PHYSICAL REVIEW B VOLUME 56, NUMBER 7 15 AUGUST 1997-I

Electronic calculations on the MgTiOBO4 warwickite: A real-space renormalization approach
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Electronic properties of a warwickite, MgTiOBQare calculated within the Green’s functions formalism,
taking into account the crystallographic structure of the system and using a multiorbital basis to represent the
Hamiltonian. The many body problem is considered through an alloy analog approximation for the intra-
atomic interaction at the titanium sites by using real-space renormalization techniques. Local and total density
of states reflect the one-dimensional character of the structure and its insulating nature. The metal-nonmetal
transition is also analyzed as a function of the charge dopB@163-18207)04031-9

[. INTRODUCTION and Mg ions among the octahedra units; when different oc-
cupation patterns were considered, only small changes were
The interest in low-dimensional systems has been largelgeen in the density of states due to weak metal-metal inter-
increased since the first evidences of quantum confinememictions between adjacent ribbons. Even though the molecular
properties exhibited by semiconductor nanostructures witlerbital calculation was clarifying, some of the most interest-
very important industrial applications. On the other hand, théng properties of the warwickite, i.e., its magnetic behavior
discovery of high temperature superconductivity in copperand it's insulator nature, cannot be understood within a one-
oxides and the attempts of understanding the role played bglectron approach. For a proper understanding of the elec-
the (two-dimensiongl cuprate planes have opened a newtronic properties of the system, it is essential to incorporate
class of investigations on strongly correlated low- in the theoretical framework an adequate description of the
dimensional systems. In particular, a family of oxyborateselectronic correlations in the transition metal sites, which we
named warwickites, was recently characterized from thé&now could change completely the description of the band
magnetic point of view. Titanium warwickites were identi- structure by, e.g., opening a Mott gap near the Fermi level.
fied via magnetization, ac susceptibility and x-ray measure- In this work we present a multiorbital tight-binding cal-
ments, as belonging to a family of inorganic, one-
dimensional, disordered magnetic systémsviagnetic =
properties of Vanadium warwickites have been theoretically _éi’///// \\\"
and experimentally studied by Continentiabal.;? they have W 2 ..,,//// O
shown that this borate structure presents an ac susceptibilit / / \
which can be described by a power law over up to 40 K, =N = é////\\\
above which it follows a Curie Weiss law. O \=E o = N // O \ = év
The warwickites are formed by substructures, similar to 7 — x BN
ribbons extending along the axis of an orthorhombic crys- é////\\\__ ///\
talline structure, weakly connected to each other, and con- \\\“ "///// \ N
=
=) :///// \é O

taining boron atoms in the space between them. Each ribbo 7 \ R
is formed by edge-sharing oxygen octahedra in a four col- /\_ = A N
umn group, with divalent and trivalent metal ions inside. For * O \\ . \\‘_ = = A \\\\\= =
the MgScOBQ warwickite, Norrestarhhas shown that the i’//// \\\ £ TE _’//\ “

transition metal preferentially occupies the two inner octahe- & T 2 A = 2 \-
dra, while the Mg ions are preferably located inside the two ///// \\\\\: = - = —// O \é:// \\_
outer ones(see Fig. L More recently, Matost al* have ///\‘ ;////\‘ O _"/// i’///\ N é

presented a theoretical investigation of the electronic struc- = i/ oW ZJJ O A7 O ™
ture of the MgTiOBGQ; warwickite, based on an extended V- = J —/ B

Hiickel molecular orbital calculatiohThey concluded that FIG. 1. Schematical view of the structure of the warwickites
the electronic band structure of the crystal is basically oneprojected in the plan€001). The numbers 1 and 2 represent the
dimensional near the Fermi level which is located inside aites where the metallic ions are locatadindb are the sides of the
Ti-3d band. The 1D character of the band structure wasinitary cell, and the open circles are the boron icedapted from
shown to be independent of the particular arrangement of TiRef. 3.
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culation developed to describe the main electronic properties "Basic octahedra™ 'O lattice”
of the Ti warwickite. We follow the Green’s functions for-
malism and adopt real spatial renormalization techniques to o "o

simplify the representation of the real, more intricate, crys-
talline lattice. Intrasite electron repulsion terms are treated
through the “chain approximation” of a Green function cu-
mulant expansion. For simplicity, we have assumed the Ti
atoms occupying the two inner octahedra, according to the g
more probable pattern found in the Sc warwickite.

