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The spin-wave energy, the damping, and the staggered magnetization are calculated for a lightly
doped antiferromagnet in the framework of the ¢-J model. The Dyson equation for the dynamical

spin susceptibility is derived and studied at zero temperature.

It is shown that the staggered

magnetization as well as the spin-wave velocity vanish for some critical hole concentration. The
damping of spin waves is computed and found to be very sensitive to the hole doping. The results
are in good agreement with experimental data of YBa;Cu3O¢4z.

I. INTRODUCTION

The understanding of the transition from the insulat-
ing phase to the metallic phase for high-T. supercon-
ductors is a problem of current interest.! The undoped
parent compounds of high-T. materials are antiferromag-
netic (AFM) insulators. When a small quantity of holes
is introduced (a few percent), the long-wavelength spin-
wave modes are overdamped and consequently the AFM
order disappears.

The magnetic properties of the undoped high-T, ma-
terials are well described by the isotropic spin—% Heisen-
berg model on a square lattice.?3 It is by now widely
accepted that when extra holes are introduced, a good
candidate for describing the physics of the CuO; planes of
these high-T, oxides is the t-J model. It has been argued
that in the linear spin-wave approximation this model re-
duces to the so-called magnetic-polaron model,*™® with
a Hamiltonian given by

\/_ZV q,lc)f,cf;c q0q +H.c. +Zw 7%, (1)

where

V(qv k) = UqYk—q T Vg Yk,

wgz %zJ,/l—’yg

with v, = 1 3" exp(ikT), 7 running over the band direc-
tions and z is the coordination number of nearest neigh-
bors. N is the total number of sites. The lattice spacing
is taken as unity. uq and v, are the usual parameters of
the Bogoliubov u-v transformation

14 ,/1—72

Uqg = ’
2,/1-~2
1—,/1—~2
vg = —sgn(vg) | —F—=1| - (2)
2,/1—~2
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In the Hamiltonian Eq. (1), fi and f,;' are canonical spin-
less fermion operators.
operators.

The softening of spin waves due to the presence of holes
was already investigated by several authors” 106 within
the framework of this model. Igarashi and Fulde” have
studied the renormalization of spin waves for low dopant
concentration § on the basis of the self-consistent Born
approximation. They have calculated the Green’s func-
tion for the holes to first order in 4 and found that the
incoherent part of the Green’s function for holes gives the
main contributions to the renormalization of spin waves.
They have found that the spin-wave velocity is strongly
renormalized and the reduction rate increases with de-
creasing ratio J/t. The spin-wave velocity is found to
vanish for a density of holes of about 10%. The exper-
imental value is about 2-5%. Pimental and Orbach®
have computed the spin self-energy in an approximation
where they take into account only the coherent part of the
hole Green’s function, that is, they consider quasiholes as
weakly interacting Fermi gas described by a single-hole
dispersion relation. They have found that the spin-wave
velocity is renormalized by a factor 0.98 for a hole concen-
tration § = 0.01 at t/J = 3. But the coherent part of the
hole Green’s function leads to a small renormalization of
the AFM-order parameter, as was found by Becker and
Muschelknautz.? Recently Khaliullin and Horsch® have
calculated the spin-wave velocity and found that it van-
ishes for the critical hole concentration §* = 0.04 for
t/J = 4. They have also calculated the staggered mag-
netization using an interpolation formula for spin self-
energy based on the approximation of isotropic Fermi
gas, since they did not calculate the spin self-energy at
large momentum.

In this paper we calculate the spin-wave energy for any
momentum, the damping of spin waves, and the stag-
gered magnetization on the basis of double time Green'’s-
function formalism. Dyson’s equation for dynamical spin
susceptibility is written and analyzed at zero tempera-
ture. We found that the spin-wave energy is strongly
renormalized due to the presence of holes, and the spin-
wave velocity goes to zero for some critical hole concen-
tration. The damping is also found to be very sensi-
tive to increasing hole concentration. At the critical hole

ag and a; are canonical boson
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concentration it becomes greater than the spin-wave en- The different spin-wave Green’s functions are con-
ergy for small momentum, which shows that the long-  tained in the matrix Green’s function (44 | A}).. Using
wavelength spin waves are overdamped. The staggered  the Tserkovnikov method!! (see Appendix A), we obtain
magnetization also vanishes at this hole concentration. the following equation of motion:

