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First-principles study of electronic structure of Bi,Sr,Cay,Cu304g
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We present for the first time the electronic structure calculation e8BCaCu;O;o compound in the tetragonal structure (space group
I4/mmm). We used the Local Density Approximation (LDA) as in the Wien2k code. We analyze in detail the band structure, density ¢
states, and Fermi surface (FS) for this compound. The FS calculated shows the feature known as the Bi-O pocket problem which we ass
with the interaction of the Cu2-0O2 and Bi-O4 planes through O3 atoms. However, our FS in the nodal direction is in very good agreement v
the FS measured using angle-resolved photo-emission spectroscopy (ARPES). This calculation is usefulSsi@a Bus O, compound

show a transition to the superconducting state dtl0 K and to date there are no reports in the literature of its electronic structure known to
us.

Keywords: Bi-2223; electronic structure; band structure; Fermi surface.
PACS: 74.72.Hs; 71.20.-b; 71.18.+y; 73.20.At

1. Introduction wave method plus local orbital (FLAPW+lo) [25] within

) ) the local density approximation (LDA) using the wien2k
Bismuth cuprates are high-temperature superconductoggde [26]. The core states are treated fully relativistically,
(HTSC) (except Bi-2201 withl. ~ 2 K) with the gen-  yile for the valence states the scalar relativistic approxima-
eral formula BySr,Ca,1Cu,0,. They are normally re- tjon js used. We used a plane-wave cutoffyi s max=3.0
ferred to by the number of CuOplanes per unit cell, as ang for the wave function expansion inside the atomic
Bi-2201, Bi-2212, Bi-2223 and Bi-2234.(= 1,2, 3 and  gpheres, a maximum value of the angular momentum of
4 respectively). Resistivity, susceptibility and magnetiza-; = 12 with ¢,,.,= 25. We choose a7 x 17 x 17 k-
tion experiments performed on Bi-2212 and Bi-2223 showspace grid which contains 405 points within the irreducible
a transition to the superconducting state-ag5 K [1,2] and wedge of the Brillouin zone. The muffin-tin sphere raliji

~ 110 K [3,4] respectively. _ (in atomic units) are chosen as 2.3 for Bi, 2.0 for Sr, 1.9 for
The electronic properties of Bi-2212 have been extenyoth Ca and Cu, and 1.5 for O.

sively studied both theoretically and experimentally [5-10].

To our best knowledge a theoretical study of the Bi-2223

compound has not been yet reported in the literature in spite )

of the fact that this compound is one of the most suitable>- 1 he Bi-2223 crystal structure

HTSC materials for applications [11-13]. Neutron and X-ray

diffraction experiments suggest that Bi-2223 presents sewin this work, we study the Bi-2223 compound with body cen-

eral orthogonal structures with spacial groupsaa, A2qa  ter tetragonal structure (bct) and space group 14/mubwj X.

and Frnmm [14-16] and a tetragonal structure with spatial The structure consists of three Cu-O planes, one Cul-O1

group I4/mmm [17,18]. This structure seems to be more plane between two Cu2-02 planes, with Ca atoms between

stable when doped with Pb [16-20]. Recently experimenthem. Each Cu2-O2 plane is followed by a Sr-O3 and Bi-O4

tal studies of the electronic structure of Bi-2223 by angle-Planes in that order (see Fig. 1).

resolved photo-emission spectroscopy (ARPES) have been Starting from the experimental parameters taken from

reported [21-24]. In particular, Idett al. [23] report a band  Ref. 17, we optimized the/a ratio by minimization of the

splitting at the Fermi surface in the nodal direction associatedbtal energy and relaxed the internal coordinates of the struc-

with the outer and inner Cu{planes (OP and IP). ture by minimization of forces. In Table | we compare these
In this work we present a detailed study of the electronicresults with the experimental values reported. The optimized

band structure, the density of states and the Fermi surfaacgaratio is 1.56% smaller than the experimental one. In the

(FS) for Bi-2223. Also we present the comparison betweenelaxed structure the Cul-O1 and Cu2-0O2 planes approach

our FS calculation and the experimental results reported bgach other byvO.SA while the distance between the Cu2-

Idetaet al. [23]. 02 and Bi-O4 planes increases .3 A as compared to
the experimental values. The Sr atoms keep their distance to
2. Method of Calculation the Cu2-02 planes while the O3 atoms move away from the
Cu2 ones towards the bismuth atoms.
The electronic properties for Bsr,CaCu;O;y were de- The main difference between the crystal structure of Bi-

termined with the full-potential linearized augmented plane2212 [6] and Bi-2223 is the presence of the new gpane
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layer distance between neighboring cooper-oxygen planes. In

TABLE |. Optimized and relaxed structural parameters of the Bi-2223, the inter-layer Cu©distance is~ 0.38 A larger
tetragonal BiSr,CaCu; O10. The experimental values were taken than in Bi-2212. We will show the contribution in the elec-

from reference 17.