It is worth noticing that the scheme adopted does not de-
scribe the full-warwickite crystal, rather, it restricts the study
to an isolated ribbon. Although each ribbon interacts with the
others through the boron and some of the oxygen atoms, the

model adopted is a good approximation for the electronic "Ti","Mg"
properties at the Fermi level, as reported by Matbal* .
Il. THEORY
The Hamiltonian taken to describe the crystal is one of the " Ti-Mg lattice"

Hubbard type and contains contributions of oxygen, tita-

nium, and magnesium atoms. The orbitals we consider are FIG. 2. Schematic representation of the renormalization scheme

0-2 '( andp,), Ti-3d (.d A dv. dus .o and adopted in the calculation of the effective locator and hopping ele-

d z)parﬁ)()j( ’Mpé’ ’$ Thpezé 2 Ti 4sxé,ndyz4’p )élzl‘,ld R/Iéyﬁp or ments for both effective lattices described in the text. Full dots
Va4 Ll - . - ) - - H - -

: . . ! . represent oxygen atom whereas gray dots describe Mg and Ti ele-
bitals were not included in our calculation since they do no P vg gray 9

. . . tr'nents. The symbols “O,” “Ti,” “Mg,” and “V” are used to
contribute to the density of states around the Fermi Ieve. represent renormalized Green’s functions and hoppings, respec-

this multiorbital description, it is important to incorporate the tively.
electronic interaction terms on the transition metal sites. The

Hamiltonian then takes the form We have not explicitly incorporated thestates of the Mg
atoms Ef,,%’sz —4.5 eV), since the oxygen-crystal field acts
H= > EiaCiTa oCi oot > ViaJ‘BCiTa oCi.B.o on the. Mgp energy by pu'shing it far above the Fermj level.
iao o Lja e T For this reason the bonding between O and Mg orbitals has
been considered by taking into account a renormalized en-
+Up > N ni—+Yr, > ni‘fgnﬁ,” (1)  ergy value for the Mgs orbitals. As the boron atoms are
hao ’ i,a,8,0,0' strongly bounded to the neighbor oxygen atoms and do not

contribute significantly to the electronic structure near the
wherei andj denote atomic positionsy andg orbitals, and  Fermi level, the electronic properties of the warwickite can
Uq and Yq; are titanium electron-electron repulsion terms,be studied on the ribbon.
both related to the same atdintrasite but involving either Isolated oxygen octahedra, containing Ti or Mg ions in
one singled orbital (U+;) or two differentd orbitals (Y1) in  the interstitial sites were considered primarily as being the
that atom. The symbat’ indicates a summation restricted basic units of the structure. To describe the warwickite, we
to the titanium sites. The operatof,ala creates an electron define two distinct renormalized lattices: one formed by
on sitei, in the « orbital, with spino. The matrix element renormalized oxygen octahed(the “oxygen lattice”), in
V{# corresponds to the hopping energy between orbitals Which the original hoppings between oxygen and transition
and S, belonging, respectively, to atomsandj considered ~Mmetal atomgO-Ti, O-Mg) are replaced by effective hopping
to be first neighbors. For the hopping integrals we use paintegrals between “dressed oxygen” atot®-O), and an-
rameters of the extended Huckel method, the same ones usether lattice(the “Ti-Mg lattice” ) made of dressed Ti and
in a former study of the warwickitt These are given by the Mg atoms where the new effective hopping interaction terms

well known formulaV&P=kS%# (H%*+HEF) 2, where are obtained after a decimation of the oxygens. Figure 2
S*# corresponds to the]: overléjp integral anjdjs a constant. llustrates, schematically, the first decimation step used in the
1,] .

