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The displacements effects of the oxygen atom associated to the Sr-plane (O3) in the electronic propepiis @&Blu; 01 (Bi-2223),

have been investigated using density functional theory. We determined intervals of the O3 atomic positions for which the band structure
calculations show that the Bi-O bands, around the high symmetry pbintthe irreducible Brillouin zone, emerge towards higher energies
avoiding its contribution at Fermi level, as experimentally has been reported. This procedure does not introduce foreign doping elements
into the calculation. Our calculations present a good agreement with the angle-resolved photoemission spectroscopy (ARPES) and nuclear
magnetic resonance (NMR) experiments. The two options found differ in character (metallic or nonmetallic) of the Bi-O plane. There are
not any experiments, to the best of our knowledge, which determine this character for Bi-2223.

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

1. Introduction 2223, and found that the displacements of the oxygen atoms
) _ _ ) associated to the Sr plane induces important changes in the
The BLSKC&Cw0;o compound (Bi-2223) is a high-  hand structure around tié point, displacing Bi-O bands to-
temperature superconductor (HTSC) which shows a transiyards higher energies, and avoiding the presence of the Bi-O
tion to the superconducting state-atl 10K [1,2]. There are  pockets in the Fermi surface. This simple procedure produces

very few theoretical studies for this compound in the litera-5 good agreement between theory and experiment of the elec-
ture in spite of the fact that itis one of the most suitable HTSGyqnjc properties of Bi-2223.

materials for applications [3-5]. Also, experimental reports
show that the composite CdS/Bi-2223 and the Bi-2212/Bi- .
2223 intergrowth single crystals display the reentrant super2- Method of Calculation
conducting behavior [6, 7], which is not yet fully understood.
In a previous work [8] we calculated the electronic prop-
erties of Bi-2223 that show the Bi-O pockets problem, which
means the presence of Bi-O bands at the Fermi endigy (

In this paper the calculations were done using the full-
potential linearized augmented plane wave method plus local
orbital (FLAPW+lo) [20] within the local density approxima-
tion (LDA), using the wien2k code [21]. The core states are

around the high symmetry poitd in the irreducible Bril- L )
louin zone (IBZ). This problem appears in all the bismuthtreated fully felgtlwstlcallly, Whlle_for the valence states the
calar relativistic approximation is used. We used a plane-

cuprates, a result which does not correspond to the exper*?— :
ment. This is an issue that has been present in the literatutea e C'.“'tOff. at.ld%m‘i(]ma" — .7'0 ar?d for the wave funct:on f
since long ago [8-15]. H. Liet al. showed that this issue can er:(pansmln nside the at(()bmm s_p ereg,haGmaxm_mm v\(/alvue or
be solved by doping the bismuth cuprates with Pb [16, 17]? € angular momentum f,.s - 12 V.V't max 25. €
Also, V. Bellini et al., simulated a Bi-O plane terminated choose a7 x 17 17 k-space grid which contains 405 points

(001) surface in BjSr,Ca Cuy,Og (Bi-2212) and obtained Wit.hin the IBZ. The muffin-tin sphere radiRm: (in atomic
that the Bi-O pockets become less distinguishable [18]. units) are chosen to be 2.3 for Bi, 2.0 for Sr, 1.9 for both Ca

As it is known, atomic displacements in the crystalline and Cu, and 1.5 for O (1.02 for the structure Il see below).

structure generate considerable changes in the electronic

properties. Hermaet al. reported band structures for Bi- 3. Structures

2212 that were calculated by displacing the Bi and O atoms,

and found significant shifts in the bands [19]. However, theirln this work, we start from the Bi-2223 compound in a body

band structures differ greatly from those obtained by othefenter tetragonal structure (bct) and space group 14/mmm

researchers [11]. (D17). The structure consists of three Cu-O planes, one Cul-
Based on this idea, in this paper we study the effect of dif-O1 plane between two Cu2-O2 planes, with Ca atoms be-

ferent atomic displacements in the electronic properties of Bitween them. Each Cu2-O2 plane is followed by a Sr-O3 and
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FIGURE 1. Schematic structures for the different atomic configurations a) structure Opt, b) structure | and c) structure Il

intervals are defined in two structures which we labeled as
TABLE |. The O3 atomic positions and the interatomic distances Structure | and structure Il. It is important to note that O3
between Cu2 and O3luz-09 and between Bi and O3§i.o3) for atomic positions out of these intervals show the Bi-O pockets
the different configurations. The intervals for the structures | and back. We will discuss here the resulting electronic Qroperties
Il. The data for structure Opt were taken from Ref. 8. The experi- in two cases when the O3 atoms are displaced ®B8A to-
mental data were taken from Ref. 23. wards the Cu2-02 planes (structure I) and when they are dis-
placed by~0.27,& towards the Bi-O4 planes (structure II).

