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Orbital antiferromagnetism in coupled planar systems
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A realistic model for the electronic structure of SrRui® examined to determine the possibility of orbital
antiferromagnetic order in this material. By calculating the susceptibility to orbital and spin antiferromagnetic
order, it is shown that the band structure of SrRug@rves to destabilize the Bleordered state and that the
susceptibility to orbital antiferromagnetic order is larger over a range of doping. The resultant orbital antifer-
romagnetic state consists of coupled two-dimensional planes. The effect of the coupling on the planar system
is calculated; the energy shifts of different configurations depend only on the total current in the sample and are
linear in this quantity. An orbital antiferromagnetic ground state is found which has no net current flowing
along the bonds.
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It has recently been proposedthat the pseudogap been proposed by Laad and “New-Hartmand and
observedin the transition-metal oxide SrRu@bove its fer-  Liebsch!® While the pseudogap in SrRyConly appears
romagnetic transition temperature B~150 K may be ex- aboveT., we propose that this is due to the ferromagnetic
plained by a three-dimensional version of the flux states instate being preferred below this point. As such, we are con-
vented by Affleck and MarstohAs suggested by Ahh,  sidering in this paper only the state at zero temperature and
SrRuG; appears to be near a Mott transition as can be seejfvestigating the effects of a realistic electronic band struc-

from doping with calcium to form Cgr,_,RuG;. The on-  tyre on the stability of the orbital antiferromagnetic ground
site Coulomb repulsion is most likely in the range Of  gtate.

=3-5 eV, as estimated from photoemis$icand optical
conductivity measurementsThe resistivity has been ob-

served. to pass t.hro_ugh the loffe-Regel limit without | BAND STRUCTURE
saturatior, a behavior indicative of a “bad metaf’In ad-
dition to the peak at low frequencies 250 cm 1) which SrRuG; has an orthorhombic crystal structure, becoming

leads us to identify the state as pseudogapped, at high frstrictly cubic at temperatures greater than 908 Khere are
guency the optical conductivity scales with the non-Fermifive bands crossing the Fermi surface formed by hybridizing
liquid value of %23 the rutheniund orbitals and oxygep orbitals. As a starting

In this paper, the nature of the orbital antiferromagneticpoint for our model we use the Slater-Koster parameters ob-
(OAF), or flux-phase, order in SrRuds revisited using a tained by Mazif? using the linear augmented plane-wave
multiband model which encompasses the key features of theethod with a set of 14 bands at 165 momentum points in
material’s electronic structure. Precisely how the electronidhe Brillouin zone. We restrict our attention to the three
structure affects the susceptibility to form an OAF state isbands formed from the hybridizeg,-p , orbitals. As pointed
calculated and compared to the case of a spin antiferromagut by Mazin, the band structure contains nearly-flat bands
net (SAF) or Neel state. While SrRu@ is a three- betweerl” andM. This feature arises from the virtual lack of
dimensional material, its band structure consists of sets afispersion out of the plane of thg, d orbitals. Therefore,
intersecting planar sheets. We show how the orbital antiferSrRuG, may be considered to be composed of a set of inter-
romagnetic order develops in these planes and how couplingecting planes where the dispersion between adjacent planes
between intersecting planes determines the configuration @nd between intersecting planes is minimal.
currents in the material. Models proposing different mecha- The effective tight-binding Hamiltonian for the band of
nisms for the non-Fermi-liquid behavior of SrRy®ave predominantlyd,, character is given by

tog+ Vygn(€COSQy+ COSQy) 2iV dwsin% 21V dﬁsin(h
9 y parSiTy parSiTy
_ 2iV . QX +2V(2) . QX . Qy
Hyy= =21V pgsin p.+2V,cosdy 2(Vpps = Vppr)singsin: |, @
. . q . Ox . g
— 2|VdeS|n—2y 2(Vppo— Vp,w)5|n—2)(5|n—2y P+ 2V, COSUy
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where the state vector is ordereddg, py in thex direc- ~ approximately 1 eV. This gives a value BU~0.25, sug-

tion, andp, in the§/ direction. The remaining twas,-p gesting that thé-J model is reasonable in this case. As far as
’ X . g M . . . . .

