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Abstract. Using the transfer matrix technique, finite-size scaling, phenomenological
renormalization group and conformal invariance ideas, we studied the model of polymers with
crossing bonds on the square lattice. We define an activitye #* for bonds and an activity

y = e Pee=2h1 for a crossing of two bonds, wheteis the interaction energy between the two
bonds. We calculated the correlation length for two strips of widttend L” and we found the

fixed points of the phenomenological renormalization group equations. Within this formalism,
we obtained the phase diagram for this model which shows three phases, two of them being
polymerized. The estimated values of the exponensd n along the transition between the
non-polymerized phase and regular polymerized phase are consistent Wit%l andn = 2—54,
believed to be exact foy = 0.

1. Introduction

Polymers modelled as self- and mutually avoiding walks on regular lattices in two
dimensions have been extensively studied using several techniques, such as series expansions
[1] and finite-size scaling and phenomenological renormalization group ideas in models for
linear polymers [2], or branched polymers [3,4]. Here, we solve models defined on strips
with different widths,L, and infinite length, calculating relevant thermodynamic quantities.
Then we accomplish some process of extrapolation of the results for the two-dimensional
limit L — oo. In particular, we consider models defined on strips of two widths,
and L', and search for fixed points of the phenomenological renormalization group (PRG)
equation [5]

&ér) _ & L(/r ) )
wheret is some relevant parameter defined in the model &l the correlation length.
Furthermore, the exponentcan be easily estimated through

1 |n[d§L(T)/d§L’(T)

dr dr Te
1+ v In(L/L’) 2)

wherer, is the fixed point value obtained by equation (1).

In order to calculate the longitudinal correlation length of the model defined on strips,
we use the transfer matrix technique, since the two largest eigenvalues of this matrix are
related tog by [6]

et=in(32) ©)
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Figure 1. (a) A possible configuration for a polymer in a square lattice. The contribution of
this configuration to the partition function is equaltd'y. (b) Configuration of a polymer on
the dual lattice equivalent to the one shown above.

wherei; and ), are the largest and the second largest eigenvalues of the transfer matrix,
respectively.

For large widths,L, and at the critical condition of the two-dimensional model,
the correlation length on strips with transverse periodic boundary conditions grows
proportionally to L, and using conformal invariance ideas, it is possible to relate the
amplitude of the critical correlation length on the strips as a functioh & the exponent
n of the critical decay of correlations in the two-dimensional model [7]

‘%—L(Tc) ~ 1

= 4

This is correct asymptotically in the — oo limit and will be used to lead to an estimate
for the exponeny.

Our model will be defined in section 2, while in section 3 the results are presented and
discussed. The conclusion can be found in section 4.

2. The model

We study the model of a polymer with crossing bonds on a two-dimensional square lattice
with periodic boundary conditions (see figure 1). The polymer in our problem is modelled as
a walk that may only pass once through each bond of the lattice, but is allowed to cross itself
at sites of the lattice. We consider that a bond has an activitye #*, while a crossing

of two bonds has an activity = e #¢e~?#*, wheree is the interation energy between the
two bonds. Ife < 0 we have attractive interactions between crossing bonds, which favour
compact configurations of the polymer.elf> 0 crossing bonds have repulsive interactions,
and they have an effect similar to the excluded volume interactions, favouring extended
configurations of the chain. In the— oo limit, that is, wheny — 0, we have the linear
polymer or self-avoiding walk (SAW) case [2] which corresponds torthe> O limit of

the magnetic model of spins with components [8, 9]. For this two-dimensional magnetic
model, the critical exponents are known exactly as functions §f0] and their values

arev = % andn = 2%, whenn — 0. It should also be remarked that the model we are
considering is equivalent to a restricted model of SAW'’s on a square lattice with both first
and secondheighbour steps in the particular case where the activity of a monomer located
on a site of the lattice and incorporated into the polymer is equal &md a Boltzmann
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Figure 2. A strip of width L = 4 with a possible configuration of the polymer.

i i+1

factor y is associated to each crossing of two bonds on an elementary square of the lattice.
The equivalence of both models is easily shown since each configuration of the first model
may be mapped into one configuration of the second model on the dual lattice, as may be
seen in figure 1.

