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The two-dimensional ( 2 4 )  XXZ model is described by 
the general Hamiltonian 

where the index i 5 (il, i2)  runs over the si- of a aquare 
lattice with nn displacemente d. The spin operators est- 
laty l&12 = S(S+l). This hamiltonian deecribes a f m e  
magnetic (FM) interaction for J > 0 or antiferromag- 
netic (AFM) one for J < 0, with an my-plane anktropy 

The Hamiltonian keep its form, but with (J,A) + 
(4, -A), by performing the canonical transformation 
(s;t,q,St) + ((-)ii+iael (-)ii+iaP i ,  jl, i )  Them- 
fore it is sufficient to consider the FM model only, with 

This 81eo explicitly shows that the X X O  (A = 0) AFM 
and FM models are equivalent. 

The claauical counterpart of the Hamiltonian (1) is 

A E [O, 1). 

A E (-ll l), to treat e i m U i ~ ~ U e l y  both FM and AFM. 

fluctuations are completely r u p p d ,  uxi the am 
reduced to two-compoaent vectoro in the 

The distinctive feature of a BKT tnaritim ir the VUII 
ishing of the order parameter at any tamperatwe, tbe 
t r e t i o n  being dgnalled by the exponentid divetpce 
of the in-plane eusaptibility and epin d u c t u a t h  c0ll"b 
lation length at ~ B K T ,  scoomprrnied by the chanp in the 
behaviour of the spin-8pin correlation hurction, which db 
c a p  exponentidly in the completely dieordered region, 
i.e. for temperature above ~ B K T ,  and IU a jxww ISW be 
low it. The phyical m e c h m h  driving the tramifion 
ia the unbinding of vortex paim, whi& gim ri# rbo to 
the appearance of a maximumin the q e d c  heat at a 
temperature dightly higher than tarn. 
Monte Carlo aimulatiom of the Jdd ryetem [H] 

confirm that the planar and XXZ model have the b(~lllt 

qualitative behaviour, but the d u e  of the tramition tom- 
peratwe ~ B K T  z 0.89 [7,8] of the planar model lowem to 
fBKT 2 0.70 [5,6] of the XXO model ( ~ b  a conmquence of 
the indueion of the outof-plane spin fluctuationa, and de 
creases further m~ A increaaeu, vanishing logarithmically 
[9,10] aa the ieotropic limit A + 1 is approached. 

Experimenfs and quantum Monte Cad0 ~ i m u l & ~ ~ ~  
in&& that the qualitative fmtturae of a BKT trrmsi- 
tion are preservexi in the quantum system, with quan- 
titative modifications of the critical para,rnetm arisiry 
from quantum fluctuationa. Such argumenta wggest 
that the theoretical approach we recently introduced 1111, 
named pum-quantum sclf-#mri&nt hannonic a m  
mution (PQSCHA) can be very dk t i ve  in crtimsting 
the quantitative modification of the fesfures of the BKT 
trlurnitinn in the XXZ model due to q w t u m  &&a, tu it 
abwu to the dudy of &e quantum t h d y n a m -  
ica of a m d  to that one of sn efkctive c i d d  modd 
withuuitabkrenurm~patunetan. The&ixtivuiu!u 
of such aQprorrh ham bum c o w  by the PQSC€iA 
cstimatas of the critical ttmpetature fbt etnmgly emy- 
plane quantum ferm a d  antifhmagn& obfrrined by a 
h p l e  lcding procedure and reporbd in Redb. [12-14]. 
h thia paper we praeaf a mopscamprshenrive bva- 
tig&on of the pmpeztiem of the quantum X X Z  model, 

plum 

fe OUT a i h h  on loIlw rabmrrt t- 
@tiu, a# I I q p t i C  rpQcific he&, rpin-rpin camtb 

l e n g t b , W ~ ~ B S v e d b -  . oftboy, 
t i a k f u r s c t i a a s u r d ~  
~ l y ~ M o B f c C I c 3 0 ~  
t t ! ! m w b e d b y h * -  ;-, 
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FIG. 1. Radicted tmn8itjon temperaturt TBKT/JP of the 
qusntum XXZ antifism- (A < 0) and faromagnetic (A > 0) 
modd. The curvcb refer toincmhg values of the epin going 
upwardq the r y m u  an the reaulte ofclaesical (quam) [SI 
und quantum (circles) (19-221 Monte Carlo simulaticm~. Fu1 
line: Villain tramformation; dashed line: Holstein-Primdroff; 
dot-druhcd line: interpobted claS6caI results. 