Space groug4/mmm, z=2

Expt. This work
a 3.82RA 3.843A
c 37.074 36.6862
cla 9.70 9.55
atom z z
Bi 0.2109 0.2072
Sr 0.3557 0.3682
Ca 0.4553 0.4573
Cul 0.0000 0.0000
cu2 0.0976 0.0839
o1 0.0000 0.0000
02 0.0964 0.0847
03 0.1454 0.1519
04 0.2890 0.2936

FIGURE 1. Primitive cell for body-centered tetragonal
Bi»SrCaCu;019. O1, 02, O3 and O4 denote oxygens in the

Cul, Cu2, Sr and Bi planes, respectively.

tronic structure due Cul-O1 plane.

4. Results and discussion

4.1. The density of states

Figure 2 shows both the total Density of States (DOS) and the
atom-projected densities of states (pDOS). We found that the
Fermi level, Er, falls in a region of low DOS. This behav-
ior is similar to others Cu-O-based superconductors [27-30].
As might be expected, the Bi-2223 compound maintains the
same behavior as the DOS in the Bi-2212 compound [6-9],
the only difference is the contribution of the new Cul-O1
plane. The total density of statesiat, N(Er), for Bi-2223

is 3.55 states/(eV cell) which is larger than the one reported

» [ocN ]
1

B O -_2NWO-_2NWO N MO
1

DENSITY OF STATES (states/eV cell)

o N A O N M O

Energy [eV]

FIGURE 2. Total and atom-projected density of states for

in the |aSt one |abe|ed in th|S WOI’k as Cul-O1. The Iattice paBiszQCazCLbOu). Note the Change of scale for each atom con-

rametera is identical in both structures but tleeone differs

tribution. The arrow in the pDOS of Cud indicates the peak at

by ~ 7 A. The presence of the new plane changes the inter2.49 eV belowEr.
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TABLE II. Atomic contributions to the density of states at the Fermi leveE Ny for both Bi-2212 and Bi-2223. The values are given in
units of states/eV-atom. The total NIf) is in units of states/(eV cell). The data for Bi-2212 were taken from Ref. 9.

Atomic state Total
Compound Cu2l Culd Bi p Olp O2p O3p O4p N(EF)
Bi-2212 - 0.33 0.17 0.16 0.07 0.07 - 2.88
Bi-2223 0.47 0.44 0.10 0.12 0.12 0.06 0.04 3.55
A) \/ (8) ©
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Energy [eV]
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FIGURE 3. (Color online) The band structure of the:Bir.Ca;Cu; O10 compound. Note that the behavior of the bands are similar along the
X-Z and the XT" directions. The shaded areas in the figure (A) are amplified in Figures (B) and (C) respectively. In (D) we show the fir
Brillouin zone for a body-centered tetragonal structure for completeness.

for Bi-2212 (2.1-3.3 states/(eV cell)) [6,8] (see Table II). In main contribution is due to the Cu atoms. This implies that
the Bi-2223 compound a large contribution comes from thehe compound does not exhibit a significant magnetic charac-
Cu2-02, Cul-O1 and Bi-O4 planes. The Bi-O plane conter at7 = 0 K.

tributes with small electron pockets at the Fermi surface pro-

viding conduction electrons. These pockets, nevertheless, db2. The band structure

not appear in the experimental results [31]. It is important to ) } )
note that the new Cu1-O1 plane contributes significantly tol N& band structure of the Bi-2223 compound is shown in
N(Er). On the other hand, comparing the atomic contribu-Fig- 3 (notice thaM is the midpoint between the and Z
tions to N(Er) in both compound (see Table 11), we observe POINts along the: direction). _ _

a larger contribution of Cu2-O2 planes in Bi-2223 and asim- 1 NiS band structure has many features in common with
ilar one from the Bi-O4 planes. The compositionft of the Bi-2212 compound [6-9]. In the band structure, the states
the Bi-2223 DOS is mainly as follows, CuR>_,», 02p, ,,  1uSt belowEy are primarily Cu2(d), 02(2), Cul(3/) and

