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Dynamics of a single hole in the two-dimensionat-J model in the presence of a magnetic field
and the composite nature of quasiparticles
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The density of state for the single hole in the two-dimensidrdimodel is studied in the presence of a
constant and homogeneous magnetic field by means of exact calculations for small systems and spin-wave
perturbative calculations for larger systems. As the field is turned on, the energy of the groundrstiteds
by an amount proportional to parametesnd depending weakly ah This result, together with the behavior
of the Drude weight of the dopetdJ model, yields strong support for the idea that the dynamics of charge
carriers is governed by parameteiThis idea, confronted to the existence in the spectral density of the hole of
a quasiparticle peak dispersing with constitutes evidence for the composite nature of quasipartj&6463-
182996)05925-5

[. INTRODUCTION change in ground-state energy due to the application of the
magnetic field is proportional tb and depends weakly on
The discovery of highF, superconductivity has renewed parametet, giving further evidence that the excitation car-
interest in the electronic and magnetic properties of dopedying the charge of the hole and coupling to the external field
Mott insulators. A central question in the theory of thesedisperses wittt. This, together with the presence of a low-
systems concerns the nature of low-energy excitations. lenergy peak dispersing within the spectral densitygives
particular, it is important to know whether the spin andsupport to the idea of the decay of the hole into more el-
charge of a hole doped into a quantum antiferromagnet arementary constituents.

deconfined as in the one-dimensional chse,whether the Surprisingly, the ground-state energy of the system with a
spin and the charge remain bound together, leading to asingle hole isreducedby the introduction of magnetic field.
electronlike quasiparticl@. Again, this is inconsistent with the quasiparticle picture of

In Ref. 3, the case was made that existing numericathe hole, in which the ground-state energy is expected to
works*® for the two-dimensional2D) t-J model, which pro- increase in the presence of a magnetic field due to the qua-
vides a simplified description of copper oxide planes, constisiparticle cyclotron energy. A possible explanation for this
tute evidence of the decay of the hole into more elementargnergy reduction can be formulated using the gauge theory
excitations: On one hand, the analysis of the spectral densityf the t-J model® which allow us formally to define the
of the hole points to the existence of a quasiparticle with adecay products of the hole as spinons and holons.
dispersion proportional to parametér On the other hand, The numerical evidence for the decay of the hole de-
coupling the charge of the hole to an external electromagscribed in Ref. 3 rests on the assumption that the indepen-
netic field and examining the response of the system to thidence in parameted of quantities such agi) the Drude
external field points to a dynamics governed by parameteweight or(ii) the ground-state energy difference in the pres-
t. In particular, exact calculations for small systems lead to @&nce and absence of an external magnetic field observed in
Drude weight proportional to the density of holes and toexact calculations for small systems is a generic effect which
parametert. These numerical results are inconsistent withsurvives in the bulk limit. In order to see if the weak depen-
the picture of the hole as a well-definite quasiparticle excitadence in parametel of the second quantitii) observed in
tion with spin 1/2 and charge; but quite consistent with the our exact calculations is a finite-size effect, we evaluate this
idea that the hole breaks up into two constituents, one carryguantity for larger systems by means of perturbative spin-
ing the charge and dispersing witkand another one dispers- wave calculationé.The perturbative results show a reason-
ing with J. The properties of the constituents of the holeable agreement with exact results for small systems, and con-
evidenced by the numerical analysis present striking similarifirm the weak dependence in paramelef the ground-state
ties with those of neutral spin-1/&spinon and spinless energy difference in the presence and absence of an external
chargee (holon) excitations of the spin liquid stftef the  magnetic field.
2Dt-J model. The picture of the quasiparticle which emerges The study of strongly correlated fermions systems in the
from this analysis is that of a spinon-holon bound state.  presence of an external magnetic field has been initiated

In this note, we study the issue of spin-charge separatioprior to this work. The Hall coefficient of the repulsive 2D
by examining the dynamics of a single hole in the presencélubbard model was evaluated using the quantum Monte
of a constant and homogeneous magnetic field applied pearlo method in Ref. 8, and using exact calculations in Ref.
pendicular to the 2D system. We consider only the diamag9. In the latter, the sign of the Hall coefficient was used as a
netic coupling of the external field with the charged particlescriterion for the deconfinement of spin and charge excita-
Using exact calculations for small systems, we find that theions.
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Il. DENSITY OF STATE AND GROUND-STATE ENERGY

