PHYSICAL REVIEW B VOLUME 62, NUMBER 9 1 SEPTEMBER 2000-

Quantum phase transition in the random antiferromagnetic spin-1 chain
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We study the random antiferromagnetic spin-1 chain following the evolution of the bond probability distri-
butions under a renormalization group transformation. We use a mapping of the spin-1 chain into an effective
spin-1/2 chain with both ferromagnetiodd bonds and antiferromagnetieeven and odd bongsnteractions.

We obtain a recursion relation for the coupling constants, solving exactly up to a four-spin cluster. Our
improved perturbation treatment on these larger clusters shows that the random singlet phase in the spin-1
chain, differently from previous results, is obtained only when 100% of the odd bonds are strong ferromag-
netic, i.e., larger than the even antiferromagnetic bonds. Otherwise the ground state is that of a dimerized
spin-1/2 chain.

[. INTRODUCTION suitable to describe the system with strong disorder, it fails to
describe the weak-disorder regime.
In this paper we study the one-dimensional spin-1 quan- A modified version of the MDH methdd has been pro-
tum Heisenberg antiferromagnetic with randomly distributedposed to deal with both regimes. It consists in mapping the
interaction strengths. This system is defined by the followingspin-1 chain to an effective spin-1/2 model with both ferro-

Hamiltonian for a chain of. spins: magnetic and antiferromagnetic borfdgvith this mapping
L_1 the authors of Refs. 8,9 claimed to have obtained a second-
2 a order transition separating the RSP from a weak disordered
H:i:1 IS S @ phase. P ?

The effect of randomness on the Haldane phase was also
where S are spin-1 operators and| are positive random studied by Nishiyam&@*who carried out exact diagonaliza-
nearest-neighbor interactions. tion and quantum Monte Carlo simulations, and by Hfda

The study of low-dimensional disordered magnetic sys-using density matrix renormalization grodpMRG) tech-
tems has become an important area of research which haggues. They observed that the Haldane phase is quite robust
attracted the attention of many physicists in recent y&ars. against randomness and found no random-singlet phase even
Among the various works developed to study random quanfor the case of strong disorder. On the other hand, Todo
tum chains, we point out that by Ma, Dasgupta, and Huet al® using also a Monte Carlo simulation predicted the
(MDH).! They studied the properties of random antiferro-possibility of a random-singlet phase for strong enough dis-
magnetic Heisenberg chaifRAFCs, with S=1/2, using a order.
real-space renormalization group approa@iDH). The In the present work we use the extended version of the
MDH scheme has been very successful in explaining théMDH scheme developed in Ref. 8 to study the phase dia-
low-temperature thermodynamics of the spin-1/2 RAFC sysgram of the disordered spin-1 chain. We have obtained ex-
tems which are described by power law behavior and govplicit recursion relations for the coupling constants, taking
erned by a fixed point with universal properties. Laterinto account up to six-spin clusters, differently from Hyman
Fishef solved the MDH renormalization group equations ex-et al., where only four-spin clusters were considered. By us-
actly and clarified the structure of the ground-state propertiesxg numerical procedures we carried out our recursion rela-
of this new phase which has since been called the randontions directly and followed the evolution of the bond distri-
singlet phaséRSP. bution functions. We found no evidence of the unstable fixed

Recently we presented an extensive theoretical and expoint, in the moderate disorder regime, separating a random-
perimental stud{® of strongly disordered one-dimensional singlet phase from a randomly dimerized phase, obtained in
antiferromagnetic Heisenberg spin-1 systems. Here, stronBefs. 8 and 9. Our improved perturbation treatment shows
disorder is defined as very broad bond probability distributhat the mapping of the antiferromagnetic spin-1 chain to a
tions on a logarithmic scale. The main result which hasrandom spin-1/2 chain with ferromagnetic and antiferromag-
arisen from the magnetic measurements and theoretical catetic bonds gives rise only to the randomly dimerized phase.
culations is that the strongly disordered spin-1 chain behaves order to obtain the random-singlet phase all ferromagnetic
similarly to the spin-1/2 RAFC, with low-temperature power bonds should be strong and in this case we are back to the
law thermodynamic behavior but weaker singularities. Inoriginal random spin-1 chain studied previously. Conse-
fact we have generalized the MDH scheme to study spin-uently the above mapping does not shed any additional light
chains and demonstrated that the Haldan€ gegsent in the on the controversy of the existence of the RSP in spin-1
pure system is suppressed by strong disorder, being filled bghains.
low-energy excitations, in agreement with experimental ob- The remainder of this paper is organized as follows. In
servations. We pointed out that, although our approach iSec. Il we outline the formalism and discuss some technical
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FIG. 1. Spins and couplings constants involved in the elimina- . FIG. 2% Spln_s andf co%pllngs (_:onlstants 'mr’:_)l\r’fd in tfhe elimina-
tion transformation of a two-spin cluster, which transforfaks to tion transformation of a three-spin cluster, which transfotensto

points, in Sec. Ill we present the results, and in the Iasirhe ground statgs) for Hy is a singlet, and there are three

section we summarize our main conclusions. exg,cgte;nj?tfé'lt‘)] forming a triplet. The energies aig,=
T2 t— 4v-