Culd,_,», Olp,,, Bip,,, O4p, , and O3p, , . states. 01(2p) states, with a small contribution from Bjff O4(2»)
’ ) ’ ” and O3(®) states. Abovery, most of the states are Bjfh

In Fig. 2 we observe that the contribution of the d-stateso4(20) and 0O3(2) with a minor contribution from states
to the pDOS from the Cul and Cu2 atoms is very similar. Thg,;m the Cu-O planes. As it can be seen in the Fig. 3(A)

only difference is the peak at 2.49 eV beldW: which cor- 0 hang dispersion in thE-z direction (perpendicular to

responds to the contribution of the Cill. . states. The 0C- o paga plane) is minimal which means that the bands are
cupied bandwidth of the Cu-O planes~ig eV. Also observe strongly two dimensional.

the wide bandwidth of-9 eV which is typical of theipo There are five bands crossingf&t which are composed
(bonding and anti-bonding) bands from the two-dimensionabrimar"y of Cu2d,:_,» and O2p, , (in red), Culd,.
CuQ, layers [29]. This behavior is similar in the Bi-2212 - SR =Y Y
compound [6-9]. The important contribution to the DOS and Olp,.,, (in green), Bp..,, O4p..,, and O3p,.,, (in blue)

' states in Fig. 3 (Color online). The hybridized states from

above B fcohmes mainly from the Bp sr:ates with @ CoN-  these hands are represented by their respective color mixture
tribution of the O3p and O4p states. These oxygen States 4 the plack line represents the other states. In Table Il]

have a m_aJ'Of contribution belowy. The DOS has a minor we present in detail the contribution &f from the different
contribution from both Sr and Ca atoms due to their Strongatomic states

ionic character (not shown in the Fig. 2). These bands croskr in two regions, the first one be-

We also calculated the total spin magnetic moment petween the Z-X points and the second one neaMimint. In
cell for Bi-2223 compound and obtained 0.04%, whose  the first region (inset inside Fig. 3(A)) there are three nearly

Rev. Mex. Fis60(2014) 39-45
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TABLE Ill. Detailed contribution from the different atomic states to the bands-at

Bi 04 03 Cul o1 Cu2 02

Direction Band D,y D,y Da,y,= dy2_y2 Da,y dyz_y2 d.2 D,y
Z-X a - - - 2% 25% 2% - 17%
Ié; - - - - - 62% - 38%

~y - - - 28% 24% 29% - 1%

r-z () 1) 44% 24% 25% - - 4% - 3%

r-M 3 33% 9% 19% 6% 3% 16% 6% 8%
M-z 3 A7% 13% 2% - - 6% - 11%
M-X a - - - 44% 16% 29% - 11%
I6] 18% 12% 8% - - 45% - 17%

v 42% 25% 19% 10% 4% - - -
) 1% 7% 11% - - 47% - 18%
€ - - - 24% 8% 46% 7% 15%

(100)

FIGURE 4. Charge density contour plots for theband atEr in

the Z-X direction, on the (100) plane cutting the Cul-O1 and Cu2-
02 bonds. Contours are given on a linear scale which values ar
10 3%¢/a.u.

degenerate bands, two of them labeledvand-~, are com-
posed of Cull, O1p, Cu2d, and O2p states (see Table IlI).

Rev. Mex. Fis60

In order to show the character of theband atE'r, we plotin

Fig. 4 the corresponding contour plots of the charge density,
calculated at: = 27(0.19/a,0.19/b,0.61/c) on the (100)
plane cutting the Cul-O1 and Cu2-O2 bonds. There we see
that the Cu-O states are bonding very similar to the corre-
sponding Cu-O states of the Bi-2212 compound [8]. The
other band (labeled &) is also composed of bonding Cu2

and O2p states. These three bands (see inset inside Fig. 3(A))
give the higher contribution to the DOS at the Fermi level.