A model quite similar to the one we are considering here was solved on Bethe and
Husimi lattices [11], and for lattices with coordination numbers larger than 4 only one
polymerized phase was found, whose transition to the non-polymerized phase could be of
first or second order, these two transition lines being separated by a tricritical point. For an
Husimi lattice of coordination number four, however, a qualitatively different phase diagram
was found, with two distinct polymerized phases. This result was one of the motivations of
the present calculation, since one might ask if on the square lattice similar phase diagrams
will be found for this model.

In order to accomplish the study, we define the model on strips of widdimd infinite
length (see figure 2) and, building the transfer matrix (that is defined in the appendix) for
a pair of widths,L andL’, we are able to calculate the correlation length on the strips and
then, using equation (1), to find. for a fixed value ofy. Since the size of the transfer
matrix increases quickly with growing values 6f computational limitations force us to
restrict our calculations td. < 9. Before performing the numerical computations, we use
the symmetries of the model to block-diagonalize the transfer matrix, thus reducing the
size of the matrices whose eigenvalues we need to obtain. It is known that usually the
best results with the phenomenological renormalization group are obtained if one choses
L' = L 4+ 1. However, in our calculations we notice parity problems which lead us to
chooseL’ = L + 2. So, we study the pairs 3-5, 4-6, 5-7, 6-8 and 7-9, obtaining the phase
diagrams for each pair of widths. We calculate the values of the exponesms! » and
compare them with results in the literature. The need to study pairs of widths with the same
parity can be understood to be related to our choice of boundary conditions for the walk
as follows. For a strip with an odd width a column may be connected to the previous
column through all the horizontal bonds between them, but this is not possible for strips
of even widths. Thus, there exists a frustration effect which forces us to compare strips of
widths with the same parity.

3. Results and discussion

All phase diagrams we obtained show three distinct phases: a non-polymerized phase, NP,
a usual polymerized phase, UP, and a dense polymerized phase that has a predominance
of crossing bonds, DP. In this last phase, the polymer becomes more compact. The two
first phases were expected to appear, since one point of this boundary between them, that
corresponds tg. = 0, is the usual polymerization transition and was studied by a variety

of techniques, including the one we are employing here [2]. In relation to the third phase,
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Figure 3. Phase diagrams for pairs 3-8)( 4-6 (1), 5-7 ©), 6-8 (x) and 7-9 [0).

Table 1. Results obtained for the first transition for two valuesygf

L' x:(ye=0) v(ye =0) Xc(ye =01 v(y.=0.1)

0.37507684 0.74171865 0.37122781 0.73382196
0.37729128 0.74621455 0.37335255 0.73836657
0.37818587 0.74825262 0.37426659 0.74085221
0.37857597 0.74920720 0.37469838 0.74237291
0.37876452 0.74966781 0.37492728 0.74340778

~No o b~ w ~
© 0o ~NO U

Table 2. Extrapolation ofx, andv to the two-dimensional system.

Ye Xe v

0 0.379047+ 0.000006  0.75003 0.00005
0.1 0.375353t 0.000003 0.75H 0.001

we had an indication of its existence, since it appears in the solution of the model on a
four-coordinated Husimi lattice [4]. Figure 3 shows the phase diagrams.

From the observation of the phase diagrams, it may be noted that the tendency
for asymptotic behaviour of the boundary between the non-polymerized and the usual
polymerized phases (henceforth called first boundary) is much more regular than the one for
the other boundary (indicated by second boundary). This affects the results for the critical
exponents andn as well. A consequence is that, for the first boundary the exponents show
a regular asymptotic behaviour. This can be noted if we look at table 1 which presents the
values ofx. and the exponent obtained fory. = 0 andy. = 0.1 for all widths studied.

To calculate the exponent we extrapolated the sequence of estimates fdirst and then
applied equation (4) for each width. Therefore, we obtained a sequence of estimajes for
that may itself be extrapolated. To accomplish the extrapolations we use the ideas presented
in [12]. Table 2 shows the values of andv extrapolated for the two values of given

above. From this table, it may be noted that the expomer@mains constant on different
points of the boundary, that is, the estimates indicate that the whole boundary belongs to the
same universality class. Table 3 presents the values of the exponealtsulated using the
estimates fowr,. extrapolated from the values in table 2 in equation (4), while table 4 shows
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Table 3. Values ofyn obtained using the. as extrapolated in table 2.