The spinsS, andS; are weakly coupled to the neighbors
Il. FORMALISM via o oP $S; and S y coup g

We use the effective spin-one-h@iSH) chain of Hyman . .
and Yan§ which is a model for the random antiferromag- H1=J1S, S+ J3S5- S, (4)

netic Spin-l chain. BriEﬂy, in this model the chain consists OfWe next calculate the correction to thﬂ) ground-state en-

half spins only. The even bonds are taken from an antiferrogrgy due to the effect ofi; by perturbation expansion. In
magnetic(AF) bond distribution whereas the odd bonds aresecond orderg, is given by

taken from a distribution containing both antiferromagnetic

and ferromagnetiqF) bonds. Hence we can rewrite the [(s|H4|t)]? e =
model Hamiltonian, Eq(1), in the form Es+<S|Hl|S>+Z HEE +3'S-S,, (9
L-1 which provides the following recursion relations:
H=2 (J2i-1Soi-1-Soi+ 3201 Saiv), 2
=1 3= ‘]l"]3 6)
20 (

whereJ,; , are positive and negative random variables dis-

tributed according to a probability distributidPyyy(Jzi-1) (2) If i is even and if one of the neighboring bonds, say,
and J,; are only positive random variables distributed ac-J, . ;, belongs to group B, we eliminate the spi&s S i,

cording to a probability distributiofe,en(J2i)- Hereé_i are s, and replace them by a single spin-1%, (see Fig. 2

The ESH model can be studied by using an extende% . 20 2 &
; olve the three-spin cluster problem 85, S;, S, If we
MDH method, which properly accounts for strong ferromag-ignore the inﬂuenrc);e of their 2eighbo§ansd3$5 "Ehen the

netic bonds. This generalized MDH procedure works in th%amiltonian for the trio would be
following way. At any stage of the decimation, the energy
scaleQ) is set by the strongest antiferromagnetic bond in the & & 2 &
system, so that the odd bonds separate into two groups: Ho= 25 S5 35S S @
group A consists of all AF bonds and those F bonds that ar&he ground statéd) for Hy is a doublet. The energy is
weaker than(), while group B consists of F bonds that are

stronger than(). The even bonds are always AF bonds Ed:_J2_~33_2\/322_J2~J3+332- 8)
weaker than(). After identifying the strongest AF bond , = -

— 0, we have to distinguish three types of renormalization™S in the last case, the spifs andS; are weakly coupled to

rules. the neighbors by the following Hamiltonian:
(2) If i is odd or if it is even and both neighbors belong to S o S o
group A, then we directly apply the MDH procedure as origi- H1=J151-$% 454 S5 (©)

nally proposed by Ma, Dasgupta, and Hlihe method con- \yithin the degenerate subspace of the doublet, first-order

ferromagnetic J,=) coupling in the random chain by

considering the interactionJ{ andJ;) with the neighboring A=—A%(B+1)(BJS;+3,S), (10)
spins of this pair as a perturbatig¢see Fig. 1
We must then solve the spectrum of the unperturbedvhere

Hamiltonian for the strongly coupled pair of spi§§and§3, —Jam I2= 304 22
. . . 3 2 2vY3 3
which is given by B= 3 (11
2

Ho=35S;-Ss. 3 and
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1
ES: - Z(Jg"’ J4+ J5)

1
- E(J§+J§+ J2— 0304~ 3435+ 23335) Y2 (20)

The displacement ik generated by, is given to second-
order perturbation theory by

FIG. 3. Spins and couplings constants involved in the elimina-

tion transformation of a four-spin cluster, which transfor¢asto

(b).

1

J2(BZ+B+1)

12

On the other hand, we use the idea that the perturbatio

H, is equivalent to

H1=3iS- 8+ 0,5 S, (13

Whereéé is a single spin-1/2 operator. After calculating, in
this last case, the first-order perturbation we obtain

V3

== (31$1+3iSs). (14
The identification of Eq(10) with Eq. (14) provides
Ji= 2 A%(B+1)BJ (15
1 \/§ 1
2
J,=—A%(B+1)J,. (16)

V3

So we remove the spir,, S;, andS,, and replace them by
another spin 1/2§§, which couples to the rest of the chain
throughJ; andJ,.

(3) If i is even and both neighbors df belong to group
B, we solve the four-spin cluster including spiBs_;, S,
Si+1, and S, ,. After removing these spins we end up with
an effective AF coupling between spiSs_, andS;, 5 (see
Fig. 3.