Structure 03 site Interatomic distands) ( . .
See Fig. 1(b) and Fig. 1(c).
zle dewz-03 dsi.03 In Table | we present the O3 atomic positions and the
Experiment 0.1454 1.7719 2.4281 interatomic distances between Cu2 and @3,4.09, and be-
Structure Opt 0.1519 2.4946 2.0287 tween Bi and O3dgi.03) for the different configurations, and
Structure | 0.1335 1.8196 2.7037 the intervals for the structures | and Il. The atomic positions
Structure Il 0.1592 27624 1.7609 of the other atoms in the crystal structure of Bi-2223 remain

without changes and can be found in the Ref. [8].

As it can be seen from Table I, the displacements of O3
Structure 1l Interval (z/c) (0.1583-0.16) in the structures | and Il produce important changes in the in-
teratomic distancedc .03 anddgi.oz. In the structure | the

Bi-O4 planes respectively. In a previous work [8] we opti- i . | he th . Lval he diff
mized thec/a ratio and relaxed the internal parameters of the?’Cu2-03!S VETry CloS€ to ihe the expenmental value (the ditfer-

structure taking as A starting point the experimental interna[ance is~ 0.05 A), while in structure 1l thalgi.oz is ~ 0.67 A
parameters given in Ref 23. Henceforth, we will refer to ess than the experimental value. As we will see later these

this optimized structure as structure Opt (see Fig. 1(a)). | eatures will have consequences in the metallic or nonmetal-

the band structure calculations for the structure Opt, the Bi- ¢ character of the Bi-O planes.
pockets appear [8].
R. Koubaet al. found that one has to start from the theo- 4 Results and discussion
retical equilibrium volume.e. to optimize the structure, be-
cause the use of the experimental lattice parameters represent. Band structure
an inconsistency [22]. We have checked that starting from the
experimental lattice and internal parameters the Bi-O pocketth this section we will present the band structures of the
do not appear ak'r at the cost of avoiding the optimization different crystalline configurations described in the previous
procedure, which as we just mentioned leads to a non-optimalection. The band structure of the structure Opt is shown in
description of the electronic properties. Fig. 2. (Notice thatM is the midpoint between thE and
Taking the optimized internal parameters of the structureZ along theX direction). A detailed analysis of this band
as the starting point, we performed small displacements o$tructure can be found in the Ref. 8.
the positions of the Bi, O4, O3 and Sr atoms in different con-  In the band structure of the structure Opt we note the
figurations and found that some of them generate changgwesence of five bands crossing&t around theM point
in the band structures that remove the Bi-O pockets. Thand in the Z-X direction. These bands are derived from
simplest way is just to displace the O3 atoms in two smallCul d, Cu2 d, and Bip states. In the Z-X direction (see
intervals around the optimized position (see Table I). Thesé&ig. 2(b)) there are three bands labeledhass, and~, de-

Structure | Interval (z/c) (0.133-0.134)
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FIGURE 2. (Color online) The band structure of the poyre 3. (Color online) The band structure of the
Bi>SrzCaCu; 010 compound of the structure Opt. The rectangles g, sy, ca,Cu;010 compound of the structure I. The rectangles in

in the figure (a) are ampli_fied in Figures (b) and (c) respectively. {hq figure (a) are zoomed in Figures (b) and (c) respectively. The
The blue,_ red and green_ll_nes represent the,BCu2d, and Cul blue, red and green lines represent theyBCu2d, and Culd re-
d respectively. The hybridized states from these bands are repregpqtively. The hybridized states from these bands are represented

sented by their respective color mixture and the black line repre-y, hqir respective color mixture and the black line represents the
sents the other states. other states.