The hopping matrix elements are then proportional to thésonstruction of both effective lattices.
overlap integrals. The diagonal elemeht&* are taken & The Green'’s functions corresponding to the undressed at-

, , oms are
ERS=-14.8eV,ELS=-10.8 eV, andey,=—9.0 eV. We

have done some calculations including the Ei@rbitals in

order to study their influence in the present approach. Their gg(Mg)(w):
effect on the total Ti density of states is negligible over a

sufficiently wide range of energy around the Fermi level,with o*=w+i7n, n=0", anda denoting &, or s orbital of
confirming the molecular orbital result of Ref. 4. This “re- the O and Mg atom, respectively. For the Ti sites, the un-
pulsion” of Ti-4s states is due to the large overlap betweendressed Green functions are obtained by defining the
Ti-4s and O-2 orbitals, a consequence of the more ex-operators which diagonalize the titanium atomic Hamil-
tended Ti-4 orbitals as compared to Tie3 tonian with the intrasitee-e interaction,

2
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5

Ar N rar m«,Bm m, ¥m 3 0 0 0
Loiasy = Gl o L M T () t, o
Téy]_: o tl o y (7)

wherem stands for the band indices, and with g;, and o o o
¥j assuming two values, 1 and 2, such that,

0O 0 t

with t;, t,, t;, andt, being the corresponding nonzero
nin,]i: nin,]a’ nin,]g-: ]__nimo__ (4) 1, 2, 13 4 g p g

hopping energies between diorbitals and Op orbitals of
distinct symmetries. The values for the hopping elemgrgs

In a two-band scheme proposed previously by Ahtlee  are related to those previously defined, and therefore are ob-
undressed locators are obtained by calculating selftained from an extended 'ldkel molecular orbital
consistently the mean value of different occupation numbeparameters. They result to bet;=2.74 eV, t,=3.05 eV,
operators of both bands. By performing an approximation irt;=3.648 eV, and,;=1.734 eV. In Eq.(6), the undressed
the actual five-band problem, we calculate the Ti Green functocators gy and g, are 55 and 3x3 diagonal matrices,

tion replacing the mean values of products of occupationtespectively. The resulting dressed Green’s functions are
operators by products of mean values of occupation opergjiven by

tors,
Y1 O (0]
5 O y1 0 ©
m, o n.g N ¥n _
m D <ni"’ >n#1;1[=1 (nw”)(ni’” ) Grini=| © Yt 0 0|, (8)
g (@)= , (5
; a{BTA% o —E, (a0 0 0 ¥ 73
0O O 0 vy3 7
whereE is calculated on the basis of the electronic

a{B}{7}
occupation ofyeach one of the figkbands and ) stands for

a mean value calculated on the ground state of the system.

with the y's being

As an example, it is easy to show that for the configuration 71:%, (9)
corresponding to only one occupied band with two electrons 1-49r90t1

(spin up and downE= E+;+ U, whereas for the case of three

half full occupied band€ = Ex,+3Y, and for one full and _ grl1-2grgo(ti+2t3)]

two half-full occupied, the energy is given by Y2= 1—9Tigo(4t§+ 2t§+ 4t§— 8t§) ' (10

E=Eq+U+2Y. The titanium occupation numbeny;, is
solved self-consistently and we assume, for simplicity, arfnd
identical mean value for the fivé orbitals. 2
The hopping matrix elements representing the effective _ 49Tigotats (11)
interactions between the renormalized atofsse Fig. 2 Y3 gngo(42+ 202+ 42— 810

were calculated by taking into account symmetry properties . ) , )
of the distinct atomic orbitals considered in our model. The'N€ original undressed Ti Green's functions have been re-

dressed Green functions for Ti, Mg, and O atoms are obPlaced by dressed Ti locators which together with the Mg
tained through the solution of a Dyson equatiofior the ~ Ones relate the effective Ti-Mg lattice. By applying an
case of the effective Ti-Mg lattice, we solve x5 matricial ~ €duivalent procedure, it is possible to obtain the renormal-
Dyson equation to get the renormalized Green functions ofzed oxygen Green function§o o associated to the “oxy-
the transition metalsGr; ;. It can be written as gen Igttlce.” The effectlve' oxygen lattice can 'be considered
‘ as being formed by sharing-edges renormalized octahedras
whereas, the effective Ti-Mg lattice is a simpler one defined
~ -~ =, = by ribbons constituted by four sites occupied by dressed Ti
Grini=gmn+t gTioxszi:feSM TTirOXiGOXi T ®  and Mg atoms in the two central columns, and on the exter-
' nal ones, respectively.

