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Hole dynamics and photoemission in @-J model for SrCu,(BO3),
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The motion of a single hole in &J model for the two-dimensional spin-gap compound S{B®s), is
investigated. The undoped Heisenberg model for this system has an exact dimer eigenstate and shows a phase
transition between a dimerized and aeNphase at a certain ratio of the magnetic couplings. We calculate the
photoemission spectrum in the disordered phase using a generalized spin-polaron picture. By varying the
interdimer hopping parameters we find a crossover between a narrow quasiparticle band regime known from
other strongly correlated systems and free-fermion behavior. The hole motion in¢hedered phase is also
briefly considered.

Since the discovery of high-temperature superconductiviween the singlet state and a @l@rdered state ai,/J,
ity, doped antiferromagnet®AF) have been studied inten- =0.4296. ForJ,+ J; the situation is less clear. Fdg=0
sively. The pseudogap behavior observed in the Aigleu-  the numerical results provide evidence for a weak first-order
prates has stimulated great interest in systems with spin gapsinglet-Neel transition at),/J;=0.70+0.01. The disordered
Several new one- and two-dimensional spin gap systemSrCu(BOs), compound lies probably close to the transition
have been found experimentally. These materials are charaine to a Nel state, which explains the unusual temperature
terized by a disordered singlet ground state and a finite gafiePendence of magnetic properties. A fit of the susceptibility
to all spin excitations. Some of the compounds which hav@btained from the modeivith J; andJ; only) to the experi-
two-dimensional (B) character include the coupled Mental data leads to the estimates af;=100 K and
spin ladder systems Srgd,! CaV,0s2 (VO,)P,0,° J,/J;=0.68. However, the actual ratio of the couplings

Cuw,(CsH1,N,),Cl,,* and the plaquette resonatin -valence-‘]3/‘]2 is not known.
b:?fd gysltzer?]) 2(36309 5 Pad g To include the doping degree of freedom into the Shastry-

Recently the two-dimensional spin gap systemSutherland model we consider a standtd model on the

SrCw(BOs), has been found by Kageyaneaal® It has a SrCw(BO,). lattice:
spin-singlet ground state with a spin ggf80 K. The sub- A
o i . L _ 4 (at

stance has additional interesting features, e.g., the high-field H= 2 [~t:(cl,Cj,+H.C)+3:S S]
magnetization was observed to have two plateaus at 1/4 and ke
1/8 of the full moment. Recent woflsuggests that the un- At n
derlying physics can be understood on the basis of a two- +(i§68 [—ta(CipCrot H.C)+ 325 - S
dimensionalS= 3 Heisenberg model with antiferromagnetic '
nearest-neighborJg, on links A) and next-nearest-neighbor Apoa
(J,, on linksB) couplings on the lattice shown in Fig. 1. The +(i,;60 [~1a(CigCioTH.C)H 5 S]. @
nearest-neighbor bondsdefine a unique singlet covering of .
the lattice. The Heisenberg model corresponding to Fig. iThe electron operators, exclude double occupancies. We
(with J;, J,) is, in fact, topologically equivalent to the have included hoppindg; and interactionJ; along theC
model considered by Shastry and Sutherl&fdr this model  bonds. If thet-J model is derived as strong-coupling limit of
the singlet product state forms an exact eigenstate of the
Hamiltonian at all couplings, and is the ground state in a
region where the nearest-neighbor couplihg dominates.
On the other hand, faf;— 0 the system becomes equivalent
to the 2d square lattice ARwith nearest-neighbor coupling
J,) which has a Nel-ordered ground state. The Shastry-
Sutherland model can be complemented by a couglingn
the links C; the singlet product state is an eigenstate of this
generalized model, too. Fd,=J; the total spin on eachA
bond is conserved, i.e., there is a macroscopic number of
conserved quantities, and each eigenstate is characterized by
the number and positions of triplets.