Fig. 1 shows the BKT transition temperature of the 
quantum XXZ model as a function of X and S, both for 
FM (A > 0) and AFM (A < 0) coupling, obtained by the 
eimple scaling procedure described in Refs. [12,14]. The 
data for amall values of 1A1 are thoee given by the effective 
hamiltonian conetructed by wing the Villain t r d o r m a -  
tion; however, as o k r v e d  previously, the latter become 
improper when the eyetern looeee its strongly easy-plane 
character. For almoet isotropic system the HP transfor- 
mation imposes itaelf as a better choice and it has been 
employed to construct the branches of the curves near 
(A( = 1. in such a way we are able to cover the whole 
range of A, getting ostimatea of the critical temperature 
in very good agreement with the available data of quan- 
tum Monte Carlo aimdutions for any value of A even in 
the extreme quantum caee of S = 1/2. 
The maignetic specific heat has been obtained by nu- 

merical derivation of the internal energy for different val- 
uee of the spin, from the claauical model (S = 00) up 
torpins=#. Inm. 2theepecificheatfor~=0is 
raportsd. Save the obvious e&ct that the specific heat 
in the quaafmn - appzuuhs 0 as 2 -+ 0, we sae that 
the q d . t i v e  behaviour does not chaage as the syetem 
beamus more (Lad more quaatum, but the poeitioa of 
the mutimum fdm the of ~BKT,  remcLining 
about 10% hightr. The agmxment with quantum Monk 
Cub dab [LQ], a d *  only far S = 1/2, &ill be 
axuided d-, = tht hi& vdtla ofthe resor- 
-P---*~-=&w-=rvrtem 
FRlb it at the bfmncky dthe mug45 af-w of 
the*lIflunjitne.ur zfdaod* 

i 
! 
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FIG. 2. Specific heat of the X X O  d d .  Dokkhed be: 

dot-dotdadhtd be: S = 5/2; d d d  line: S = 5; fuil-line: 
S = 00 ( c l a d d ) ;  cirda~: S = 112 datahmquantum Monte 
Carlo imulstioa [19]. 

s=1/2;admkbkiline: S =l;~da8hed~: s=3/3; 
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FIG. 3. In-plane normaiized spin-spin correlation func- 

tion C( j )  of the quantum XXZ antiferromagnetic model for 
X = 0.5 at t = 0.6. Filled s~uares: S = 1/2; open triangles: 
S = 1; filled triangles: S = 5/2; open sq-: S = 3; filled 
circles: s = 00 (drwrical). 
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the rpia #p.rrsion j a& a Rrrvd wnpmtam t = 0.B. 
h F i g .  l f o l k r r n t h 8 t r u C h ~ ~ r h o r r l d b  
abcwe t m  for s > 3/2, d tbir i8 a3aibai  bp f b s  
b e h a v i o u r d t h e d & ~ :  indssd,t&b- 
linear plot cleuly ahom 80 C(j) doc4m a# apower lam 
for S = 5/2 and higher, and exponenrllybor S = ]I 
and S = 112, i.e. for low rpia the quantum fhx%uatkm 
are etrong enough to drive the eyatem in the axnpk ly  
dinordered region. 

The codation length of spin fluctwfians ir mmthw 
relevant quantity to inv&iigate the BKT tramitk: ia 
Fig. 4 we report e an a function of temperature again 
for the XXZ antituromlrgnet and A = 0.6. it ie rppvaaf 
that the quantum fluctuations destroy the mmdatiam, 
aa ( at a given temperature deuemw with S. At the 
m e  time, however, the divergence of ( Y t + ~B#T ir 

and the beat fits of the data appearing in Fig.4 give e 
timata of the trsbsition temperature in agrammt with 
thost given in Fig. 1. 

-ifs still well dascribed by the BKT law e a e*e(t'emr) 8 
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