] o o In order to obtain the local electronic density of state cor-
whereu=Xx, y, andz, defines the direction of the binding responding to different sites of the original system, matricial
along the structure, and the hopping matrices are Green’s function equations of motion of different sizes must
be evaluated. In the case of the effective Ti-Mg lattice, a
system of 12 equations has to be solved, whereas for the O

°© h o oo effective lattice a system of 30 is necessary. Finally, the di-
0 oy 0 0 O agonal Green’s functions are calculated by applying a real-
.=l o o o TV =l o ot space renormalization techniduay successive decimations
0.1 voood ' of dressed lattice points displayed along a one-dimensional
tz 0 0 0 b o chain laying in the warwickite direction. These points cor-
t3 o O o t3 O respond to previously renormalized unit cells which, when
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displayed together, form the full ribbon structure. The recur- 0.20 . . — T . .
sive equations used in the renormalization procedure of the .
effective 1D chain are - | Ti;U=Y=0 : (a)
c :
é(;,o: [I_’zo,l’zl,o_’zo,TzT,o r]_léo,o ) (12 % 015 T
_ o o o Ep=-10.04eV: *
Z(;,lz[l_Zo,lzl,o_Zo,l_zl_,ov]_lzo,lzl,Za (13 g
5 e s s s s = = T o0} -
Zo1=[1-2Z01Z10= 20 12710,] 1201217, (19 E ;
with o
2 ;
éo,o=[?I:_ao,oTo,o]iléo,oa (15) 8 0.051 ’
and 3 L
’Zvo,l(_): é‘o,o—fo,l(l_)- (16) 0.00 t } f } } } -
_ Notice. thatz.l,z andZ7 5 follow thg same recursive rela- = " Mg; U=Y=0 (b)
tions defined in Egs(13) and (14) sinceZ,, = Z,, and s
Zﬁz Zoj. The above equations define an iterative pro- ® 015} i
cedure which is implemented until a fixed point is attained 'g i Eg=-10.04 eV
for the Green function. At this point the effective interaction @
between distant renormalized elements of the structure goes @ g.10l i
to zero. The local density of states can be obtained by taking &
the imaginary part of the renormalized locator. 2
The position of the Fermi energl- , and the occupation g :
numbers at the Ti sites are obtained self-consistently by solv- ¢ 0,05 | i
ing the following charge balance coupled equations: e} :
(=]
-

Er > - | M
ZJ [2 p%’i(w)+pmg(w)+ﬁ§=:1 21 pBi(@) |[do=Q, 0.00 Hr—

ol oU=Y=0 (c)
and E
5 £ % 0.15 .

S o[ " piwrdo=n, 1

et S Ep =-10.04 eV
wherepiﬁ(w) corresponds to the local electronic density of <5 010l i
states of each atofnand orbital3, andQ is the number of =
electrons per unit cell which was taken to be equal to 31 for 2
unit cell in the case of the isolated ribbon. This number cor- g
responds to the situation in which each oxygen atom retain ¢ 0,05} J
six electrons(full p-orbital occupatioh whereas the Ti-lll (@)
remains like 3d'. The factor 2 appearing in both integrals 3 L W
takes into account the spin degeneracy. It is worth noticing L
that for the isolated ribbon we have five oxygens at¢eash 0.00 1 L 1 1
one has a particular atomic neighborhpeather than four 24 20 16 12 8 -4 0 4 8
which would be the full-warwickite value since two oxygen : energy (eV)

atoms are shared with neighborhood ribbons. Otherwise, by

changing theQ value it is possible to investigate the change i, 3. Local density of states for the warwickite elemers:
in the electronic properties and in particular the metal-Tj () Mg, and(c) O atoms. Results are presented for all the orbit-

nonmetal transition with doping. als considered in the theoretical description and for the cas¢ of
andY equal to zero. The position of the Fermi energy is denoted by
Ill. RESULTS a dotted line in the figures.

We present here the results obtained for the calculatedt the different atoms as a function of energy, neglecting all
local density of states on different sites of the warwickite-e-e interaction U1;=Y;=0). These results exhibit a very
ribbon lattice following the iterative scheme described abovegyood agreement with the local and total density of states
(we have added an imaginary part equal to 1@V in the  obtained previously using the extendeddkel molecular or-
real frequencies Figure 3 shows the local density of states bitals schemin which all the orbitals of the Mg, Ti, and O
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o 015} : . FIG. 5. Local density of states for the Ti site in the warwickite
> i i system as in Fig. 4 but fdd =6.0 eV and(a) Y=5.0 eV and(b)
» 010 . Y=4.0 eV. The positions of the Fermi energy are denoted by dotted
8 i 1 lines in the figures.
4 0-05 - M 9
: L electronegativity energy associated to the metallic Ti,
0-0(_’25 20 -15 -10 '5 ' 6 5 10 15 20 whereas they v_alue was arbitrarily c_or_lsidere_d to be equal to
U/2. By changing théJ andY value, it is possible to analyze
energy (eV) the changes on the Fermi energy value and the gap next to