The Heisenberg model of Fig. 1 has been studied in Refs.
7 and 9-11 using exact diagonalization, Schwinger boson, FiG. 1. Lattice structure of the Cu spins in SECBOs),, with
and series expansion methods. Bg# J; it can be mapped the three different exchange couplings and the crystallographic axes
onto a spin-1 model which shows a first-order transition beg,b. The dash-dotted lines denote a unit cell.
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a Hubbard model on the SrgiBOs), lattice with on-site  The operators] ,,, create an electron with spin on one of
repulsionU, the ratio of the parameters is given by the two sites of ar\ bond. Hopping via, leads to an “on-
5 o .2 bond” energy of*t, for a, andag, respectively. The other
t_1= t_2= t_3=E ) hopping terms irH permit the hole to hop between bonds;
Ji Jp J3 47 the exchange interaction gives rise to spin fluctuations on

neighboring bonds. The full interaction Hamiltonian in terms
Although the compound SrG(BO3), has, to our knowl- ) .
edge notgbeen dopepd so far ?rfs ngléy of the hole dynamic%f $ 1, anda operators can be easily found by calculating al

in this environment is an interesting and challenging quespossible one-hole matrix elements of the initial Hamiltonian
tion. Furthermore, it may be possible that finite doping leadd? (1) (S€€, €.9., Ref. 18 , o _
to the formation of hole pairs and eventually to superconduc- 1 he evaluation of the Green’s functidB) is done using
tivity. In this paper we shall discuss the dynamics of a singldh€ Mori-Zwanzig projection technique. The set of dynamic
hole in an otherwise half filled system using a generalizec/ariables is constructed from generalized path operéttts
spin-polaron picture. The one-hole spectral function for thisvhich herg create strings of.trlplet excitations attached to the
case corresponds directly to the result of an angle-resolvelole. Details of the calculational procedure can be found in
photoemission experiment on the undoped compound whicRRefs. 19 and 20. In the disordered phase of the Shastry-
may give important information on the electronic Corre|a_8_uthe_r_land model the evaluation of the matrix elements is
tions and the exchange constants in S(BD5),. We will S|mpI|_f|ed by the fact that the undpped _ground state does not
show that the ratio; /t, tunes a crossover between a narrow-contain background spin fluctuations, i.e., no cumulant ex-
band quasiparticléQP) behavior and a regime where a free- Pectation values are involve@f. Ref. 20. In the present
fermion peak dominates the spectrum. The narrow-band bé&alculations we have employed up to 1800 dynamic vari-
havior found here is similar to otherd2AF systemd? jt ~ ables with a maximum path length of 3. The neglect of the
originates from the motion of a hole dressed with spinSelf-energy terms leads to a discrete set of poles for the
fluctuationst?—1° Green’s functions, so the present approach cannot account
To investigate the hole motion we consider a one-particlé_or Iin_ewidths. In all figures we have introduced an artificial
Green’s function describing the creation of a single hole withlinewidth of 0.2, to plot the spectra.

ing that even a static vacandgquivalent to the limitt
- - 0) has nontrivial consequences: The pure singlet state
_ N At N - N
Glk.w)= ; < Yo C""z— Hck" "/’0> ' ©) with one spin removed;;,| ¢o), is no longer an eigenstate of

) i ) ‘H. The unpaired spin leads to triplet excitations in its neigh-
where z is the complex frequency variable=w+i7, 7  porhood(“screening cloud”, these are spatially confined as
—0. |l//'a‘> iS the ground state of Undoped SyStem, i.e., \Mth |Ong as the Spin gap is nonzero.
electrons orN lattice sites. Now we consider the case of nonzero hopping. We start

To describe the dimerized phase we employ a bongyith the “symmetric” choicet,=t5, J,=Js, which allows
operator representatidh'’ for the spins on the nearest- ys to obtain several results analyticalli=J; implies that
neighbor bonds. For each bond containing twoS=1/2  triplets are strictly localized in the absence of the hole, so
SpinS we introduce bosonic OperatOI’S for creation of a Singleény tr|p|et created by hole hopp|ng remains on its bond until
and three triplet states out of the vacuur®):  the hole returnst,=t; reduces the number of possible inter-
s'oy=(1N2)(IT1) =11 1), th0y=(=12)(1T1)=IL])).  bond hopping processes. The only nonzero hopping
Hl0)=@/V2)(TT)+[11),  t0)=(IN2)(T1)+[1T)), matrix elements are |[(a.s|H|sa.)|=|(ast.Ht,a5)|
where the constrain’s+ 3 ,t't,=1 has to be imposed on =|(ass|H|t,a,)|=t, where|XY)=X/Y[|0) is a shorthand
each bond to restrict the possible states to the physical Hilnotation for a state of two neighboring bondsand j. It
bert space. The original spins are related to the new bosofollows that a hole in the antisymmetric statg can freely
basis operators by5; ,= I(+sht,+tls—i eaﬁyt;ty). The propagate in a singlet background without emission of
Hamiltonian of the Shastry-Sutherland model written intriplet fluctuations (direct hopping, i.e., |¢ax)
terms of the bond operators contains no terms which create EieprkRi)a;]isd(ﬁO) is an exact eigenstate &f. In con-
triplet excitations from a state containing only singlets whichtrast, a hole being in the symmetric statealways creates a
means that the singlet product stadie)=1I1;s/|0) is an ex-  triplet (and converts int@,) when it hops to a neighboring
act eigenstate of the undoped system at all couplings. singlet bond. This in turns means that any one-hole eigen-