bands are obtained by cyclic permutation of the indices. ifneeting th_e ;ecqnd phrasing of the criterion is conce_rned,

writing down this Hamiltonian we are ignoring the disper- € analysis is slightly less clear since the work of Reischl

sion out of the plane as well as the coupling between th tal.. Wash condgcted fr?.r a mc;glel_Wlth ne?rest-ngghbor

differentt,y bands. The latter effect will be reintroduced as a opping whereW=8t. This would give a value of 8U

perturbation in Sec. Il and both effects are, in any case~2 for this system, yet the band structure of SrBu©not
small. of this type and the bands are much narrower than the un-

The dispersion relation obtained from E@) is shown in  frustrated value of 8 Therefore, while the use of thieJ
Fig. 1. The reader is referred to the work of MaZifor the =~ Model for SrRu@ certainly pushes the validity of the infinite
Slater-Koster parameters used in this calculation. It is clea} lImit of the Hubbard model, it gives information about the
from Fig. 1 that the actual band structure of the system deQAF order in the system that cannot be obtained from a
viates significantly from a model which incorporates only Mean-field treatment of the Hubbard model.
nearest-neighbor hopping. The van-Hove singularity men- Still assuming tha_lt the _bands_are uncoupled,_we _take as
tioned earlier is not visible in Fig. 1 because only the in-Our model the two-dimensional single-band Hamiltonian
plane momentum vectors are shown. In the out-of-plane di-
rection the bands appear nearly flat as seen in the work of HIE ecl ¢ +JE S-S )
Mazin? In the following section we explore how this addi- o dTarTar T ’
tional structure alters the susceptibility of the system to form ) ) ) . . .
states with orbital antiferromagnetic and spin antiferromagWhere € is the dispersion relation determined by diagonal-
netic order. izing the Hamiltonian in Eq(1). In order to obtain the sus-

ceptibility we define a set of magnetic quasiparticles via the

canonical transformation
Il. ORBITAL ANTIFERROMAGNETIC SUSCEPTIBILITY

In this section we examine how the susceptibility of the Wy [ cosby isinby Cho
state to OAF order is affected by the band structure discussed B, \ising, cosby '
in Sec. I. Given the proximity of SrRu{o a Mott transition

and the large value of the Coulomb repulsion, we believevhere the magnetic ordering vect@= s and lies in the
that a consideration of a generalized model can give in-  plane of thet,g orbitals. In order to simplify the notation, we
sight into the physics of STRuWOAs thet-J model is the assume throughout this section that we are concerned with
infinite-U limit of the Hubbard model, whether or not this is the d,, orbital.

a good approximation depends on whettiér<1 or, as was The onset of orbital antiferromagnetism is characterized
suggested by Reischit al,'® whetherWw/U=<1. As men- by the imaginary part Ofij =<chch) acquiring a nonzero
tioned in the Introduction, the value &f is somewhere be- expectation value. This, in turn, means that there are real
tween 3 and 5 eV. The value bfcan be estimated from the microscopic currents circulating around the plaquettes in the
band-structure calculations of MaZfnand in terms of the lattice. In terms of the quasiparticles in Eq. 3, the orbital
Slater-Koster parameters is given Vﬁd/ (€4—€p), whichis  order parameter is given by

©)

Ck+Qo’
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’

1 . o _ 3 (cosk,— cosk,)?(N— Ny o)
X =y € (c0320) i€’ TSiN200 NG (@) Xoar=gy “3IRE, o

€~ €+ o— 3JRE x](cosk,+cosk,)/2"
(10)
wherex=r;—r;, the prime on the sum indicates that it is

restricted to the reduced Brillouin zone, akdis the number ~ This should be compared with the susceptibility for a spin
of sites in the lattice. The number operafis the difference antiferromagnetic state which is almost identical except for

. ) i — the factor in the numerator:
in occupancies of the upper and lower magnetic bangs:

:<ala'aka'_ﬁla'ﬁka'>' 4 ! (n -n )
Taking the expectation value of the Hamiltonian we ob- ., =— > k__k+Q _
tain N K ex— e qo—3IRE x](cosk,+cosk,)/2
(11
3NJ
(H)= EpaNye ot IxI?, (5) Note that Eqs(10) and(11) are completely general for mod-
K=o 7 4 els of the form in Eq.(2). Here, we are interested in the

effect of thee, term on these susceptibilities. While the pro-
where the number operatorg.., correspond to the upper pensity to order for both types of magnetic systems relies on
(+) and lower (~) magnetic bands. Implicitin Eq5) isthe  the nesting of the Fermi surface at the ordering wave vector
fact that we are dealing with Fock states so that the biquag), this nesting is only important around the poidtsn the
dratic term in the Hamiltonian faCtOfizeEki defines the OAF Systen'(see F|g J_due to the Vanishing of the numera-

magnetic band energies: tor around the point&,=k, .
Numerical calculation of the susceptibility for the orbital
£ &t €k+Q (Gk—6k+o_ E antiferromagnetic state is not entirely trivial, as one must
k== - 2 4 solve the simultaneous integral E¢8) and(10). In addition,

the occupancies, appearing in these equations are deter-
mined byé and the magnetic band energies in E€). Since
we are looking for the critical value dfat which the system
acquires a nonzero value of lip], we can set this equal to

_ (6) zero in Egs.(7) and (8). The occupancies are then entirely
determined by the produdiRg x]. This in turn determines

. L . R x] (and hencel) through Eq.(8), which can be written
Since minimizing Eq(5) with respect to Rey] and Inf x] out explicitly as
reproduces Eq4), we can treat these as variational param-

eters independent of th&, . Eq. (5) can then be minimized '

X Re x](cosk,+ cosk,) ) cog26,)

3J
+ Zlm[x](coskx— cosky)sin(26,)

. ) - 1
in order to determine the angleg and upon substitution RE[X]ZNE (cosky +cosk,)(N—Nro). (12
yields K
5k+€k+Q+ €€ 3J In Ith!s w?th@(] is dejermmed_ as a fur'mtlr?n of Th?
k== + > vy solution of the Stoner criterion using E(q.O) is then a single
integral equation fod, whose solution is straightforward.
2 Figure 2 shows the values dffor which the Stoner cri-
X R x](cosky+ cosky)) terion is satisfied for the susceptibilities in E¢$0) (solid
line) and (11) (dashed ling for a range of dopings=1

12 — N IN. The spin-exchange energy has been scaled to the
(7)) bandwidthW=259 meV. It is noteworthy that around the
point 6= — 1/4 the orbital antiferromagnetic state forms at a
The mean-field equations are then obtained by minimizingt’WGr value ofJ than the spin antiferromagnetic state. This
with respect to the order parameters. Definirf, ehavior is entirely due to incorporating the realistic band

3J 2
+ Zlm[x](coskx— cosky)

=3+ oExa N2, the equations read structure discussed in Sec. | into the model. In models with
only near-neighbor hopping, the analogous calculation shows
JE, 3AJ that the susceptibility is always larger for the SAF than the
F“JrTRe[X]:O, (8) OAF state. Two points should be noted in regards to Fig. 2.
X

The first is that away fromé=0 there are terms which
should strictly be included in the Hamiltonian of ordéu,
dEo 3NJI ~0 g  Dbutthathave been neglected in adoptingttdemodel in Eqg.
amix] 2 M x]=0. 9 (2). second, while the trends seen here undoubtedly persist,

it is not clear to what degree the numerical valuesXaand

The susceptibility to form an OAF state follows from the indeed the presence or absence of a crossing in the suscep-

second of these equations. We can rewrite this in terms of bilities, would be altered if one went beyond the mean-field

Stoner criteriond yoar=1 where treatments employed in this paper.
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FIG. 2. Susceptibility to OAF
(solid line) and SAF(dashed ling
as a function of doping and the
ratio of the spin exchange to the
bandwidth: J/W. Not shown in
the figure is that belows~ —1/4
the critical value ofl rises rapidly
for both types of order.
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We have also calculated the magnetization of the model lll. COUPLING
by solving Egs.(8) and (9) numerically using 19 momen-

: X . In order to take into account the effect of interplane cou-
tum points. Figure 3 shows the flux per plaquette determined,. L
from pling on the system we add a term to the Hamiltonian in Eq.