We consider here the properties of a single hole in the N,=0
t-J model defined by the Hamiltonian 1.0 b .
J g
H=Pg E tj|CjTgC|(r Pe+ 52 S-S, 1) e
(iho (in
wherePg is the Gutzwiller projector which filters out states
containing doubly occupied sites, where the sijh) is per- 0.0
formed over near-neighbor pairs with each pair counted N —1/16
twice to maintain hermiticity and where the hopping param- e
etert;, contains a phase factor describing the coupling of the Loy i
electron’s charge to an external homogeneous magnetic field. g
Taking the lattice bound length to be unity, this hopping =<
parameter is expressed in the Landau gauge as
tJ.l:teZ"Tinquy(jx_lx), (2) J
0.0
wheren,, is the number of flux quanta per plaquette, and N <14
wherej, andj, are the integer coordinates of sjte 1wl ¢ |
Here we are interested in the density of state for the single
hole, which is defined as g
. 1 .
Do—(liw): __jgo'(lijaw)! (3)
. _
where the hole propagatd,(j,j,«) is given by 50 00 50
1 (&)
gn’(jvlaw):<q]0 CjT(r —Cio ‘PO>1 (4) ;
w+Eg/hi—H+ing FIG. 1. Exact results for a square 16-site cluster

(m=4, n=0) for the density of states of a single hole, as defined
where| W) denotes the undoped ground state of the Systey gq.( 3), and forJ=0.2. The three panels correspond to different

with energyE,. Here and in the following, we sét=1. The  magnetic-field strength. Both frequenay and parameted are in
density of state defined in E3) is in fact independent of units oft. The broadening parametgrappearing in Eq(4) is taken
site positionj and spino, and will hereafter be denoted by to be equal to 0.005.
D(w). . . . . .

The density of state is evaluated using exact calculationt turned on, while the width of the continuum remains ap-
for small systems subiject to periodic boundary conditions iProXimately constant. Also, the quasiparticle peak is shifted
both x andy directions. Thet-J Hamiltonian of Eq.(1) is to lower energies as the magnetic field is increased.

diagonalized in the subspace generated by Slater determ;. '9ures 2 and 3 display the difference in ground-state en-
i . ergy in the presence and absence of a magnetic field for
nants made up of single-electron wave functigri$, o) de-

: : . C o AN systems with a single hole as a function of field strength and
fined in the whole 2D lattice and satisfying periodicity con- - .
ditions Ty, m(#) =  and Ty m(#) = 1, wherem andn are for different values of parametdr. The ground-state energy

o0 is reduced by about 0t3as n, goes from O to 1/2. The
positive integers both even or both otfdand where behavior of the ground-state energy for other values pf

can be inferred from the symmetries,—n,+1 and
T :eﬂin¢|x|y eZﬂTind,jxlycT C. (5) n¢—>n¢.
(hly % I*loe=e Note the small dependence of this energy difference in

. . . Stbwhi , J. This is inconsistent with the quasiparticle picture of the
is a magnetic translation operatowhich commutes with the  y5je Indeed, the analysis of the low-energy behavior of the

Hamiltonian of Eq.(1). In order to find wave functions sat- gjngle-hole spectral densfty® in terms of a quasiparticle
isfying such periodicity conditions simultaneously, the op-jeads to a quasiparticle mass proportional to the inverse of
erators7(m ny and 7, my must commute, which in turn im-  parameterJ. The difference in ground-state energy in the
plies thatNXx n, must be an integer, whefd=m?+n?is  presence and absence of field, given by the cyclotron energy
the number of sites in the cluster. This last condition ex-of the quasiparticle, should therefore be positive and propor-
presses the quantization of magnetic flux passing through thgonal to J.
cluster. On the other hand, the low sensitivity of this energy dif-
Figure 1 displays the density of stdby w) obtained by ference in parametel is consistent with the idea that the
exact diagonalization for a small system fgy=0, 1/16, and  hole breaks up into two constituents, one dispersing With
1/4. The spectrum consists in a strong low-energy peakand another one dispersing wittand carrying the charge of
called the quasiparticle peéR,plus a &-wide continuum at the hole. Indeed, in the latter case, the magnetic field should
higher energy. The hole visible at zero field in the middle ofonly couple to the second constituent, leading to an energy
the continuum progressively disappears as the magnetic fielchange proportional to.
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A possible explanation for the decrease in ground-state
energy occurring as the magnetic field is switched on can be
formulated using the gauge theory of thel model® This
theory allows us formally to define two constituents for the
hole in the 2Dt-J model: A spinless excitation carrying the
charge of the hole and dispersing witi{called the holon
and a neutral spin-1/2 excitation dispersing wittcalled the
spinon. The fields of matter associated with these excita-
tions are coupled to a gauge field which, in the saddle-point
approximation corresponding to the flux phase, leads to half
a flux quantum per plaquette at low doping. In this picture,
the moving holon experiences a net magnetic field which is
given by the sum of the external field and of the mean gauge
field. As the external field is varied from zero to half a flux
quantum per plaquette, the net field experienced by the holon
varies from half a flux quantum to zero flux quantum per
plaguette, leading to a reduction in the holon kinetic energy.