The paper is organized as follows: in Sec. II, we have
derived Dyson’s equation for the double-time Green’s ANy = n Al At
function following the method of Tserkovnikov.!! In W Ag | Aghw = < Aq| A3 >+ (Aq | Ag)w

Sec. III, the spin-wave energy and the damping of spin % {<1 A‘q | AD (4, | A; 571
waves is computed. Section IV is devoted to the compu- t
tation of the staggered magnetization. Finally, in Sec. V, +(A4q | AP, (w)} ) (6)

the comparison of our calculation with experimental data

is performed. Lo L
where the polarization operator is given by

II. DYSON’S EQUATION FOR RETARDED
9 -1 Lo L L.
GREBN'S FUNCTION Ty(w) = (4q | A}) {«mq | —iAf)o — (idy | AD)w
In this section we derive the dynamical spin suscepti-

bility using the double-time retarded Green’s functions x{(Aq | A;))w—l((Aq | —iA;))w (Aq | A;)_l
defined by Zubarev:!2

(A@) | B(t)) = —i6(t —')([A), BE)])-  (3)

Its Fourier component with respect to time is

(7)

For the Hamiltonian under investigation Eq. (1) we

(418 = [dgaw) | BOYexp(w+ion &) o)
(Ao | 4z) = 1 (8)

where (- - -) means averaging over the grand-canonical en-
semble and 6(t) is the usual step function. Let us define  and

the following two-component operators: . 10
g1 4 =t (5 7). )
— [ % t— (ot
Aq = ( af_q )’ Ay =(ag a—q). () Then Eq. (6) becomes
|
{(oq | a«g»w {(og | a—gPw 1 w+ Wg + 22(q,w) ~Il12(q,w)
~ D,(w) ; (10)
(alylafde (alyla—ghu ; “lxn(gw)  —{w-w)-Tn(gw)}
where
Dy(w) = [w + wy + Ma2(q,w)][w — w) — 13 (g, )] + Mi2(g, w) a1 (g, w), (11)

and IT (w) is the self-energy matrix. To the lowest order in ¢, this matrix is given by
(bg | 8] ) (g | b—g)e
g(w) ~ . X (12)
(bLg 185 (bLg [b_ghw

with by = (2t/VN) 3" V(a, k) fk_ fr. The matrix elements of the self-energy Il (w) contain averages of four fermion
operators To evaluate these quantltles we decouple in the following way:

(S =g (&) Fres (8) FL, g Fra) = hesha (F, — () Fia =) (Fis (8) £ )- (13)
Straightforward algebraic calculations lead to

Hll(q’w) = —(z% Z |V(q’ k)lz /m dwl /oo de»[n(wl)n(-—wz) - n(~w1)n(w2) Pur (k — q)Pw, (k)
k —oo —oo

](w+w1—w2+ie)’

(14)
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M22(q,w) = M11(—q, —w) ,

zt)? e o
Moa(a.w) = S S V@ bV(ca k- [~ doy [ dunlnen)n(-on) - n(-unjnlun)] 221
X —oo —o0

and I3 (¢,w) = Il12(q,w), with n(w) =
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k — q)pu, (k)
w+ wy — wy + t€)

(15)

1/[1 + exp (Bw)]; B being the inverse of the temperature and p, (k) =

—LIm{(fe | F1Yw4io+ is the spectral density of holes. The denominator in Eq. (10) can be written as

Dy(w) = w’[1+ Ag(w)]* — (

where Ag(w) = [[2(q,w) — 11 (g, w)]/2w and IF (w) =
of ug and v, given in Eq. (1), we obtain

w)’[1 - I} (W)][1
(M11(g, w) + H22(q, w) £ 2IT;2(g,

- g (W), (16)

w)]/ 2w2. Using the expression

(2t)* 2 2 /°° /°° Pun (k) Puy (k + 9)
Ag(w) = - d d — “ 22 17
o@) =T D (mea® =) | den [ dus mwnn(oen) oo S e ey ()
and
2t? 1 (Yhtq £ 1)
Hqi(w) =55 ;qﬂ: - / dwl/ dwa n(wy)n(—ws)
1
X Py (k) Py (K .
Pz (K)o ( +Q){w+w2—w1+ze+—w+w2——w1—ie} (18)

Note that knowing the spectral density p,(k), one can
evaluate the renormalized spin-wave energy, the damp-
ing, and the staggered magnetization.