rived_fr(_)m the Cu-O planes, crossingat (which is char- of Bi p, O4p, O3 p, Cu2d, and O2p states (see Table II).
acteristic of the HTSC cuprates). The relevant feature here 'ﬁere the metallic character of the Bi-O bands is evident. The

the presence of Bi-O bands labeleddands which drop be- ;

low Er (~ 0.29 eV) around théM point, hybridizing with the ;he;tl;?gs (labeled ag) is composed of Cu, O1p, and

Cu-O bands. This behavior has never been observed experi- b Lo

mentally [12—15]. The band dispersion in theZ direction The main difference between the structure I and the struc-
éure Opt, is present around thé point in the I'-Z direc-

(perpendicular to the basal plane) is minimal, which mean . .
- . tion (see Fig. 3(a)), where it is observed that the bands de-
that the bands are strongly two dimensional. rived from hybrids Bi-O and Cu-O states raise abdve

The band structure of the structure | is shown in Fig. 3. X .
We observed that the general behavior of this band structure 90 meV, while the bands belo (with the same com-

is similar to the one calculated for the structure Opt, althougfpos'ggn thst the ones calculated in the structure Opt) reach
several important differences are present. It is observed in" ~ mev.

the band structure that only three bands crosBatn two It is observed in the band structure of the structure | that
regions, in the Z-X direction and around tNepoint. In Ta-  SOMe Bi-O bands do not follow a rigid displacement to the en-

ble Il we present in detail the contribution & from the  ©rgdies abovélr. Below E important changes are observed

different atomic states. in the dEpersion of Cu-O bands with presence of Bi-O states
In the first region (see Fig. 3(b)) there are three bands2roundM.

Two of these bands are nearly degenerate (labelgtl arsd The band structure of the structure Il is shown in Fig. 4.

~); these are composed of Cd202p, and O3p states. The Justas in the previous case the band structure of the structure

other band (labeled as) is composed of Cull and, O1p Il is similar to the one calculated for the structure Opt. Again

(see Table IlI). it is observed in the band structure that three bands dress

In the second region, in the K direction (see Fig. 3(c)) in two regions, in the Z-X direction and around thiepoint.
there are three bands crossing fiye. Two of these bands are [n Table Il we present in detail the contribution &f- from
nearly degenerate (labeled@sand ('), these are composed the different atomic states.

TABLE Il. Detailed contribution (structure I) from the different atomic states to the banfls at

Bi 04 03 Cul 01 Cu2 02
Directon ~ Band  pa,y P2 Daz,y Pazy D2 dy2_y2 D Dy dy2_y2 P Py
«@ - - - - - 48% 16% 36% - - -
Z-X I6] - - - 11% - - - - 33% 20% 36%
0% - - - 11% - - - - 33% 20% 36%
o 7% 65% 8% 4% 4% - - - 5% - 7%
X-M 3 18% 8% 21% 10% 10% - - - 15% - 18%
o - 10% - - - 60% - 30% - - -
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TaBLE Ill. Detailed contribution (structure Il) from the different atomic states to the banflg at

Cul o1 Cu2 02
Direction Band dy2_y2 Pz Dy dy2_y2 Pz Dy

«@ 15% 8% 11% 44% 8% 14%
Z-X 8 - - - 69% 11% 20%

o 40% 10% 22% 19% - 9%

o 36% - 16% 82% - 18%
X-M 8 - - - 15% - 18%

5 32% - 15% 42% - 12%

@t | ® ./ Fig. 2, Fig. 3 and Fig. 4, the bands mainly derived from

°F ] B the Cu-O planes, which cross tlig- in the Z-X-M direc-

1sf /,'/ tions, show no important differences in its dispersion, al-
B % though some changes in its composition can be found (see
% - Table Il and Table 1ll). These three band structures present
2% \\ i strongly two dimensional characters.