In the second region (near tihé point), the behavior of
the bands are different along theZ (in X direction) and the
M-X directions (see shaded areas in Fig. 3(A)). Further, as
seen in Fig. 3(B) there are two bands, labeled asd ¢,
crossing atF'r in the X direction, which are non symmetric
around theM point. Between thé" and Z points, thé band
is composed of weakly bonding BiO4 p and anti-bonding
Bi p-O3p states. The band between thE andM points, is
formed of anti-bonding Bp-O4 p and Bip-O3 p states and
hybridizes with Cu24-O2 p and Culd-O1 p states, with a
small contribution from CuZ.,- states, while between thé
and Z points it is composed of anti-bondingBD4 p states
and hybridizes with CuZ-O2p and O3p states. In Fig. 5 we
show the contour plots of the charge density in the (100) and
(110) planes, cutting the Bi-O and Cu-O bonds corresponding
to thee band in Fig. 3(B) ak = 27(0.42/a,0,0), very close
to Er. Figure 5(A) shows the strong Bi-Bi bonding character
(ppo) and the anti-bonding character of the Cu-O planes. In
Fig. 5(B) we show the contour plot of the charge density on
the (110) plane. There we can see the anti-bonding character
of the Bi-O and Cu2-0O3 states. This behavior is similar to
éhe one reported for Bi-2212 by Massideteal. [5].

Around the M point but in the M-X direction (see
Fig. 3(C)), thea, 3, v, 6 ande bands have a different char-
acter. Then band is a combination of bonding Cd101 p
and Cu2d-O2 p states (see Table IIl). Th@andd bands are

(2014) 39-45
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(A)

(B)

(110)

FIGURE 5. Charge density contour plots for theband atEx in

I'-M direction, in the (100) and (110) planes. Note the bonding
character of Bi-Bi bonds and the anti-bonding character of Cu-O
bonds in (100) plane. In (110) plane the contribution of the Cul-

composed of hybrids of bonding CuRO2 p, anti-bonding
Bi p-O4 p and Bip-O3 p states. They band is composed of
weakly bonding Bjp-O4 and Bip-O3p states, and hybridizes
with anti-bonding Culi-O1p states. Finaly, the band has a
similar behavior as the band but with a small contributions
of the Cu2d,- state atE'r (see Table IlI).

In the Fig. 3(A), the copper-oxygen bands that cross at
Er extend from 1.5 eV below to 2.3 eV abo¥e-. These
bands have their maximum energy at the X point, and their
minimal energy at the Z point and are anti-bonding. These
bands present a strong Cud®o character. Around thé!
point, the Bi-O bands extend to about 0.57 eV belwand
hybridize with Cu2d,._,.-02 p, states. The Bi-O bands
presents apo character. The contribution of the Bi-O states
at Er are due to the interaction with the O3 and the Cu2-
02 planes. The Bismuth bands present an interesting feature
aroundI” and Z. Exactly at those points, the band derives
from only p, state, while around those points the band de-
rives from combinations of aj states.

The bands around the X point axéd.54 eV belowEr
while in the Bi-2212 compound this bands lie absul.1 eV
below E'r [6-9]. These bands are primarily antibonding Cul
dy 4--Olp, and Cu,, ,.-O2p, states with alpm charac-
ter. Taking the band structures of;S8r.Ca,_; Cu, O, com-
pounds withn = 1 and2, calculated by Sterne and Wang [10]
and comparing with our calculatiom (= 3), we observed
that the number of bands crossinght in I'-X direction is
proportional to the number of Cu-O planes. A similar idea
has been outlined by Most al [33]. We also noted that the
energy belowEr of the Bi-O bands arounill point is deeper
proportionally to the number of Cu-O planes.

FIGURE 6. (Color online) The Fermi Surface d. = 0 of

O1 plane is not observed (see text). Contours are given as in Fig. 4Bi2S»CaCus 010 in an extended zone scheme. The Bi-O pock-

ets are represented by violet and black lines (dashed lines).

Rev. Mex. Fis60(2014) 39-45
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(m,70)

Alklop.op

~

FIGURE 7. (Color online) (A) The Fermi surface (FS) of Bi-2223 measured by léetl. using ARPES [23] in the nodal direction. (B)
Schematic FS showing the band splitting and&tj&| calculated in this work. Experimental FS is taken from the Ref. [23].