III. DAMPING OF SPIN WAVES
AT ZERO TEMPERATURE

The spectrum of the spin waves corresponds to the
poles of the matrix Green’s function (A, | A})).,, that is,
to the zeros of Dy(w). Since Dg(—w) = Dg(w), if wq is a
pole, —wq is also a pole. At zero hole concentration the
poles reduce to +w?. Then, since we are studying the
effect of a small hole density (6§ < 1) on spin waves, we
shall look for poles of the form wy = wd(1+6K,). More-
over, A, and l'Iqi are proportional to 4. Then, keeping
only the first-order correction with respect to §, Dg(w)
becomes

2 _
Dy(w) = w?[14+ A (wg)]” = (wg) " [1 —IIJ (wg)][1 - TI, (azf;’)])-
19
Let us denote by w, +1iI'q the zeros of Eq. (19). wg will
be the spin-wave energy and I'y will be the damping of
the spin waves. To the lowest order in 4, one gets

wq ~ wy \/1 — Rellg (wQ) — Rell7 (w9) /[1 + ReAg(wy)]
(20)
and
r,/ 1 2ImAg(w)) + ImII; (w)) + ImIT} (w?)
w — T a —_—
=73 1 — Rellg (wg) — Rellg (w9)

(21)
To evaluate A\, and ].'Iqi we shall use the result of the
one hole problem as an ansatz for the spectral density of

[

holes p,, (k). The motion of a single hole in an AFM-spin
background has been studied by several authors using
the model under investigation.*53 It is by now widely
accepted that the motion of a hole perturbs the mag-
netic background, but quantum spin fluctuations restore
it, leading to a coherent motion of the hole. Then it
is natural to take for the spectral hole density p, (k) a
0 function in the range of energy where the motion is
supposed to be coherent, which corresponds to a quasi-
particlelike behavior and to take the constant density of
states approximation for the broad incoherent part of the
motion. This picture was found to be quite valid by re-
cent numerical calculation for finite hole concentration
on clusters.''% Then we write

pu(k) = 5P (k) + pl R (k)
with

P (k) = Zob(w — Ey),

pIn (k) = 0(w - J)o(2W —w),

where 2W is the bandwidth and Ej is the energy of
the quasihole. Ej reaches its minimum at momenta
(£m/2,+m/2). Moreover, we suppose that near the min-
imum E}, is isotropic and can be written as E, ~ k2/2m,
where m is the effective mass of the quasihole. w is mea-
sured from the minimum of the quasihole energy. The
residue of the quasihole Zj is determined by the sum rule
J2o dwp. (k) = 1, which gives Zo = J/2W. To introduce
the chemical potential p in Eq. (22) one has simply to
make the following change w — w + p.'® At zero tem-
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perature and for small hole density p will lie near the
bottom of the spectrum, that is, in the coherent band.
The chemical potential is adjusted in such a way as to
give the correct density of holes §. We have

5= —11\7 ; /_ Z dwspos  (R)n(w).

For T = 0, n(w) = §(—w), and therefore one gets for u

p=s™W

— (23)

It was already noticed by Igarashi and Fulde” that the
magnon softening is due to the existence of the incoherent
background; that is, the incoherent part of the Green’s

J
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function gives rise to the main renormalization. The cal-
culation performed by Khaliullin and Horsch® is an indi-
cation that the contribution coming from purely coher-
ent motion is negligible in comparison to that one due to
the incoherent background. In what follows we will ne-
glect this purely coherent contribution and will take into
account only the coherent-incoherent contribution. The
incoherent-incoherent part is strictly zero in our approx-
imation, since we suppose that 4 < J. This assumption
is compatible with Eq.(23), taking m = 2J ! and § is a
few percent. This value of the effective mass of the quasi-
hole is suggested by the estimation made by Kane, Lee,
and Read.? This is a discrepancy between our calculation
and that one performed by Khaliullin and Horsch,® since
they have an incoherent-incoherent contribution for the
renormalization of the spin waves. In this approximation
we obtain to first order in § for the spin-wave energy and
the damping the following expressions:

21—
wg ~ wg\/; - ZJW I —’Y;Il(wg)

and

t2 0 1
Tg/wq > 16— (1 — 724) T (wg)

JW

where Io(w), I1(w), and T(wJ) are given in Appendix
B.