Er \ p'

) T ’ ‘\\ 4.2. Fermi surface

/éﬁ = © \

In Fig. 5 we show the Fermi Surface (FS) of the Bi-2223
compound in an extended zone scheme for the three analyzed

Bi2SroCaCusO19 compound of the structure Il. The rectangles in Structurgs. A detailed gtudy of the FS'for structure Opt I$ pre-
the figure (a) are amplified in Figures (b) and (c) respectively. Thesented in Ref. 8. !n this surface the lrlport'ant feallture is the
blue, red and green lines represent theyBCu2d, and Culd re-  Presence of the Bi-O pockets around Mepoint, which are
spectively. The hybridized states from these bands are representd! disagreement with the experimental data [12-15].
by their respective color mixture and the black line represents the It is observed from Fig. 5(b) and Fig. 5(c) that the topol-
other states. ogy of the FS’s is strongly affected by the atomic displace-
ment of the O3. There are three not quite degenerate hole
In the first region (see Fig. 4(b)) there are three bandssurfaces around the X point, labeleds, and~y. These sur-
Two of these bands (labeled asand~), are composed of faces are derived from Cu-O planes, although the structure
Culd, Olp, Cu2d and, O2p states. The other band (labeled | has a contribution of the O3 atoms (see Table I1). In these
as () is composed of CuZ and O2p states (see Table Ill). surfaces the most relevant feature is the complete absence of

zr M Z

FIGURE 4. (Color online) The band structure of the

Note that thex and 3 bands are nearly degenerate. the Bi-O pockets around tHd point, in agreement with the
In the second region, in the Kt direction (see Fig. 4(c)) experimental results [12—15].
there are three bands crossing #ig. Two of these bands In Fig. 5(b) around th& point, spiky sheets appear in the

(labeled asy’ and+’) are composed of Cud, Ol1p, Cu2d,  ~ surface that are different from the one around the Z point,
and O2p states. The other band (labeled#yis composed causing a lower two dimensional character as compared to
of Cu2d and O2p states. structure Il. Also in structure I, in the X4 direction there is
Again around theM point in the I'-Z direction (see a presence of Bi-O states, contributing to the FS, which was
Fig. 4(a)), it is observed that the bands derived from Bi-observed in the band structure, as can be seen in Table II.
O states do not cros&r and are displaced abovEp Mori et al. [24] show that the number of bands crossing at
~ 230 meV. Notice that in this case (structure Il), the Bi-O Er (in the nodal direction) is proportional to the number of
bands does not contribute for, therefore in this structure, the Cu-O planes in the multilayer cuprates. LDA electronic
the Bi-O plane is nonmetallic. Now, belowr the bands calculations present the same feature [8]. The band structures
derived from Cu-O states reash—270 meV. from the structures | and Il (see Fig. 3(b) and Fig. 4(b)) show
Comparing the band structures from structure Il with theagain these three bands crossingtat. Two of them are
ones obtained from structure Opt, it is observed a rigid disnearly degenerate. The three band splitting is not observed
placement of- 0.6 eV of the Bi-O bands toward higher en- in the experiment due to the degeneration of these bands and
ergies. As a result of this, all states associated to the bismutihe resolution limitations inherent to the experimental equip-
atoms are now abovEr. Also, the general behavior from ment [8, 13].
the Cu-O bands beloW» show no significant changes. The FS of Bi-2223 measured by angle-resolved photoe-
It is important to note that in the three band structuresmission spectroscopy (ARPES) is shown in Ref. 13. In that

Rev. Mex. Fis61(2015) 88—95
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FIGURE 5. (Color online) The Fermi Surface (FS) &t = 0 of BioSrCaCusO1 in an extended zone scheme. (a) shows the FS for
structure Opt. The Bi-O pockets are represented by violet and black lines (dashed lines). (b) and (c) show the FS for structure | and I
respectively. These two FS’s do not show Bi-O pockets.

© 82% OP (TC,TE)

-~
\
72% |P
o
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FIGURE 6. (Color online) (a) The Fermi surface (FS) of Bi-2223 measured by ARPES [13] in the nodal direction. (b) and (c) Schematic FS
showing the band splitting in the structures | and Il respectively.

work they found two surfaces on the nodal direction (seex andg surfaces are nearly degenerate, which are mainly de-
Fig. 6(a)), that were assigned to the outer copper planes Cu?ived from Cu2-O2 planes (82% OP), while thesurface is
02 (OP) and to the inner copper plane Cul-O1 (IP) and sugmainly derived from Cul-O1 plane (72% IP). The composi-
gest the possibility that the OP’s are degenerate. Other exion that we got from our calculations slightly differs from
perimental work with the same technique does not report thithe ones assigned by Idetgal.
band splitting [14, 15]. Notice that structure | agrees with the experimental as-

In Fig. 6 the comparison between the experimentakignment of the OP’s as being degenerate(Fig. 6(b)). Struc-
FS [13] and the calculations done in this work for structuresure 1l (Fig. 6(c)) indicates that it is the OP degenerate
I and Il in the nodal direction are shown. A good agreementurfaces, in disagreement with the assignment of Iééta
with the experiment can be observed here. al. [13].

