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Spin correlations and magnetic susceptibilities of lightly doped antiferromagnets
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We calculate the spin correlation function and the magnetic longitudinal and transverse susceptibilities of a
two-dimensional antiferromagnet doped with a small concentration of holes, taltheodel. We find that the
motion of holes generates spin fluctuations that add to the quantum fluctuations, the spin correlations decaying
with the inverse of the spin distance, while increasing with doping as the critical hole concentration, where the
long-range order disappears, is approached. Moreover, the longitudinal susceptibility becomes finite in the
presence of doping due to the strong damping effects induced by the hole motion, while the transverse
susceptibility is renormalized by softening effects. Both the longitudinal and transverse susceptibilities increase
with doping, the former more significantly than the latter. Our results imply that doping destroys the long-range
order while local antiferromagnetic spin correlations persist. This is consistent with experiments on doped
copper oxide superconductors.
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Since their discoverythe copper oxide higi- supercon- the longitudinal spin susceptibility, which is zero in a pure
ductors have shown unusual magnetic characteristics, alortgeisenberg antiferromagnet at zero temperature, becomes fi-
with the unconventional transport propertfeShe undoped nite in the presence of doping, increasing significantly with
materials, e.g., L&LuO,, are antiferromagnetitAF) insula-  hole concentration, more pronouncedly than the correspond-
tors, and doping, e.g., in LasSr,CuQ,, introduces holes, ing transverse spin susceptibility.

which are the charge carriers, in the spin lattice of the copper \we describe the copper oxide planes with thkmodel,
oxide planes. The CufQplanes are described by a spin-1/2

Heisenberg antiferromagnet on a square lattice with moving _ + 1

holes that strongly interact with the spin array. A remarkable o= _t<i,2> (CiyCjo+ H.C) + JGE) S5 4ninJ (@
feature of the copper oxides is the strong dependence of their e !

magnetic properties on the hole concentraomn previous whereS:%cfr 0,4Cip Is the electronic spin operatos; are

la

work3-°we studied the effects of doping on various magneticthe Pauli matricesy, =nj; +n;, andni(r:ciTUciU, To enforce no
properties, and showed that the motion of holes generatefouble occupancy of sites, we use the slave-fermion
significant softening and damping of the spin excitations,schwinger boson representati®for the electronic operators
leading, in particular, to the disappearance of the long-range =t where the slave-fermion operatjrcreates a hole
AF order at a small hole concentration, due to the decay of,q tlhe boson operatdx, accounts for the spin, subject to
_spin waves. We found that_the staggered magnetization Vaka [ocal COHSUainfini+&Tbi¢+bﬂbi1=23 For the undoped
ishes at a hole concentration well below the one for Wh'chsystem, mode(1) describes a spin-1/2 Heisenberg antiferro-

the spin-wave velocity vanishes, or even the one for whic agnet, exhibiting long-range Néel order at zero tempera-

all spin waves become overdamped. This suggests that al- . .
though the long-range order has disappeared, strong AF Cg?i:lre. The Néel state is represented by a condensate of Bose

elds biT:\f'Z—S and b; =v2S, respectively, in the up and

relations persist, which allow the spin-wave excitations to -
P P own sublattices, and bosomg=b;; and b;=b;; are then

exist. This is in agreement with experiments in the copper . e ;
oxides, which show that, although the long-range order disSPIn-excitation operators on thg Neel background. Afte.r a
appears, AF correlations persist up to fairly high doping, into2°g0liubov-Valatin transf?rmatmn on the boson If?/gner
the superconducting stat€-° It is therefore of interest to transfolr/rzn, b= U Bic+ vk Wh_elrg uk:[l(,gl_?/i)
study the spin correlations in these materials, because dfl)/2]"* and Ukz_Sgr(Vk?[((l_VE) —1)/2]7% with
their unusual behavior and their possible connection to high= (COSkc+cosky)/2, we arrive at the effective Hamiltonian
T, superconductivity. 1