the Fermi level; as the values OfandY increase a sequence
of peaks and gaps appears. It can be clearly noticed that the
stance between successive peaks in the density of states is
proportional to the value of, as expected. In fact, the fea-
tures of the electronic density of states are very sensitive to
the inclusion of electronic correlations showing, unambigu-
ously, that a correct description of the present problem must
were included. The sequence of peaks and gaps are quite tike into account these terms in the Hamiltonian of the prob-
same in both results reflecting the one-dimensional nature aém. The system is an insulator as reported experimentally.
the total density of states in the energy range close to thErom the theoretical point of view the insulator character is a
Fermi level. result of the interplay between localization due to disorder
The effects of the electronic correlation on the Ti densityand electronic correlation. A small reduction of the Fermi
of states can be seen by studying the Ti local density o&nergy produced by doping would localize it on the correla-
states for a particular pair dd andY values; this is pre- tion gap and the crystal would be a pure Mott insulator.
sented in Fig. 4. The value df was estimated from the Figure 5 shows the results for the Ti local density of states

FIG. 4. Local density of states for the Ti site in the warwickite
system. Results are present for all the orbitals considered and a|
for the case ofa) U=10.0 eV andY=5.0 eV;(b) U=8.0 eV and
Y=4.0 eV; andc) U=4.0 eV andY=2.0 eV. The positions of the
Fermi energy are denoted by dotted lines in the figures.
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FIG. 7. Fermi energy as a function of the system charge for
FIG. 6. Dependence of the Ti charge on the Ti-intersite correU=6.0 eV andY=5.0 eV.
lation value.

the set of parameterdJ(and Y) adopted. This theoretical
by considering a fixed value &f (6.0 eV) and two values of prediction could be investigated, for instance, by measuring
the Ti intrasite interactions between different orbitglm-  the specific heat of Ti warwickites or by photoemission ex-
rameterY). As mentioned before, the sequence of gaps in thgperiments. Unfortunately, to the best of our knowledge, no
local density of states depends on this electronic interactiodata have been reported in the literature up to the present.
value since electronic states are shifted for higher energy
values as it increases.

The dependence of the Ti charge on theandY param-
eters of the Hamiltonian is displayed in Fig. 6. It is interest- We have presented a detailed study of the electronic prop-
ing to point out here that from a chemical study of the com-erties of Ti warwickite, by performing a multiorbital calcu-
pound it was previously stated that each Ti atom contributefation within a real-space renormalization scheme. We have
with one electron to the warwickite structure; this leads to ashown that a proper description of the system requires the
charge content of 0.2 electrons per orbital and spin which isncorporation of the electronic interaction at the transition-
only achieved for high values of the electronic interactions,metal sites. Moreover, the insulating nature of the compound
U andY. It seems from our theoretical results that the self-is properly described and the metal-nonmetal transition is
consistent calculation of the Ti charge could be properlystudied by performing a direct self-consistent calculation of
used to better understand the electronic properties of ththe Fermi level for different doping situations. Interest in this
crystal. family of compounds continues to grow due to its intrinsi-

To simulate different doping in the warwickite-ribbon lat- cally one- and two-dimensional magnetic and cristallo-
tice, which can be obtained substituting, for instance, thegraphic characteristics.
boron atoms by Be, we have studied the shift of the Fermi
level as the net charge is increased. As the typical density of
states exhibits a sequence of gaps and peaks in the range of
energy that we are interested in, a sequence of steplike fea- This work was partially supported by Conselho Nacional
tures is expected with doping. This is clearly illustrated inde Desenvolvimento Ciefiico e Tecnolgico (CNPg, Fi-
Fig. 7 for a particular pair of parametert) €6.0 eV and nanciadora de Estudos e Projet@Snep of Brazil and
Y=5.0 eV). Although this can be considered as a generalCAPES. We would like to thank Professor Roald Hoffmann
behavior, the width and height of the steps would depend offor fruitful discussions and comments.
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