The Hamiltonian for the six-spin cluster, shown in Fig.
3(a), is given by

H=Ho+Hy, (17)
where
Ho=J5Ss- S4+ 345, S5+ 3555 S (18

[(sIHyIm)|?
Eq+(s|H,|s )+Zl——E +J'S,-S,,

where the statefn) and energie€, are, respectively, the
eigenvectors and eigenvalues of the unperturbed Hamil-
tonian Hy. Again, the procedure outlined above easily pro-
Wdes the recursion relation f@' which is too lengthy to be
explicitly written here. Formally it can be expressed as

J'=1(J3,4,J5) - J2Js (21

We point out that in the limitds,Js—o, f(J3,J4,J5)
—4/33,, which recovers our prewous result for the original
spin-1 chairf: The sp|nsS3 S4, 85 andSe are removed,

yielding an effective coupling’ between spinS, and S,
neighbors of the four-spin cluster. The extended MDH pro-
cedure described above keeps the original structure of the
system; i.e., even bonds are AF and odd bonds are F or AF.
These recursion relations can be iterated by direct numerical
simulations. We consider the spins arranged in a line and
choose at random the exchange couplings according to prob-
ability distributions Pg,en(J2i) and Pogg(Joi—1). We then

find the pair of spins with the strongest antiferromagnetic
coupling in the chain and address the corresponding renor-
malization case. As the decimation proceeds, the original
probability distributions are modified. Critical points are then
evaluated as nontrivial fixed points of these distributions and
phases are identified according to the attractor of their points.

IIl. RESULTS

We have performed extended numerical simulations to
iterate the generalized MDH recursion relations. The chain is
composed oh spin-1/2 objects with periodic boundary con-
ditions (n=100 000, for example In this work the starting
even exchange coupling distributidPe,en(Jy) is always
taken as a uniform distribution with<0J,,<() such that
Peven(0)#0. This is the distribution which is considered in
most of the studies of random chains and we refer to it as the
strongly disordered case. The distribution for the odd cou-
plings, Pogd(J2i— 1), consists of one paR 4 of bonds with

—-0<J,_1=<Q and another pa(J,;_;) with strong fer-
romagnetic bonds, i.eJy;_1<— (. The normalization con-

is the unperturbed Hamiltonian of the four-spin cluster, andditions for those distributions are

Hy=3,S; S5+ 3656 S (19)

represents a perturbation induced by the presence of neigh-

bor spinsS, andS;.
The ground statés) for Hy is a singlet, and there are 15

excited states which are all obtained. The ground-state en-

ergy is given by

Q
JO Peven(Jzi)dJ:]- (22)
and
-0 Q
f N(Jzi—1)d~]+f PoddJd2i—1)dJ=1, (23
-0 -0
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where|Q4|>|Q]. L —

WhenP/,4(J2i-1)=0 and all thel,; _;—, the original 0.6 ]
S=1 chain is recovered. For the strongly disordered case
corresponding td¢,.n(J,i) defined above, successive elimi- 0.5 7
nation transformations give rise to weaker and weaker cou-
plings, as the cutoff decreases. For sufficiently srtglithe 0.4 A
distribution Pg,en(J5i) becomes peaked d;=0 approach- A
ing the fixed point, power law behavior, ¥ 0.3 4

-1+«

P*(J,, ,m%(h , 9 02

Q
and the Haldane gap present in the pure system is sup 0-1
pressed, being filled by low-energy excitations. The fixed
point form P* (J,;,Q)), Eq. (24), leads to a low-temperature 0.0 —
behavior of the thermodynamic quantities described also by 0.0 20000.0 400000 60000.0 80000.0 100000.0
power lawst*+® n

FIG. 4. Evolution of the first moment of the probability distri-
FoeTt2e, C,xTe (25) 5
' v bution, P(x,€}) as a function of the spin population during the
and renormalization process. Each curve corresponds to a different ini-
tial percentage of strong ferromagnetic odd bonds.
x<T Y7 mocH™M, (26)

whereF is the free energyC, is the specific heat, andis  functions. The important physical ingredient separating the
the susceptibility.H and m are, respectively, the uniform two phases lies on the presence of strong odd ferromagnetic
external field and magnetization. The exponepts ys, and ~ bondsN(Jy_;) in the chain. The results we have obtained
v, are related to the exponent of P*(J,,Q) and of the are the same for both distributior$(Jy; - 1), indicating that
free energyF. Since the power law distribution is not the they are insensitive to any specific realization of disorder.
exact fixed point distribution for the elimination transforma-  In Fig. 4 we present the results for the delta function case.
tion, @ and consequently,,ys, andy, depend on the tem- Pggq(J2i—1) is taken as a uniform distribution with-
perature and cutoff. Thus, the disordered spin-1 chain groungEJ,i— 1< and P,en(J2) a gapless uniform distribution
state resembles the disordered spin-1/2 ground state, knowvith 0<J,;<(). The important parameter is the relative
as the random-singlet phase, but with weakemweight between strong ferromagnetic bonds and the total
singularitiest*® These are in fact the results we have ob-number of odd bonds, i.e., the rath/(P’+N). The plot
tained previously using a direct approach to the spin-1 chairshows the evolution of the first moment of the probability
Let us now consider more general situations. For convedistribution, given by Eq(28), for different values of this
nience we have chosen to study the evolution of the probratio. For the two initial distribution of odd bondS(J,; 1),