At small momenta, we deduce the spin-wave velocity
v from Eq. (24). We have

v=1v94/1—-14/4.,

where vg = /2J is the unrenormalized spin-wave ve-
locity, and é. is the critical hole density at which the
spin-wave velocity goes to zero. It is given by

(26)

_(IW /228

Se > @w/d)

(27)

We notice that at first order in 4, the spin-wave velocity
is independent of the effective mass of the quasihole. For
the bandwidth 2W = 22t and t/J = 5 we have 6. =
0.027, which is very close to the experimental value for
the YBay;Cu3Og, . material.}7+18

From Eq. (24), we have plotted in Fig. 1 the momen-
tum dependence of the spin-wave energy for different val-
ues of the hole density. We see clearly that a small num-
ber of holes strongly renormalize the spin-wave excitation
spectrum. We emphasize here that we have obtained a
wave-vector-dependent renormalization of the spin-wave

1—'yq

t? 1-7
14 6——=21p(w?) (24)
JW e
/ 1-~2
P DY N 29 1 (w? 25
1— 72 TW 1=z )] (25)

energy in agreement with the results of Rossat-Mignod et
al.'®1® Qur result differs from that one of Ko,2° since he
had studied the disruption of the spin excitations due to
finite-hole doping by considering only the effect of static
holes in the t-J model and found that the spin-wave en-

1 T T
o8 L J/t=0.2 6=0 ]
[ ]
L 6=0.01 -
06| i
wg/R1 I 5=0.02 ]
04| ]
02} J
0 v <SPS S B SN S SR U RS S S | |
(0,0) (m/2,m/2)

(3.9)

FIG. 1. Spin-wave energy along q = (g, q) for different hole
densities.
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FIG. 2. Ratio of the spin-wave damping to the spin-wave
energy I'y/w, along q = (g, ¢) for different hole densities.

ergy collapses for some critical é about 0.1. This shows
that the hole motion produces the main disruption to the
spin excitations.

The momentum dependence of the damping I'y for dif-
ferent values of the hole density is represented in Fig. 2.
It shows that the doping leads to a heavy damping of
the long-wavelength spin waves due to their decay into
particle-hole pairs. The damping of the spin waves occurs
when the spin-wave spectrum crosses the pair excitation
continuum, defined as the region where ImIl(q,w) # 0.2}
For a very small hole concentration such that the spin-
wave velocity v is still larger than the Fermi velocity vp,
long-wavelength spin waves remain well defined, because
they cannot decay into particle-hole pairs while the short
wavelength spin waves are damped, which is shown in
Fig. 2 for § = 0.01. When the hole density increases the
spin-wave velocity decreases and becomes smaller than
the Fermi velocity and therefore the spin-wave spectrum
lies entirely in the pair excitation continuum and even
the long-wavelength spin waves are overdamped.

IV. STAGGERED MAGNETIZATION

Khaliullin and Horsch in Ref. 6, calculated the self-
energy of spin excitations for a small wave-vector only.
Then they estimated the staggered magnetization by
making an interpolation formula for the self-energy,
based on the approximation of two-dimensional (2D)
isotropic Fermi gas. In our calculation we get the self-
energy at any momentum and therefore can compute,
without further assumption, the staggered magnetization
for different values of the hole concentration.

In the model under investigation the magnetization is
given by

M=M — L Z (a ag) — Vel —qaq> (28)

1/1—7,1
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where M, is the staggered magnetization at zero hole
density. It is given by

Mo =1 2NZH

The quantities (afag) and (a_qa4) are related to the

(29)

imaginary part of the Green’s functions ((ag|al)). and
{oq | @—g))w, respectively, by the ﬂuctuat10n—d1551pat10n
theorem. From Eq. (10), we have

w+ wf,’ + I22(g, w)

{log | el = Do) (30)
and
(g o) = T2, (31)

For a small hole concentration §, we can neglect the
damping and get to first order in §
w + wg + Rella2(q, wg)
2wg [1+ 2ReAg(w9)]
— 8w+ wg)] (32)