(2) of the form

Im[ x] / v' |t
b= t . 13 H :E Z E tii C'VUC'V’U'l (14)
pipens™ R ] 3 T

_ _ . which will be treated as a perturbation. The first nonvanish-
The different curves are for different values W ranging  jng correction to the energy will be second ordet’iti. This

from 0.1 to 0.3. While the susceptibility reaches its largesrperturbation may be rewritten in momentum space as
value arounds= —1/4, the magnetization is largest near

=0. In the following section we will perform all calculations
for J=0.3W and at half filling where the flux order is well H'=> > Tw/(Q)CgWquo, (15)
developed®d =2/3. a0 pzy'

FIG. 3. Flux per plaguetted
as a function of doping. The dif-
ferent curves are for different val-
ues of J/W.
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TABLE I. Momentum ordering vectors for coupled plane
model.
\ / y
Qi Q Q3 Q Qs Qs Q7 Qs
0 X wy wz w(X+y) w(y+?)  w(z+X) T

L) LS

(a) (b)

TW'(Q):E eiq'(rifrj)tﬁy . (16) FIG. 4. Current distributions for intersecting plane model. The
! insets in each of the plaquettes show the direction of the currents in
Note that due to translational invariance there is no deperthat planar band. The dark lines show the net current flowing along

dence ofT,,. oni. Based on the form of the tight-binding the bonds. Two configurations are showa): in which the currents
Hamiltoniaﬁz we take this to be cancel along the three dark bonds intersecting the origin(lanith

which they add along two of the three bonds.

where we have defined:

Tyy.yz=1t'sing,sing,, (17) - o _ _

. . been specified, determining whether the currents in adjacent
and gycllc_permutatlons thereof. The end_ _results of the Calplanes are aligned or antialigned. Figur@)4shows the ef-
culation will turn out to be rather insensitive to the actualfgct of switching one of the,’s, causing the currents to add
form of the hopping matrix element. along two of the three bands intersecting the origin. It should

For each band there is a doubling of the unit cell with thep,g clear from the figure that there is no configuration where
onset of orbital order. However, the ordering wave vectorspe currents add along all of the bonds.

are not the same in the three bands and this requires rewrit- Gien the orbital order in Eq19), and dropping the ir-
ing the Hamiltonian in terms of an eight-atom unit cell. We \g|avant spin index, the Hamiltonian for the system may be

therefore take written as
, ' 8 ; 3N +
H :% 3 3 3 Tu(a+Q)ckgueCaraue: H="0 +§ W@ g, (22)
vy O 1=

(18)

where the prime on the momentum sum indicates that wi
only sum over the reduced cubic Brillouin zone and wher
the ordering vector®); are given in Table I.

2
For a given band, the orbital order is given b _ 3J
g given by [hv<q>]”—[eq+Qi+7Re[x]gl cogq+Qy),, [

X, =Re x]+ie'¢melQ Nigh TN m ], (19)

where 4= (Clq,. - - - ’C$+QB)' The matrixh,(q) is given

. 2
CTIN I
wherev, is the Cartesian index corresponding to the second — € 1TC””“[X]kzl (—1)*cogq+Qy),,
in-plane direction of the given bar(de., y for the xy band,
Q, is the ordering vector for that band, aog= 0,1 shifts the X8(Qi—Q;—Q,). (22

current pattern by one lattice site. This last term is important ) .
since it affects the overlap of intersecting planes. For eacfhis Hamiltonian is solved numerically to obtain the eight
band, the ordering wave vector has two possible values, cofagnetic quasiparticles for each of the three bandsipon
responding to currents which align or antialign in adjacentnversion, the solution is of the form

planes. These can be summarized as 4

~ ~ ~ T — ; T i t
Q=R K0+ P, @0 Caraue™ 2 A2z, BRI A,

wherep,=0 (aligned or 1 (antialigned and wherev; is the @3
out-of-plane Cartesian indgxe., z for the xy band. In the  where the labet indexes the magnetic bands and thend
absence of coupling, there is no difference in the energies g8 particles correspond to the upper and lower magnetic
the states for different values of tisg andp,, . After adding  bands, respectively, as they did in E§).
the perturbation, we will calculate the response of the system We assume that the terth appearing in Eq(14) is small
to the perturbation for all 2configurations arising frorp,, so that we can consider only the first nonvanishing term in
c,={0,1}. the perturbation. For simplicity, we also assume that the sys-
The effects of thec, are shown in Fig. 4. In Fig. (@, temis at half filling. This means that we can ignore all terms
corresponding ta,=0 for all v, the currents cancel along in the perturbing Hamiltonian which contain, since all the
the three bonds intersecting the origin. The remainder of thetates in the lower magnetic bands will be filled. The pertur-
currents in the lattice are only determined when phénave  bation is then given by
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FIG. 5. The energy-level split-
tings as a function of 1/ for
which the calculation was per-
formed. The curves show the ex-
trapolations toL =.