ability distribution P(x;,Q) of the variablex; defined by considered here we have obtained a different flow diagram
from the previous study by Hyman and Yahtn their work

|32 135 4] they find the existence of the random-singlet phase in the

Xi:m- (27 chain when 50% or more of the odd bonds are strong ferro-

magnetic. Our numerical results indicate that the random-

In order to identify the different phases of the random chainsinglet phase is only reached when we have 100% of the odd
it is sufficient to follow the flow of the mean value of the ponds are strong ferromagnetic. Otherwise we are always in
P(x;,Q) distribution the random dimerized phase. The ESH model with 100% of
odd bonds strong ferromagnetic just recovers the random
spin-1 chain which has been investigated previotdifiese
results show that the mapping of the antiferromagnetic
spin-1 chain to a random spin-1/2 chain with both ferromag-

In the random-singlet phase all odd bonds are strong femetic and antiferromagnetic bonds does not allow any defi-
romagnetic, i.e., much larger than all antiferromagnetic evemite conclusion on the crossover from strong to weak disor-
bonds. The spin 1/2’s are combined into spin-1 objectsder in the random spin-1 chain.
which eventually form singlets. In this case the mean value For completeness, the random-singlet phase was also
(x) goes to zero becausk;/J,;_,—0. On the other hand, characterized by the power law behavior obtained for the
in the random dimerized phase the odd boids or F) probability distribution Pg,en(J5;i,{2) of antiferromagnetic
become much weaker than the even AF bonds. Only spibonds in the low-energy lim[isee Eq(24)]. This is the fixed
1/2’s, weakly coupled, remain in the chain, forming singletspoint form, for whichP,,.(J,;) evolves after a sufficiently
over even bondsdecoupled dimejs In this case the ratio large number of iterations. Actually this is a characteristic of
J5;i 135 _1—; hence(x) goes to unity. In order to study the the random-singlet phase that, independently of the form of
competition between these two phases, we have carried othie original distribution, it always flows to the power law
the iteration of the recursion relations, considering two typedbehavior. Although the exact form d(J,;_4) is not rel-
of initial distributions for N(J,;_4): delta and rectangular evant to the overall qualitative features of the phase diagram,

(X)= fj:xﬁ(xi ,Q)dx. (28
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500.0 ' T . T ' T - IV. SUMMARY
10° In this work we have investigated the random antiferro-
400.0 | — =054 . magnetic spin-1 chain by means of a real-space renormaliza-
10° © 1] tion group method. We have obtained explicit recursion re-
lations for the coupling constants of the EHS chain, without
— 3000 10 L 11 any approximation, up to four-spin clusters instead of the
o two-spin clusters usually considered. Our improved pertur-
a bation scheme, applied on larger clusters, allows for a more
20001 il rigorous treatment of the strong ferromagnetic bonds. We
have obtained, differently from previous claifhghat only
100.0 i when 100% of the odd bonds of the random spin-1/2 chain,
on which we mapped the spin-1 system, are strong ferromag-
netic does the random-singlet phase appear. At this point,
0.0 . ' . : ! however, we are back to the original random spin-1 chain

0.0 0.1 0.3 0.4

investigated previously by s Consequently the mapping
of the spin-1 chain into an effective spin-1/2 model does not
FIG. 5. Power law behavior of the probability distribution provide any additional information to that already found in

Peven(J2i,(2) in the low-energy limit. This plot was obtained for a Refs. 4 and 5. In particular it does not shed light on the

initial distributionN(Ji_1) = 8(Jzi 1 = €2y). Inset: the log-log plot 54,16 of the crossover from the strong to weak disorder

Of Peven(J2i (1) yields the exponent=0.54. regime. The ground state of the EHS model with less than
100% of odd bonds strong ferromagnetic is that of a random

this is not the case for the power law exponent of the renordimerized spin-1/2 chain.

malized Pg,en(J5). We found that althoughPe,en(J) al-

ways becomes a power law in the random-singlet phase, the

0.2
J2i

.e>§pone.nt _is npt universal and.depends on the f.orm of the ACKNOWLEDGMENTS
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