If we remove one electron from ak bond, a single-hole state ofH which contains components witly also involves
state on this bond is created. We introduce fermionic operatriplet excitations. Since the triplets are localized and can
tors for bonding(symmetri¢ and antibondingantisymmet-  only be created/removed by the hole, the state itself is local-
ric) states of one electrofor hole on anA bond: ized, and contributions from such eigenstates to the spectrum

are momentum-independefmondispersivi
+ 1 . The calculated spectrufirig. 2(a)] is therefore easily un-
as,a|0>zﬁ(cl,a+cz,o)|o>' derstood: It shows two dispersing bands which correspond to
hole hopping in the antisymmetric statg with effective
hopping amplitude,=t5 through the square lattice of rungs
(EIU—EE )]0). (4) (two bands arise from the fact that the unit cell contains two
’ ’ rungs. All other contributions are localized and involve

1
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f:_,_'k \av— FIG. 3. Comparison of hole QP bandwidths in units of (e
— . . A E 0.0) terdime) in-plane hopping amplitude. Solid: SrgBOs), lattice,
o)t 1/ Q) 1=0 t,/t,=0.82,3,/3,=0.68,t3=J5;=0, present calculation. Dashed:
- g Square lattice, obtained by the methods used in this paper. Circles:
0.0) Square lattice SCBA results from Ref. 14.
2 AT 0% tion theory inJ,, and so the triplet dispersion is weak. Con-
L A —— sequently, J,# J; introduces a weak dispersion into the
E e B “background features” of the spectrum. The effect if
g —— Mo ®@2m #13 on the spectrum is more pronounced: Hopping of the
A — W A — - antisymmetric hole state now also emits triplets, i.ég )
' is no longer an exact eigenstate Hf Therefore the well-
(m2,m/2) defined dispersing bands of Fig(a2 mix with the back-
" o~ ‘ = ground features. Spectral weight is transferred to the bottom
4 2 0 2 4 4 2 0 2 4 ©0 of the spectrum which is easily understood from the fact that
Energy [1,] any triplet excitation increases the energy by at least the gap