4.3. The Fermi surface Now, around theM point we observe two surfaces (Bi-O
pockets) in comparison with the single surface observed in
the Bi-2212 compound. These surfaces, labeled asde

In Fig. 6 we show the Fermi Surface (FS) of the Bi-2223 ;
. . see Fig. 6) form small closed electron surfaces. Jlser-
compound in an extended zone scheme. This FS has | . :
ace is close to be a rounded square with a small convex-

general the same behavior to the one reported for the Bi: - ) . .
2212 compound, with the similar highly anisotropic low- Ity pointing towards the Z point, while surface is almost

dimensionality [8,9,34]. Our calculation presents two addi-2 rounded rectangle. In the ex_perlmental reports the Bi-O
. . planes show always a nonmetallic character [31]. In the theo-
tional surfaces. Around the X there are three not quite de: .. . - g .
) retical calculations this is called the “Bi-O pockets problem”,
generate hole surfaces labelednas3 and~ (corresponding . . .
. P : 7 meaning the presence of Bi-O bandstat around the high
to the respective bands in Fig. 3). TnX and equivalent di- gy : : o
: : . symmetry pointM in the irreducible Brillouin zone (IBZ).
rections, thex and~y surfaces consists of hybrids of Cul-O1 - . . i
and Cu2-02 states and thiesurface is composed of Cu2 This problem appears in all the bismuth cuprates, a result
P which does not correspond to the experiment [35].
02 states. Ther and thes surfaces are close to be rounded . . .
. We associate the Bi-O pockets problem as coming from
squares. As we approach from the X to tepoint, the 3 . : .
o oo ; the interaction of the Cu2-O2 and Bi-O4 planes through O3
and they surfaces get an additional contribution from Bi-O4

states (see Table Ill). As we can see from Fig. 6dlsirface atoms (the ones a;somateQ fo the Sr-O _planes). hesionic
; character of the Bi atoms in the crystalline structure tend
has more nesting thghand~ surfaces.

to attract electrons into the Bi-O planes competing with the
The FS of Bi-2223 measured by ARPES is shown inaffinity for the electrons towards the Cu-O planes [35]. This
Ref. 23. In that work they found two surfaces on the nodalmay involve the charge transfer between the Cu2-O2 and Bi-
direction (see Fig. 7), that they call outer copper planeD4 planes. This charge transfer is possible by the interaction
(OP) and inner copper plane (IP) and suggest the possibibf the O3 atoms with the aforementioned planes, giving these
ity that OP’s are degenerate. The full width at half maxi- Bi-O4 planes the metallic character observed in our calcula-
mum (FWHM) of the momentum distribution curve (ARPES tion. We believe that is possible to remove the Bi-O pockets
resolution) for the OP isv 0.011 A~ and the IP is by displacing the O3 atoms in order to avoid the interaction
~ 0.0074 A~!, at Ep. Other experimental works using the between the Cu2-O2 and Bi-O4 planes.
same technique [21,22] do not report this band splitting. Finaly, around th& and Z points there are electron sur-
We identified the IP with thex surface and the OP's faces that are similar _betwe_en them. This characteristic is
with the 3 and~ surfaces in our FS. On the-X direction due to the highly two-dimensionality of the s_ystem. However
we calculated the differences in momentitk|op_rp and from the band structure gnd thg FS of the B|-2223 compound
A\klopgop (see Fig. 7) and found- 0.005 A-! and We observe a less two dimensional behavior than the one re-

~0.01 A-1 respectively. Comparing these differences with Ported for the Bi-2212 compound [8,9].

the ARPES resolution in the work just mentioned, it is clear

that it cannot resolve the existence of the three bands sep&- Conclusions

rately. Our results support the idea that the IP is composed

of Cu2-02 states, and the OP’s are composed of hybrids dMe presented in this paper a detailed analysis of the elec-
Cul-01 and Cu2-02 states. tronic properties of the tetragondi(/mmm) Bi-2223 com-

Rev. Mex. Fis60(2014) 39-45
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pound. Our calculation was done using the Full-potential The Fermi surface (FS) calculated in this work presents

linearized augmented plane wave method plus Local orbitala good agreement with the experimental result measured, in

within the Local density approximation using Wien2k code. the nodal direction, by angle-resolved photo-emission spec-
We studied the contribution of the Cul-O1 plane to thetroscopy (ARPES) [23].

electronic properties of the Bi-2223 compound. This plane

has an important contribution to the DOS at the (0.56

states/eV-atom) which is similar to the one of the Cu2-02Acknowledgments

plane. Compared to Bi-2212 [9], Bi-2223 presents a higher
DOS atEr. This is due to the new Cu-O plane. The authors acknowledge to the GENERAL COORDINA-

Our calculated band structure present Bi-O bands at th&!/ON OF INFORMATION AND COMMUNICATIONS
Er. This so called Bi-O pocket problem is in disagreementTECHNOLOGIES (CGSTIC) at CINVESTAV for providing
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