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