In the FS of structure | (Fig. 6(b)) it is observed thatthe  On the other hand, nuclear magnetic resonance (NMR)
B and~ surfaces are nearly degenerate and derived from thstudies of the Bi-2223 compound show that the hole concen-
Cu2-02 planes (OP) with a contribution of the @3, states  tration of the OP is larger than that of the IP [25,26], in agree-
(see Table 1), while thex surface is derived from the Cul- ment with our calculations in both cases.
O1 plane (IP). This result shows a good agreement with the
composition of the surfaces assigned by Ideta et. al. inthg 3. Density of states and total energy
experiment reported in Ref. 13.

In the FS of structure 1l (Fig. 6(c)) it is observed that the The Fig. 7 shows both the total Density of States (DOS) and
« and~ surfaces are derived from the hybridization of the the atom-projected density of states (pDOS) for the structures
Cu2-02 and Cul-O1 planes (OP+IP), while thesurfaces Opt, I, and Il. The analysis for the DOS of the structure Opt
ARE derived from the Cu2-0O2 planes (OP). In this case thas presented in the Ref. 8.

Rev. Mex. Fis61(2015) 88—95
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FIGURE 7. Total and atom-projected density of states fosBbCaCu; O10 for the structure Opt (a), structure | (b) and, structure Il (c).
Note the change of scale for each atom contribution.

TABLE |V. Atomic contributions to the density of states at tfig, N(Er), total N(E'r) and total energy for structures Opt, I, and Il. The
values are given in units of states/eV-atom, states/eV-cell and Ry respectively. The data for structure Opt were taken from Ref. 8.

Atomic state Total Total energy
Compound Cuz2 Culd Bip Olp O2p O3p O4dp N(EF) (Ry)
Structure Opt 0.47 0.44 0.10 0.12 0.12 0.06 0.04 3.55 -113112.127
Structure | 0.27 0.34 0.12 0.10 0.12 0.07 0.09 3.14 -113111.839
Structure Il 0.37 0.38 - 0.07 0.06 - - 2.15 -113108.197

As we just saw the displacement of the O3 atomic positesults in a nonmetallic character of the Bi-O planes (see Ta-
tion in the crystalline structure generates significant changeksle 1V).

in the band structure and in the FS. As expected, these ap explanation for the metallic or nonmetallic character
changes are also visible in the DOS. Comparing the DOS 0f¢ the Bj.0O planes can be understood as follows. The ionic
the structure Opt with the structure Il we found that the gennaracter of the Bi atoms in the crystalline structure tends
eral behavior is similar (as observed in the band structure angl ttract electrons into the Bi-O planes competing with the