In this work we use the-J model to calculate the spin H=- —rz qug_k[v(q,— K)B_ +V(q- k,k),Bl]
correlation function of a two-dimensional antiferromagnet as VNaxk
a function of the hole concentration, which allows to inves- + E woﬁfﬁ )
tigate the local spin fluctuations, and also calculate the lon- ” KPPk
gitudinal and transverse magnetic susceptibilities, which re-
flect the global response of the system, accounting for th&here V(q,k)=zt(yqu+ vq.kk) represents the interaction
total spin fluctuations. We consider zero temperature and theetween holes and spin waves resulting from the motion of
low doping regime where the long-range AF order still ex-holes with emission and absorption of spin waves,
ists. It is shown that the motion of holes generates spin fluc=(z\]/2)(1—y2k)1’2 is the dispersion for spin waves in the un-
tuations that add to the quantum fluctuations of the systengoped antiferromagnet, arzds the lattice coordination num-
and increase with hole concentration. Moreover, we find thaber(z=4), N the number of sites in each sublattice. The sums
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are performed in the first Brillouin zone of an antiferromag-§'=(1-4)b; for the down sublattice, having done the ap-

net on a square lattice. prOX|mat|onf fT—l é. In terms of the spin-excitation boson
The magnetic properties are calculated in terms of theperators, one has

spin-wave Green'’s functions

D (k,t=t') =~ KTBOBL ), o= (1~ 0% 2 (bl * i)

D*(k,t—t') = —i(7B" () B (t)), +2(b/ojb], bj.) = 2(b/b)(b],, ,+r>)+j62w ((b/bysr)

D (k,t=t') = = i(TB (D B(t)), +(bybl,.) + bbb, by.) - (bbb}, ,+r>)]. (5)
D™ (k,t—t') = = i(TBL () BLY)), After Fourier transform and the Bogoliubov-Valatin transfor-

where(- - represents the average over the ground state. TH&@tion, we make the mean-field decouplin@\BCD)

spin-wave Green’s functions verify the Dyson equations =~ (ABXCD)+(AC)BD)+(AD)(BC). This allows to express
the correlation functior5) in terms of the spin-wave Green'’s

D#¥(k,w) = DEY(K, w) + > DEY(K, w)I1°7(k, w)D"(K, w), functions in the form
ay

with  w,v,a,y=%. The free Green's functions are C(r)=(-1)*"Y(1- 5)2{ 12 (U2 +vZ)cogk -r){l

D, (k,w)=1/(w-wg+in), Dy (k,0)=1/(~o-wp+in), (7 N

—0%, Dy (k,w)=D;"(k,w)=0. I*"(k,w) are the self- ** dw

energies generated by the interaction between holes and spin —f ~2(2Im D" (K, ) + 4oy IM D™ (K, ®))

waves, which we calculate in the self-consistent Born ap- o 2
proximation (SCBA). This corresponds to considering only dwl dwz
“bubble” diagrams with dressed hole propagators, describing MV 2 COS((kl ko) - Dlvic,
the decay of spin waves into “particle-hole” pairs. The spin- Kpkz
wave self-energies take the fotm - (uﬁl + U§1)|m D"‘(kl,wl) = 2 vy, Im D™ (ky,wy)]
1 -
17k, 0) = 2 Uk, @LY(@ ki) + Y(a -~ kki= o)), X[ug = (Ui, + vi )Im D*~(kp,@,)
q
(3) = 24y, Im D"(kz,wz)]}, (6)
with U™ (k,q)=U*"(k,q)=V(q,-k)V(g-k,k), U*(k,q) _
=V(q-k,k)2, U™(k,q)=V(q,-k)?, and wherer =(x,y). The prefactor of-1) arises when the corre-
. o lation is between sites on different sublattices.
o , ,P(0,0")p(q - K, ") To lowest order in the hole concentratiénwe obtain for
Y(q,-k;w) = dw dw —. : . .
wto' - +iy the correlation functiori6) the expression
The SCBA provides a spectral function for the hdtes, C(r) = (1= 8)7[Cy(r) + C41)] (7

p(q,w), which is composed of a coherent quasiparticle peakynere
with weight ag=(J/t)*® and dispersion £q=emin* (0

-q:)2/2 ith effecti =1/J,the F face f 1
g;)“/2m, with effective massn e erm| surface for Cy(r )__2 (uﬁ+vﬁ)cos{k -r)+—2<2 Ui cogk -r))

the holes consisting of pockets, of radiys=+ ‘w5, located at 2N
=(x7/2,+7/2) in the Brillouin zone, and an incoherent
continuum taking the approximate forh(|w|—2J/2)6(2zt X(E vi cogk -r)) (8)
+2J/2—|w|), with h=(1-a,)/2zt We calculated the self- K
energies to lowest order in the hole concentraon is the correlation function for a pure Heisenberg antiferro-
The spin correlation function is defined as magnet, accounting for the quantum fluctuations, and

1
C(f)=ﬁ$ (S; - Sjr) = (S - (Sjur)), (4 csr)=- {1+%% (U2 +vd)cogk -r)}%% cogk -r)

where the sum runs over all lattice sites. Writing the spin Rell**(k,?) J*w do Im IT"*(k, w)
X —-2u > ou
operatorss, S'=(5+S))/2, = (3‘ S)/2| in terms ofthe kUk o kUk o T wi—(w))?