_6 I 1 1

0 0.02 0.04 0.06 0.
1/L
: L [(Wo[H'|[Wy)|?
Hrizq > 2 Y A @alyeBrgres (24 AE=; TECE (26)
vEy O 727/ =1

where the dot signifies that the equality is only strictly true
when the perturbing Hamiltonian acts to the left on the
ground state at half filling. The effective hopping parameter
between the magnetic bands is given by

’ L@
oy sy 3 9h
9 v#y z2'=1 EZ/V’q_ezyq
(27)
8
27 o\ - % - where e* refer to the energies of the quasiparticles in the
TW’(Q)_Z’l Towr(a+Q)a(a,v,1,2)b™(q,"1,2"). upper and lower magnetic bands and where the factor of 2
(250  comes from the sum over spin.
Equation(27) has been solved numerically to obtain the
The excited states of interest are those with a single particleenergy splittings; the results are shown in Fig. 5. The calcu-
hole pair created out of the ground state. These are of thiations were performed at the poidit=0.3W and §=0, cor-
form: |\I’X>::8;k,unay’ku’7;’|q’0>l where W) is the Fock responding to a magnetization &= 2/3. The calculation is
state with the lower magnetic bands filled. Including contri-performed usingV= L3 momentum points, diagonalizing the
butions to second order i, the energy shift of the ground Hamiltonian in Eq.(22) at each momentum point to find the

state will be given by eigenstates and eigenvalues, and using these to compute the

094407-6
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the form of Eq.(27). The state which couples most strongly
to the perturbation is the state where all the currents cancel,
which requiresp,=1 for all » and that thec, be equal.

IV. DISCUSSION
We propose that the pseudogap state seen in the cubic
transition metal oxides may be described by a set of inter-
J=1/3 J=213 J=12 secting planes in which orbital antiferromagnetic order has
FIG. 7. Current distributions for representative states with developed._ The deV|at!on of the tlght-plndlng model from
—1/3, 1/2, and 2/3. Thé=0 state is not shown. nearest-neighbor hopping leads to regionssoWhere the

susceptibility to orbital antiferromagnetism, or flux order, is

ferms i E0s(25) and27. The calcuaton s performed for 22421 1GEr e 1 Suseeptbily o spin antteronag,
all possible combinations of the, and p,, for a range ofL ' ' . . .
- treatment, future work will be done to numerically verify
values as shown in Fig. 5. ether or not this effect persists when the constraint on
In the presence of the perturbation, the degenerate stat P

are split into four distinct states. These can be uniquely la- ouble occupancy is strictly enforced. In these coupled pla-

beled by the number of bonds which carry current within thela systems, coupling between the bands selects a configu-

eight—atom unit cell. As the readers may convince them_ranon in which the currents along all bonds cancel perfectly.

slves by dravig cubes adrausea, here e ol fur 4S1C% 175 2 16 1L rent o e e, Soeret
tinct states. Either all of the currents cancel out between th S rmine the presence of orbital order in Mlan% tr?reé di-
intersecting planes, or currents remain on 1/3 of the bond ; p ) .

on 1/2 of the bonds, or on 2/3 of the bonds. This is a purel rhensions will not be effective probes for this system. Even

eometrical constraint owing to the fact that all current loo y[hough the net current in the sample is predicted to be zero,
g g pstlowle electrons are in a true orbital antiferromagnetic state, and

must close on themselves. Representative states for each Ol Stures from otical conductivity measurememid! still
the current-carrying configurations are shown in Fig. 7. 9 P y
be present. Future work should center around how to mea-

The data from Fig. 5 are used to extrapolateLts o sure OAF order without directly measuring the local mag-
using an exponential fitf(L)=aexd —b/L]; the results of oo : y 9 9
netic fields in the sample.

this are shown in Fig. 6. The calculation was performed for
all 2% possible choices of the,, p,, and all of these fall
directly onto one of the four data points shown in the figure.
The calculation clearly demonstrates that the coupling to the We would like to thank J. Franklin for many useful dis-
perturbation depends only on the total current in the unit celtussions. We acknowledge support from the DOE through
and is linear in this quantity, a fact which is not obvious fromthe Complex Materials Program at SSRL.
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