the FS). On the contrary, important changes are observed ityinity for the electrons towards the Cu-O planes [16]. This
the DOS in the structure |. may involve the charge transfer between the Cu2-02 and Bi-
The most important feature in the DOS for the structure 1104 planes. This charge transfer is possible by the interaction
is the absence of any contribution of the;BiO3p, and O4  of the O3 atoms with the aforementioned planes. In the struc-
p states atE'r, a fact that leads to a lower density of statesture I, when O3 is closer to the Cu2-0O2 planes it acts like
at Er, N(E'r), which is 2.15 states/(eV-cell) as compared toa bridge for the charge transfer to the Bi-O4 planes, giving
3.55 states/(eV-cell) in structure Opt and 3.14 states/(eV-celhese planes the metallic character observed in one of our cal-
in structure I. In Table IV we presented both the atomic ancculations. This explains the possible reason why the structure
the total contributions to the M) for structures Opt, I, and | has a larger contribution of Bi-O statest than the struc-
Il. ture Opt (see Table 1V). On the other hand in the structure
In the DOS of the structure | (see Fig. 7(b)) it is observed!!» O3 is closer to the Bi-O4 planes (away from the Cu2-O2
that the Bi-O planes have a contributionfat, and as a con- plane) Whlch nullify the charge transfer betwegn these planes,
sequence the Bi-O planes have a metallic character (see T8XPlaining the nonmetallic character of the Bi-O planes.
ble 1V). In the DOS of structure Il a shift with respect to the ~ We found two configurations that remove the pockets
structure Opt of the DOSp from Biand O4p states towards around theM point associated to the Bi-O planes. The rele-
higher energies from thE is observed (see Fig. 7(c)). This vant difference between these configurations lies in the metal-
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lic (structure 1) or nonmetallic (structure 1) character of the have checked) or by doping with 25% of Pb [16]. R. Kouba
aforementioned planes. et al. [22] points to the need of the optimization procedure to
Experimental results using scanning tunneling mi-get an electronic band structure that reproduces properly the
croscopy (STM), show that the Bi-O planes are nonmetallicelectronic properties of the system in consideration.
in Bi-2212 [27-30]. To the best of our knowledge there are  So, we have considered several ways in which the pres-
not any experiments that define the metallic or nonmetallieence of Bi-O pockets in the Fermi surface can be avoided
character of the Bi-O planes in Bi-2223, except for the re-without doping and keeping the optimization procedure pre-
port presented by K. Asokaet al. using X-ray absorption vious to the ab initio calculation, in agreement with the ex-
near edge structure (XANES), that shows a metallic charperiment. We perstructureed small displacements of the po-
acter of the Bi-O planes for Bi-2223 and Bi-2212 [31], the sitions of the Bi, O4, O3 and Sr atoms in several config-
last one is in disagreement with the previous works just menurations and found that some of them generate changes in
tioned. However, the nature of the Bi-O planes character fothe band structures that remove the Bi-O pockets that appear
Bi-2223 needs to be tested with more experiments. The lackround the high-symmetry poitd. These pockets appear
of enough experimental data for Bi-2223 does not allow us tan all the theoretical ab initio electronic calculations of bis-
choose which of the two studied configurations completelymuth cuprates. The simplest way to remove the Bi-O pockets
agrees with the experiments. Knowing the Bi-O planes charthat we found is to displace the O3 atoms (the ones associ-
acter would permit us to support (or not) the assignation donated to the Sr-O planes) within two small intervals around
by Idetaet al. in the FS compositions in the nodal direc- its optimized position. Positions out of these small intervals
tion [13]. If the metallic case (structure 1) is supported by thelead to calculations that again show the Bi-O pockets. We
experimental results, it would confirm that the surfaces destudied the effect of an atomic displacement of the O3 atoms
rived from OP’s are closer to tHe point which would agree in two configurations which we called structure | and struc-
with Idetaet al., while if the nonmetallic case happens, our ture Il in the electronic properties of B, Ca,Cus;O; Using
calculations suggest that the surface that is closer td'the the LDA. In both cases the Bi-O pockets are removed. The
point derives mainly from states associated to IP. relevant difference between these two configurations lies in
In Table 1V is observed the total energy calculated in thethe metallic (structure I) or nonmetallic (structure Il) char-
system with structures Opt, 1 y Il. The systems with structuresacter of the Bi-O planes. This procedure is absent of any
| and Il present total energies higher than the structure Optloping. Our calculations for both structures present a good
i.e. those O3 atomic displacements do not lead the systermgreement with the experimental results measured by angle-
to a minimal energy state. Thus, the O3 positions proposetesolved photoemission spectroscopy (ARPES) and nuclear
which remove the Bi-O pockets does not represent a minimahagnetic resonance (NMR). Since the experimental situation
local of the total energy system. This point requires a moref the character (metallic or nonmetallic) of the Bi-O planes
detailed analysis. in Bi-2223 has not been totally clarified, we cannot decide
Finally, we also calculated the total spin magnetic mo-which of the two structures reproduces more exactly the ex-
ment per cell for the structures Opt, |, and Il and obtainedperimental results. Both, we emphasize, the Bi-O pockets are
~0.01pp, ~0.02 5, and~0.03 up respectively. This im-  not observed in the Fermi surface.
plies that the compound does not exhibit a significant mag-

netic character at T=0 K. 6. Acknowledgments
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