However, this simple picture is too crude to be quantita-
tively accurate. Indeed, in the aformentioned saddle-point
approximation, the dynamics of the single holon is described
by the mean-field Hamiltoni&n

77b: _<2k> tij_jkb]Tbk’ (6)
i,

FIG. 2. Exact results for a square 16-site cluster for the ground-

state energy of a single hole as a function of the nummijeof flux
quanta per plaquette, and for various values of paranietétor

WhereETLis the creation operator for holon excitations, and

each curve, the energy reference is taken to be the ground-stagghere y; is the saddle-point solution for the gauge field,
energy of the system in the absence of magnetic field, and for thezhose modulus approximately equals 0.95 and whose phase

corresponding value af. The energy is given in units df
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describes a fictitious magnetic field with half a flux quantum
per plaquette. Using Eq6), the reduction in the single-
holon ground-state energy occurring as the external field is
varied from zero to half a flux quantum per plaquette is given
by 2(2—2)t, which is about four times larger than our
estimated value. However, this discrepancy might be attrib-
uted to the fluctuations of the gauge field, which are ne-
glected here.

This explanation for the energy decrease occurring as the
magnetic field is switched on is supported by the following
argument: The physical meaning of this gauge field can be
established by considering a single hole in a system consist-
ing of a single plaquette with a site at each corner. In this
system, the total spin can only take the valiss1/2 and
S=3/2. The cases=3/2 corresponds to the ferromagnetic
instability occurring for a small value al/t. Let us take
J=0.3, for which the ground state has total s+ 1/2.
Following Ref. 12, we now conside&3=1/2 wave functions
in which the hole is fixed at some site, and which can be

represented as
, 7
! ()

o

wherey=e" @7 and where 0], and |, respectively, de-
note empty sites, sites with spin-up electrons, and sites with

0
+yT

2O
-l—'y\L

FIG. 3. Exact results for a tited square 18-site clusterspin-down electrons. Using the restricted basis given by state
(m=n=23) for the ground-state energy of a single hole. Same cap{7) and other states obtained from/2 rotations about the

tion as in Fig. 2.

center of the plaquette, the Hamiltonian can be expressed as
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J s
-5 TRt 0 —p HJ=7J<ZI> [b/b; + by +bfb; +bjb;] (11)
J
-8t —=  —pt 0 and
Lo e 2 @ M= 253 1]+ ) (12)

where

—pt 0 —p*t 2

2 by, if lel
i : o= b, if le2.
whereg= ye'(™2"s, and wheren, is the number of the flux
quanta of external magnetic field threading the plaquette. [The Heisenberg part of the Hamiltonian can be easily diago-
can easily be verified that the Hamiltonian of H8) corre-  nhalized by Fourier and Bogoliubov transformation, leading
sponds to a single particle moving around a plaquettdO
threaded bW¢—% flux quanta. Here, thé fraction of flux
guantum porr_esponds to the.cont.nbunon of the gauge field. HJ:Z Qkﬁlﬂk (13)
The Hamiltonian of Eq(8) is invariant underr/2 rotations K
about the center of the plaquette, and its states can be clas-
sified usings, p, andd symmetries. The ground state has a"’md
symmetry ofp type for all values ofn,, and its energy is