~~Im(lay | aforior =
X [0(w — wgq)

and

ReIIlg(q, wg)
2wq [1 4+ 2ReAg(w))]
X [6(w — wg) — 6(w + wg)] .-

1
—;Im((aq | - glwrior = —

(33)
At zero temperature, we have
—wq + w? + Rellz; (g, w?
(afog) & atn *RMmldog) g
2wg [1 + 2ReAg(w?)]
and
_Renl2(q, O)
_ 35
(a-qaq) = 2wg [1 +2ReAg(w? )] (35)
the self-energies Rells2 and Rell;s being given by
0 t?
Rellz2(q, wq) ~ —5W(1 — Y2q)
X I (wg) + Io(w) (36)

and

t?2 1
wl) b ——”iwqfl(w) (37)

Rell;5(q,
w
B

For ¢ in the neighborhood of é. and for small g, I'q > w,
so that we neglect w, in front of I';. We obtain then

w2 + Resz(q,wg)
2wq [14 2ReAg(wd)]

(a;aq) ~
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FIG. 3. Data of the normalized staggered magnetization
M /M, as a function of the normalized hole density §/é.: The-
ory for J/t = 0.2 and m = 2J ! (solid curve); measurement of
ordered moment for YBa;Cu3QOs- (solid triangles) (Ref. 18).

and

(a_qarg) —Rell;2(q, w])
T T 2w [14 2ReAg(w?)]”

Having the quantities (afa,) and (a_gay), we integrate
numerically over ¢ in Eq. (28) for different values of
hole density to obtain the staggered magnetization. The
dependence of the reduced magnetization on hole den-
sity M(6)/Mj is plotted in Fig. 3 for the physical ratio
t/J =5 and m = 2J 1. We see that the staggered mag-
netization goes to zero for the critical hole concentration

de.

V. CONCLUSION

The aim of this work was to study the magnetic prop-
erties of the ¢-J model, and especially the transition from
the insulating phase to the metallic phase. We have pre-
sented the results of calculations of the spin-wave energy,
the damping of spin waves and the staggered magnetiza-
tion to first order in §. Let us notice that the actual
expansion parameter appears to be tv/8 /VIW |[see, for
example, Egs. (24) and (25)], which is very small for the
range of § we considered. In fact tv/8/vJW < 0.16 for
t/J =5 and W = zt. These results may be compared to
the experimental data for high-T,. superconductors. We
have found that the spin-wave energy is strongly renor-
malized by a small hole doping (Fig. 1). The spin-wave
velocity has a square-root concentration dependence and
vanishes for the critical hole concentration 6. = 2.7%
(for t/J = 5). The value of 8. depends only on the ratio
t/J. This value is very close to the experimental value
(~ 2%) for YBazCu3Og.,.1%1? We have also computed
the damping of the spin waves and found that it is very
sensitive to the hole doping (Fig. 2). For the critical hole
concentration not only the short-wavelength spin waves

12 901

but also the long-wavelength spin waves are overdamped
due to their decay into electron-hole pairs. The damping
of the spin waves leads to the disappearance of the AFM
order. Figure 3 shows the dependence of the staggered
magnetization on the hole density. The available exper-
imental data for YBayCu30Og., gives the dependence of
the AFM order on the oxygen content z, but there is no
trivial linear relationship between x and the hole con-
centration §. Then to make the comparison between our
result and the experimental data for YBa;Cu3Og.., wWe
have used the relation between § and = given by Uimin
and Rossat-Mignod.2? According to their results, we see
in Fig. 3 that our theory is in good quantitative agree-
ment with experimental data for YBay;Cu3Og, .18

Our calculation is based on the polaron model for
which an antiferromagnetic background is assumed.
However, it has been noticed by Shraiman and Siggia?®
that an AFM state is always unstable against a spiral
state as soon as the density of holes is nonzero. Accord-
ing to Igarashi and Fulde,?* the corresponding Hamilto-
nian can be decomposed into the polaron Hamiltonian,
Eq. (1), and an extra term containing only charge op-
erators. So the equation of motion for the susceptibil-
ity remain the same. The spectral hole density p, (k)
will change. If we assume, however, that the picture of
a small coherent spectrum and a large incoherent one,
is not modified, the main effect will be contained only
in a renormalized effective mass, the inverse of which is
shifted by a term proportional to §. But we have noticed
in Appendix B that the critical hole density is indepen-
dent of the effective mass in our lowest order calculation.
Therefore, we expect that the spiral state will manifest
itself only when computing second-order corrections.