electron operators, one h$=(c”c” cuc”)/z S'= c”c”,

=cC; lcT which, using the Schwinger boson representation e dowIm H‘*(k )
and the boson condensation associated with the Néel state, + (Uk+vk)
leads toS=(1-)(1/2-bfby), S'=(1~ d)bj, §'=(1- 8)b! for
the up sublattice, an@Z —(1 o)(1/2- bjb;), S’{ (- 5)bT, contains the effect of doping on the spin correlations associ-

(9)

(w+ wk)2
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FIG. 1. Correlation functiorC(r) vs spin distance at the hole
concentration=0.02 for directionsx=y (open circley and y=0
(diamonds$ on the square lattice, wittiJ=3. Inset:C(r) vsr in the

pure antiferromagnets=0.0).
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FIG. 3. Spin correlation amplitud&(s) at large spin distances
vs hole concentratiod with t/J=3.

of holes generates spin fluctuations that eventually lead to
the destruction of the long-range AF order at a finite critical

ated to the hole motion; the prefactdr-)2 corresponds to ~ concentrationd. In previous work; we found that the stag-

spin dilution, being negligible in the low doping regime con- gered magnetization vanishes at a small critical concentra-
sidered. In Fig. 1 we present the correlation funct@im),
Eq. (7), calculated for two different directions=y andy
=0, in the case 06=0.02, and the pure casé=0.0. One

sees that the spin correlations are independent of the spatlg?

direction, a result that is verified at any doping. In Fig. 2 we

plot the correlation function as a function of the spin distanc
r for various hole concentrations. We observe tGéat) in-

creases with doping, and decays, at large distances, ras
(Fig. 2 inse}, both in the pure and doped cases. One cal

describe the behavior o€(r) at large distances a€(r)

tion (e.g., ,=0.07 fort/J=3), while the long-wavelength
spin excitations remain well defined up to a higher hole con-
centration(8" =0.17 also fort/J=3). Here we find that the
ping does not qualitatively change the behaviorCor)

with r, as compared to the pure case, which reflects the ro-

dustness of the local AF order in the doped material. Spin

correlations in the copper oxides were studied before, both

1experimentally®~® and theoretically>~*° but in a higher
rgoping regime where the long-range AF order has already

=A(8)/r, where A(8)=A,+B&%, with A,=1/\27 and « Al | s TR
=0.42. A(6) contains the doping dependence, which is rep- 0 =
resented in Fig. 3. The dominant contribution @y(r), at | : = o-® ’
large r, comes from the imaginary part of the spin-wave v e ®T ¢ T
self-energies, which depend on the hole concentration essen- 150 F A T
tially as \8.° In Fig. 4 we compare the increase ©fr) with © [ ,.~"‘ T Epoeeer e o-a
the hole concentratiod at fixed smallr [Fig. 4a)] and large 0.1000 . g .
r [Fig. 4(b)]. The decay ofC(r) with 1/r was expected for ) e B ot o ¢
the undoped case since in a two-dimensional antiferromagnet 00500 |22 O S '_',j'_"'_:j'_',','_'_ﬁ'.'.'.'...,..v .
at zero temperature the correlation length is infidtéOne AL R S
also expected(r) to increase with doping since the motion 00000 bt o v -
) 000 001 002 003 004 005 006 0.07
0.015 —e———1— T T 8
° 000 0.0020 ————T——T
N e aaasy- yel
R A 0020 0002 | 0.0018 H R 4
- v 0040 Y
0.010 F ; « 0050 | © 00015 | . A
o o001 | H'// 0.0015 v -
v : . 0.0005 . s . ] @]
A R 0.003 0.004 0.005 0.006 0.00] 0.0013 .
0005 °%I, B .
of xt i 00010 §7 .
o -
og§§§§¥‘§§ i ) .
°e i!!!! 00008 F ., . o, .y oy
0000 T T e 200 2% 300 000 001 002 003 004 005 006 0.07
r 8

FIG. 2. Correlation functiorC(r) vs spin distance, x=y, for
various hole concentration8 with t/J=3. Inset:C(r) vs 1/r for

larger.