: 2S\ 12 . :
given by Hy= W) <Z>k tyf fT(e™ Tu+ ey g
i
n, 11| J kI k]
Egs=—2t cos 7 7 _g _5_ (9) +(e ug+e Uk)ﬁk], (14)

wherek denotes wave vectors in the Brillouin zone of the

UsingJ=0.3, this leads tdEy=—1.882 forn,=0,and to | uice 1=yi)
[} X1yl

Egs= —2.082 for n,=1/2. The energy decrease occuring as
the external field is varied from,=0 to n,=1/2 is due to Q,=7SHN1— 2 15
the fact that thenetfield (external field plus gauge fieldo K Y _ 39
which the particle is coupled is smaller in the casez=4 is the coordination number, ang=z"13 ;' %, with
ng=1/2. The validity of this picture for the system with four ¢ taking values (1,0),£1,0),(0,1) and (G:1),
sites is confirmed by the good agreement of the above energy
estimates, obtained using a restricted basis, with the true Bk | Yk Tk by

b, ]’
1/2

—Uk Uy

ground-state energies given Bys= —1.888 for n,=0, and Btk -
by Egs=—2.091 for n,=1/2. It is interesting to observe

that the ground state for larger systems with a single hole

shows correlations similar to those of the four-site state de- U=
scribed by Eq(7), in the sense that the ground-state expec-

tation value of the projector associated with states in which

1+(1- y)*?
2(1- 7

. . . 2\1/211/2
the hole is located at the corner of a given plaquette and in — —sgn(yp) 1-(1-yp*?
which the spins located at the three other corners are in a Uk 9N vk 2(1—yp)¥2 |
S=1/2 state is always close to 1.

and where
Ill. SELF-CONSISTENT BORN APPROXIMATION 1
= ik-jp.
In order to check if the properties of the hole observed in by W; e™b;.

the presence of a magnetic field using exact calculations for

small systems survive in the limit of large systems, we now We now focus on the fermion propagator

evaluate the one-hole density of state and ground-state en-

ergy by means of perturbation theory based on the linear . * "

spinwave approximatioh Following Ref. 13 we rewrite the Gl w)= jﬁxdte' t<T[fi(t)flT(0)]>’ (16)

t-J Hamiltonian of Eq.(1) using the “slave fermion” rep-

resentatiorc! =f b’ . wheref; is a slave fermion anUJ-T(, which provides an approximate description of the true hole

Jo 1¥lo I

: ) . ) 3 : :
is a Schwinger boson. Working to lowest order i1$ About propagator;’ and write the Dyson equation
the Neel state consisting of spin-down electrons in sublattice .

o st G=[w+iyg-3]", 17)

1 and spin-up electrons in sublattice 2, one obtdins
_ where G and 3, respectively, stand foriG(j,l,w) and
H=Hyt Ty, (10 3(j,l,w) taken at fixed frequencys and considered as

where the Heisenberg and hopping parts, respectively, afdx N matrices, and where the self-enef@yj,|, ) is given
given by in the self-consistent Born approximation by
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FIG. 4. Pertubative results for a square 16-site cluster for the ®

density of states of a single hole. Same caption as in Fig. 1.

1 FIG. 5. Pertubative results for a square 36-site cluster
. _ - ke l—ike ik- 8, (m=6, n=0) for the density of states of a single hole. Same cap-
(e Nglz(gzk bivoyti-6,i® (Uit €™ %oy tion as in Fig. 1.

X (Ut ek %2y )G[j— 85,1+ 81, 0— Q(K)],
(18

where §, and §, are vectors connecting nearest neighbors.
Figures 4 and 5 display the density of state for the single ScBA
hole evaluated by iterating Eqél7) and (18). Again, the @
total width of the spectrum remains approximately un-
changed as the magnetic field is turned on. The low-energy
quasiparticle peak and the higher-energy string resonances
visible in Fig. 5 can be identified, respectively, as the ground
state and excited states of the pair formed by the spinon and
the holon, which are bound together bytaing potential®>
This binding of the spinon-holon pair can be described
within the gauge theory of theeJ model as resulting from
the confinemerit'* of the gauge field to which spinon and