In conclusion we have shown that the motion of holes
strongly modifies the spin dynamics: the low-energy part
of the spectrum is strongly renormalized and the damp-
ing of spin waves becomes very important, and conse-
quently the long-range magnetic order is destroyed.
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APPENDIX A: TSERKOVNIKOV METHOD

The equation of motion of (4, | A})., is given by

w({Ag | Al)w = (Aq | A}) + (i4g | Al)o, (A1)
where iAq is the fourier transform of
.d
P2 Ag(t) = [Aq, H] (1 (A2)
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and (Aq | Al) = ([Aq, Al]). The operator i44(t) can be ([Bg, Al]) =0 (A4)
separated into a linear part proportional to A4(t) and the
remaining orthogonal part, that is the matrix Cj being given by

. .2 _1

iAq(t) = CqAq(t) + By (1), (A3) Cq = (iAq | A;)(Aq | A;) . (A5)
where the irreducible part By(t) is defined to be orthog- Taking into account Egs. (A3) and (A5), the equation
onal to A4(t), that is of motion (A1) becomes

L -1
wl(Ag | AN = (Aq | A]) + (iAg | ADN(Aq | AD) (A | AD)w + (B | AD)e- (A6)

Defining the polarization operator by
-1 -1
O (w) = (Aq | A}) "(Bg | AlDu(Aq | Al (A7)

Equation (A6) becomes
w(Aq | AD)w = (Aq | AD + (Aq | AD) {(i4q | AD(AG | 47" + (4, | ADTL,(w)} (48)

Now we shall write explicitly the polarization operator Il4(w) in terms of the following Green’s functions:
{(iAq | A];))w, {(Aq | —iA:;))w, fmd (144 | —iAZ) w- To do this we write the equation of motion for ({4, | A;))w by
deriving with respect to the right time argument

w(Aq | Al = (Aq | A]) + (Aq | —iAL))., (A9)
which is written as

(Aq | A = {w = (Aq | AD)e " (Aq | —iAD) } (4g | AD (A10)

We also write the equation of motion of ((i4, | AlNo:

wl(idg | Al)w = (idg | AD) + (i4g | —iA})o- (Al1)

Using Egs. (A7), (A10), (A11), and (A3) we can write the polarization operator as

T, (w) = (Aq | AD)  {(idq | —iAL)w — (ide | AD)o((Aq | AD)o ™ (Ag | —iAl)u}A, | AD . (A12)

To see that Eq. (A8) can be written as the usual Dyson’s equation, G = G° + G°IIG, we define the “zero-order”
Green’s function by

W Aq | AN = (g ] Al) + (14, | AD(A4, | AD (A, | ALY (A13)

and get

(Aq ] Ao = (Ag | AL + (Aq | AP (w)(Aq | AL (A14)
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APPENDIX B: THE RENORMALIZED PARAMETERS
To first order in 4, straightforward algebraic calculation leads to

21—
Reg(wl) = JW%Io(wg),
g
21—

£0,0\ 0 5 b
Rellj (wq)_tSJW T

2‘1[ 0
1w,
Vq ( q)’

tz 1-— Y2 0
Im)g(w?) ~ —r&m—l—_ZT(wq),
Tq

ImIT (w?) ~ —w&—ﬁ— 1- 72qT(w°)
e JW 1+, a

with
J 0 J 4+ w? J—wo J—wo
10(w3)=(1— +wq)ln’1— “q —( - 2 1ln{1- 4
K B © ©
0
+ J+w3 I J+w2 B J—wg In J—wq,
© 7 7 7
J +wl J +wd J—w? J—wl
L(w))=2|1+1n WA (1o %% w1 “a| _(1- 2 1lIn|1 - 4
B 7 K 7 © ©
_(J+wg)ln<J+w2)_<J—w2>ln J—wg’
7 © 7 B
and

0) — g(w® — _J_“’g _J_""g — W0
T(w0) = (s J)+<1 - )o<1 ; )0(] 0.

For ¢ = 0, Iy(w?) — 0 and

Il(wg) — 2{1+ln (ZJK) —In|1

and for u/J < 1 we obtain

2W "
O ~ — —
Il(wq—)O)_Zln( 7 >+J.

12 903

(B1)

(B2)

(B3)

(B4)

(BS)

(BS6)

Since the renormalized parameters are proportional to 4, the term p/J should be dropped. As a consequence, we
see that, up to first order in 4, the spin-wave velocity and the critical hole concentration §. are independent of the

effective mass of the quasiparticle.
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