FIG. 4. Correlation functiorC(r) vs hole concentratiod with
t/J=3 for fixedr, x=y. (a) In the range of small. (b) In the range
of larger.
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disappeared. In this regime the spin correlations decrease 0.20 T T T
with increasing doping, as the system moves away from the
critical hole concentration. 0.15 . -
In the presence of long-range AF order one distinguishes . Pt .00
Lo L - < +¥ o0

a longitudinal and a transverse susceptibility. The longitudi = 0.10 | 40 -
nal spin susceptibility is defined as I ’.zﬂ.o" ]

i 207 J

xi=xi(k=0,0=0), (10) 005k o8
where the dynamical susceptibility is given by 0.00 & L L L
0.00 0.02 0.04 0.06
8

xi(k, o) =if dte“([S'(k,1),S(-k,0]).

0

In terms of the spin-wave Green’s functions one has

“ dw
=limi
Xi= k—0 NE w 27T

2 2
5 - [2U, i, Ui Uk, -k~ Ui, Ui,
Uklvkl D" (ky, @)D" (k1 — K, ),

which to lowest order in the hole concentration gives

* do Im I (K, »)
=4-= . 11
Ef_mzﬂ (0- wp)® (19
The transverse spin susceptibility is defined by
X1=x1(k=0,w=0), (12)

where

x.(K,w)= if ’ dte“{[S(k,1),S(- k,0)]).
0

FIG. 5. Longitudinal susceptibility; as a function of doping
for t/J=3 (open circley andt/J=4 (diamonds.

motion. The renormalization gf, reflects a softening of the
spin coupling induced by the hole motion. In Figs. 5 and 6
we plot the longitudinal, Eq(11), and the transverse, Eq.
(13), susceptibilities as a function of the hole concentration
for t/J=3,4, in thedoping range where the long-range AF
order exists, in the approach considetadfe find that both
susceptibilities increase with doping, although the longitudi-
nal one is far more sensitive to the hole concentration than
the transverse one. The transverse susceptibility reflects the
stiffness of the antiferromagnetic lattice. In contrast, the lon-
gitudinal susceptibility is set by the strong damping effects,
which are also responsible for the disappearance of the long-
range AF order at low dopingWhen the long-range order is
broken, the susceptibility of the system should be essentially
given by )(=%Xu+§h, with the longitudinal susceptibility
providing an important contribution. Also, in the ceramic

In terms of the spin-wave Green's functions the transverséamples whose crystal axis are randomized, the susceptibility

spin susceptibility is expressed®as

-y 1/2
") [ReD*"(k,0) + ReD**(k,0)],

I'm(1
=—1i
X k—0 1+'yk

which, to lowest order in the hole concentratiénis given
by

. 1 2 N
XL_llILno Z\J(1+yk){1_z‘](1_yi)1/2[ReH (k,0
+ ReH++(k,0)]} . (13)

We found thaty, takes the simple form

X is given by an average of the susceptibilities for the three
directions. An increase of the spin susceptibility with doping
has in fact been observed experiment&hy*

In summary, we studied the effects of hole motion on the
spin correlation function and the magnetic longitudinal and
transverse susceptibilities of a two-dimensional antiferro-
magnet doped with a small concentration of holes. We found
that the spin fluctuations increase with doping, the spin cor-
relations decaying with the inverse of the spin distance,
which indicates that the local AF correlations remain quite
robust. Furthermore, we show that the longitudinal magnetic
susceptibility acquires a finite value in the presence of

0.20 . r . T . T
XL =Zx%, ' + 0%
. . . 0.18 |- .0"’..0"0 7
wherex® =1/(2zJ) is the transverse spin susceptibility for a - .-‘0..0
pure Heisenberg antiferromagnet ag=1+45a%(t/J)? is a _oter P 1o i
renormalization factor. = 0.14 [ 8 A
Comparing Egs(11) and(13) one sees that the motion of L Q-.‘-G ]
holes influences the longitudinal and transverse susceptibili- 0122 ]
ties in different ways; the former is produced by the imagi- -
nary part of the self-energy while the latter is renormalized 0~1%00 : 0:)2 : 0;)4 : o;)s
by the real part of the self-energies. In a pure Heisenberg ' ’ 5 ’

antiferromagnet the longitudinal susceptibility is zero. How-
ever, with doping,y, acquires a finite value due to the decay FIG. 6. Transverse susceptibility, as a function of doping
of spin waves into “particle-hole” pairs, generated by holefor t/J=3 (open circley andt/J=4 (diamonds.
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doping due to the strong damping effects generated by ththe longitudinal one. Our results imply that doping destroys
hole motion, while the transverse magnetic susceptibility ishe long-range AF order while local spin correlations persist.
renormalized. Both susceptibilities show a significant in-This is consistent with experimental observations in the cop-
crease with doping, which is however more pronounced irper oxide hight, superconductors.
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