size. Figures @)—(d) show the evolution of the spectrum
FIG. 2. Evolution of the one-hole spectral function when going fromt;/t,=1 tot;/t,=0; we have fixedJ/t;
—Im G(k, ) under a change of the hopping ratigt,. (8) “Sym- =4 and chosen the remaining parameters such that the size
metric” casets/t;=1, J/J1=0.4; (b) t3/t,=1/2,3,/3:=0.5,(C)  of the spin gap igapproximately preserved. Fot;=J;=0,
ts/t;=1/4,J,13,=0.6; (d) t3=0, J,/J,=0.68. The other param- Fjg_ 2(d), we arrive at a situation with a narrow band at the
eters are chosen according to E8) with U/t;=4. The energies  pq15m of the spectrum with dispersion minimum at (0,0):
?_Le megsurfe;jhnn units o{_relatnvel_to the enhergy OI a '?Cal'ztf]d holet. this band corresponds to the motion of a hole surrounded by
e ratio of the magnetic couplings Is chosen to place the sys erﬂ'iplet fluctuations(spin polaroi. At higher energies a weak
gloiie t: t?r? :r(,)il:snggryigfnt:”s'Zgligrﬁaﬁfsszracn;sg e, the background is visible, it arises from excited polaron states. In
pin gap ! yeq ' addition, we note that smaller relative hopping strengtts
suppress triplet fluctuations and reduce the high-energy
symmetric hole states. The corresponding wave functiongackground, whereas larger values & lead to an incoher-
can be modeled by a particle moving in an attractive potengnt spectrum since the size of the spin polaron increases.
tial centered at a single siie A reasonable approximation To make contact with possible experiments we examine
for the states contributing to the spectrum isal;s;  briefly the properties of the pronounced bands at the lower
+ 3R oURAL 4RSI+ RULSI) | 0) Whereu,v are some coeffi- edge of the spectrum which would be visible in a photoemis-
cients(typically |u|>|vg| andvg rapidly decaying with dis-  sion spectrum. The experimentally measured bandwidth can
tancg. Components with more than one triplet have coeffi-be used to determine the ratid, or equivalently, the on-site
cients much smaller than the one-triplet coefficients. repulsionU. For the(experimentally unrealistjccase oft,
Variation of the model parametergeeping t,=t;, Jo =t3, J,=J3, two bands should be observed as in Fi)2
=J3) only results in small changes in the spectrum of Fig.The width of each of the bands is given by,4since the
2(a) since the dominating bands are determinedbgnly.  dispersion is the one of a free fermion. More likely, the ma-
Note, however, that varying /t, shifts the dispersing bands terial hast;<t,, J3<J,, which corresponds to Fig.(@ or
with respect to the localized peaks, i.e., it can induce a leveld). As a guide we plot in Fig. 3 the bandwidth foy=J;
crossing at momentum (0,0), $g>t, eventually leads to a =0 as function ofJ;/t;. In contrary to the well-known
localized one-hole ground state. square-lattice case@shown for comparisonthe bandwidth is
Having understood the special situation tat=t;, J, finite for J—0. The reason is the possibility of direct hop-
=Js, we turn to the general case. We assuigeJ, [and  ping (without emission of spin excitatiojisthis is not the
t3<t, because of Eq2)] since the model behavior is sym- case in a square lattice antiferromagnetic background where
metric with respect to the interchange of tBandC bonds. hopping always creates spin defects which have to be re-
In the following we discuss thieandJ parameters separately, moved by exchange processes. EQt—0 the bandwidth
but we keep in mind that they are usually connected by th&aturategin units of t,) at a nontrivial value which arises
relation(2). For J,# Js the triplets are no longer completely from the finite cloud of triplet excitations around a static
localized, however, as is known from the undoped modelhole. (Of course, forJ,=J;=0 this effect is absent, and the
triplet hopping does not occur up to sixth order of perturba-bandwidth becomestz in the limit of t/J—0.)
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We have also calculated the spin correlations near thbands approach the shape known from the square-lattice an-
mobile hole. Except for the case corresponding to Fig. 2diferromagnet.
which shows no interdimer correlations in the ground state, Summarizing, in this paper we have studied the one-hole
the hole always introduces antiferromagnetic correlations bedynamics in at-J model for the 2 spin gap material
tween different dimers in its vicinity. However, for the pos- STC(BOs)2. Using a generalized spin-polaron concept to-

: _ - .. gether with an expansion around a singlet product state we
sibly relevant values,/J,=0.68,U/t,~2~10) the dimer have calculated the one-hole spectral function. It shows an

ization is strong and the polar(_)n size can be estimated to t%ﬁteresting crossover from free-fermion behavior to corre-
smaller than three lattice spacings. , lated behavior under a variation of the ratig't; of second

We briefly mention that the present analysis can be exznq third-nearest-neighbor coupling. Bt t, the main con-
tended to the Nel-ordered phase of the Shastry-Sutherlandyributions to the spectrum can be described by the hopping of
model as well. Therefore a condensate of one type of tripletghe bare hole between the singlet rungs with a tight-binding
is introduced by a proper transformation of the basis statedispersion. In contrast, fdg<t, one finds a narrow band at
on each bond? the condensation amplitude can be extractedhe bottom of the spectrum and a background at higher en-
from series expansion resufThe ground state of the un- ergies; this structure can be attributed to the motion of a hole
doped system is obtained by an expansion around a modifiedessed with spin fluctuatior{similar to other strongly cor-
product statéwhich is the Nel state in the case of dominat- felated systems We add that very largé/J leads to one-
ing J,); here of course the ground state contains fluctuation8°!€ ground states with higher spin and ferromagnetic corre-
around the product state. The spin polaron consists of spi tions in spirit of the Nagaoka effect, this has not been

deviations from the undoped background state in the vicinit considered here. The hole dynamics at finite doping and the

Yossibility of hole pairing are interesting subjects of future
of the hole. The results show that with increasing antiferro-p Y P g g )

research.
magnetic correlations the band minimum is shifted from
(0,0) to (w,m) [this is equivalent to 4/2,7/2) in the Bril- Financial support from the DFG/O 794/1-) is grate-
louin zone of the square lattice defined by Bi®ondg; the  fully acknowledged.
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