E (n)-E(0)

holon fields are coupled. o—6J=0.1
Figures 6 and 7 display the perturbative results for the 03 G—aJ=02 )
difference in ground-state energy in the presence and ab- PN
sence of a magnetic field as a function of field strength. Note '
the reduction in ground-state energy occurringngss var- 04 i
ied from O to 1/2. In contrast to exact results, perturbative
results for this energy difference showaeak dependence
in parameted.
Figure 8 displays the ground-state energy of systems with 0355 ol 02 03 07 0.5

a single hole as a function of parameteifor n,=0 and
ng=1/2. Let us consider the perturbative results for
N=256, for which finite-size effects are negligible. These FIG. 6. Perturbative results for a square 16-site cluster for the
results are well fitted by ground-state energy of a single hole. Same caption as in Fig. 2.

m
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FIG. 7. Perturbative results for a square 36-site cluster for the FIG. 9. Perturbative results for a square 64-site cluster
ground-state energy of a single hole. Same caption as in Fig. 2. (m=8, n=0) for the ground-state energy of a single hole. Same
caption as in Fig. 2. The error bars result from the finite broadening

Eo=Bt+ v(J/1)%%, (19 parameterp=0.0025 used in Eq17).

with 8= —3.102 andy=1.727 forn,=0 (Ref. 15 and

~ parameted visible in Figs. 6 and 7 results from the depen-
B=—3.400 andy=2.033 forn,=1/2. The dependence in

dence of the forefactoy of the second term in the right-hand
side of Eqg.(19) in magnetic-field strength. The latter term
) can be regarded as the binding enérgf/the spinon-holon
| O—ON=64 ' pair bound by a string potentid(r) = aJ|r|, described by

G—EIN=144 the Hamiltonian
AN—2A N=256

250 | 1 H=%A+aJ|r|+,8t, (20
wherem is the mass of thélight) holon in orbit around the
(heavy spinon. The forefactory appearing in Eq(19) is
proportional tomY3(aJ)?3. Assuming that the string tension

«a is not affected by the presence of the magnetic field, the
dependence of the spinon-holon binding energy in magnetic-
field strength must be attributed to the dependence of the
holon masan in field strength, in the manner

=270

E()

=290 -

30t . m(n,=0)

m(n,=1/2)

Empty: n=0

~1.63, (21)

Filled: n,=1/2 wherem(n,=1/2) andm(n,=0), respectively, denote the
330 ¢ 1 holon mass in presence of half a flux quantum per plaquette,
and in the absence of external field.
Equation(21) is in reasonable agreement with the pre-
=350 o o0 020 030 0.40 0,50 scription of the gauge theory of theJ modef for the mass
3% of the holon. In the cases,=0 andn,=1/2 the Hamil-
tonian of Eq.(6) leads to band bottom effective masses
FIG. 8. Perturbative results for the ground-state energy of avhose ratio m(0)/m(1/2)=+/2, which is in reasonable
single hole as a function of parametefor n,=0 andn,=1/2and ~ agreement with Eq(21). Note that the reduction in holon
for various system sizes. The energy is given in unitd.ofhe = mass occurring as the external field is varied from zero to
dashed line corresponds to Hd9). half a flux quantum per plaquette is qualitatively consistent
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with the explanation for the reduction of the single-hole proportional tot and depends weakly on paramefiemdi-

ground-state energy in terms of the reduction of the kineticcates that the excitation carrying the charge of the hole and

energy of the holon. In the bulk limit and in the limlt=0  coupling to the external field disperses withThis result,

the difference in ground-state energy between the casaggether with the presentef a low-energy peak dispersing

ny=0 andn,=1/2 is equal to 0.8 which is consistent with  with J in the spectral density of the hole, constitutes evi-

the exact results. dence that the hole decays into two constituents, one carry-
The limit of low magnetic field is of particular interest. If ing the charge of the hole and dispersing witind the other

the size of the spinon-holon bound pair is much smaller thagne dispersing wittd. The energy decrease observed as the

the magnetic length, the spinon-holon pair may be regardege|d is varied from zero to half a flux quantum per plaquette

as a quasiparticle with a definite cyclotron frequency. Thiscan be explained qualitatively using the gauge theory of the

may explain the increase in ground-state energy observed 13 model, which provides a formal description of the decay
Fig. 9 as the external field is varied fromy=0 to  products of the hole.

In conclusion, we have examined the effect of coupling a
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