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Abstract. A motion of a hole in a two-dimensional antiferromagnet is considered in the framework

of the #-J model. A temperature dependence of the lowest energy band is calculated for the range

T/t £ 0.1 where T and ¢ are the temperature and the hopping constant, respectively. For the exchange
constant J= J. =~ 0.52 f the lowest energy is shown to be degenerate along the boundaries of the

magnetic Brillouin zone. For J < J, the lowest energy is achieved in the points q = (£n/2,+n/2)
while for larger J, @ е points (+n,o), (0,%n) of the Brillouin zone. The critical value is

independent on 7. А perceptible dependence of the quasiparticle energy on Tis observed for

Т »203 J
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Effects of electron correlations have been a subject of an intense study
starting from the discovery of high-7,. superconductivity . Already at the

early stage of the investigations it was supposed [2] that the carrier

transport in CuO, planes of high-7, cuprate superconductors may be

described by the two-dimensional Hubbard model [3] or the related 1-./

model [4]. _
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The energy spectrum of the #-J model has been considered by different

methods in a number of papers (see, e.g., [>~7)). In the case of strong
correlations, J<<t, where J and ¢ are the exchange and hopping constants,

respectively, it has been shown that the spectrum contains well-defined

quasiparticle bands and the hole-magnon continuum of scattering states.

These results were obtained in the limit of zero temperature. In the present
paper we consider a temperature dependence of the lowest energy band.

For this purpose we use the modified Lanczos algorithm [Š] which gives
the regular way for calculating correlation and Green's functions with

averaging over the canonical ensemble. Besides, we consider some

peculiarities in the dependence of the lowest energy on J/t.
For low temperatures and small hole concentrations the CuQO, planes of

cuprate superconductors are known to be antiferromagnetically ordered. In

spite of the destruction of the long-range order for temperatures larger than

the Néel temperature and for larger concentrations, considerable

antiferromagnetic correlations are retained even in this case [°]. This gives
grounds to use the spin-wave approximation for the description of CuO,
planes. The two-dimensional ¢-J Hamiltonian in this approximation can be

written in the form [7]

= e$ t t
H=eShin +Y o,bib +Y @uohih,b +Hc), @

k k kk'

where h;r‘ is the creation operator of a hole with the wave vector k in one

of two classical Néel states, bIT( is the boson creation operator of spin

waves which in the site representation can be considered as the

spin-flip operator. In Eq. (1), @к = 2J Jl——ylz( is the magnon frequency

УНБ Ук = [ сos (К, а) + cos(ky a)]/ 2 and a is the lattice constant

which is taken as the unit of length. The interaction constant

Ekk =-4t(Ykkükt+YkVYk)/ JN comprises the number of sites N,

ик = cosh(ak), Vk =—sinh(ak), and ok= 1[1[(1 + ‘Yk)/(l —'Yk)]/4, апа в 1$

the energy of hole forfnation.
To find the temperature dependence of the energy spectrum we

calculate the following correlation function:

RG) = j еК, (2)

0

where R(1) =(h, (1) h:;) , hy(t) = exp (i H 1) hyexp(~i#{1) and the angle
brackets denote the averaging over the canonical ensemble. Poles of R(z)

determine energies and dampings of elementary excitations at a given
temperature.
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Correlation function (2) can be represented in the form of the continued
fraction

1
R (2) = (3)

_ V

z+'iEO+————l————
z +IE +———Vš

1

L,
z+lE2+——,

where the elements of the continued fraction Eé and V; are recursively
calculated from the modified Lanczos algorithm [°]

E,=- [An] ,AI), А1 = [H Al +E Ay -V, Ap,
(4)

Vo=o, V,2,+1 - <A'„+ 1 (A'„+ I)Т> » An+l=An+ Val,

with the initial operator Ay = hg.
We restrict ourselves to the first two steps of this procedure that can be

estimated to be appropriate for J/t > 0.1. The obtained elements of the
continued fraction read

2 2

Ey = €; Vž - 28‹11‹(”"1‹) PP
k k (5)

Е, =е+
! 21 + +

2

1-© ; 2.okBaqk (I+m)+3 080 iy|
ILk k

where ng = [ехр(о ,/Т) — 117! is the boson occupation number, 7 is the

temperature in energy units. Substituting elements (5) into Eq. (3) and

picking the lowest pole we obtain an approximate lowest energy band of

the model considered for given Л/г апа Т/.

The ranges 0.05 < J/t <1 and 0 < 7/t < 0.1 were used for the

calculations. It is worth noting that for the typical representative of high-T,.
cuprate superconductors, the La,CuQO, cralstal, the value of J/t is supposed
to lie in the range from 0.1 to 0.3 [. e,a change of which givesan
unessential total shift of the spectrum, was set to be egual to 10z.

The general shape of the lowest band E is shown in Fig. 1 for 7' = 0,
J/t = 0.1 and J/t = 0.8. In agreement with the previously obtained results

[s'7] for the former value of J/t the band minima are positioned in the

points q = ( £n/2,+n/2) of the Brillouin zone. For the latter value of J/t the

minima are shifted to the points q = (0,+7), (+7,0). This transformation of

the band is more clearly seen in Fig. 2 from which the critical value of the

transformation, J. ~ 0.52¢, can be extracted. In the considered

temperature range J,. is independent on 7. It should be noted that for J = J,.
the lowest energy is degenerate along the boundaries of the magnetic
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Fig. 1. The lowest band in the magnetic Brillouin zone for T =0 and for J/t =0.1 (a) and
Л = 0.8 (b). -

Fig. 2. The band energy E_ versus J/t in the points g= ( ®/2, n/2) (solid line) and q = (0, =) (dotted
line) for T = 0 (a) and T=D.l (b).

Fig. 3. The dependence ofEq on J/t and T/t in the points q = (0,0) (a) and q = ( x/2, 1/2) (b).
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Brillouin zone (this zone corresponds to a lattice with a doubled period
arising due to the antiferromagnetic ordering).

The dependence of Eq on 77/t and J/t is shown in Fig. 3 for wave vectors

corresponding to the top and bottom of the band. As follows from the

figure and Eq. (5), the pronounced dependence of the quasiparticle ener

on temperature is observed for T » 0.3J. For parameters of La,CuQO, [šš
this corresponds to temperatures starting from 300K. For lower

temperatures the dependence is determined by low-freguency phonons
rather than by magnons.
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