L 3 4 5 6 7 8 9

n(ye=0) 0.23303940 0.22155235 0.21624627 0.21358079 0.21209765 0.21119338 0.21060120
n (ye =0.1) 0.24301292 0.23109774 0.22507866 0.22173087 0.21966981 0.21829716 0.21733328

Table 4. Values ofn obtained for the two-dimensional system for the values 06f table 3.

Ye n

0 0.2084+ 0.0004
0.1 0212+0.004

the extrapolated values far. It may be seen that the exponeptalso remains constant,
within the error bars, along the boundary.

After a comparison of the values obtained in this work with previous results, we can
conclude that they are in very good agreement. The best valug @br y. = 0) in the
literature was found using series expansions in [1] ang.is- 0.379 0523+ 0.000 0002.

The value obtained in by us is, = 0.3790474+ 0.000006. The exact values of the
exponents are believed to be= 2 andn = 2, [10]. We foundv = 0.750 03 0.000 05
andn = 0.2084+ 0.0004 fory = 0.

With respect to the second boundary, it is interesting to note in figure 3 that it approaches
the first one, but does not touch it. These boundaries will only touch if tli¢ — oo limit,
that is, when we reach the two-dimensional system. For finite widths there are limitations
in the technique. From equation (3), we can observe that we must compare the two largest
eigenvalues of the transfer matrix. These eigenvalues are related to the phases which become
critical at the boundary. The eigenvalue associated to the non-polymerized phase is equal to
1 (corresponding to the empty lattice), while the other phases have eigenvalues calculated
using the transfer matrix. When we are on the second boundary, the two largest eigenvalues
of the matrix are larger than 1. However, if we walk on this frontier in direction of decreasing
values ofx, the eigenvalues become smaller, until one of them becomes smaller than 1.
Thus, we are unable to obtain results below this limiting value.of

The nature of the transitions on the two boundaries may not be known directly from our
calculations. Although PRG calculations should lead to reasonable results on second-order
transitions only, fixed points may also be present where the transition is of first order [13].
The solution of the model on the four-coordinated Husimi lattice [4] displays a tricritical
point and a critical endpoint. These higher-order critical points might be found using three
widths renormalization [3], but we found no solutions for the corresponding fixed point
equations. It should be mentioned that the same situation also occurs for the model of an
attractive walk on the square lattice [14-16].

One way to study the nature of the three phases of the model is to look at the
thermodynamic properties of the model on strips of large widths. Although the second
transition is not present in those one-dimensional models, it is possible to know at least
gualitatively what the behaviour of the two-dimensional model is, by finding a sequence of
values for the relevant densities for the model defined on strips of increasing widgthd
then performing some extrapolation on them. The densities are defined as

(Ny)
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and

(6)

where(N,) is the average number of bonds, is the density of bondgV,) is the average
number of crossing bonds ang is the density of crossing bonds in a strip of widih N
sites and length = % These average numbers are related to the largest eigenkajue,
of the transfer matrix by

0 Mx oAy
N)=Mx—Inii= — —= 7
(Ny) xo Nk m ox (7)
and
d My oA
(N)) = My Iy = -2 2" @)
dy A1 0y
Thus, the densities are
1x 8)»1
= 9
PX= T 6 ox ©)
and
1ydr
L= 10
Py L2 dy (10)

We studied the behaviour of these densities for fixed values a$ functions of the
activity y. Two values ofx were consideredx = 1.0 andx = 0.4. It may be noticed in

figure 3 that the results for the densities show a clear parity effect, which prevents us from

attempting any extrapolation of the full data set for~ oco. Since at least four values are

needed to perform an extrapolation [12], only the set of data for odd widths could lead us
to any result. Unfortunately even this set did not provide meaningful extrapolations in the

whole range of the activity, so we will limit ourselves to consider the behaviour of the

densities for odd widths, as shown in figures 4 and 5. It may be noticed from the behaviour

of the densities as functions gfthat forx = 1.0 the increase of the densities in the region of
the transition is rather smooth, while a much steeper increase is obtainee-fOr4. These

results indicate the possibility that the transition between the two polymerized phases could

be of first order for low values aof, turning into a second-order transition asncreases.

Figure 4. Density of bondsp, for widths 3 ©), 5
0.00 2.00 4.00 6.00 800 1000 (O), 7 (x) and 9 ©). Heavy curves correspond to
y x = 1.0 and light curves ta = 0.4.
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0.80

Figure 5. Density of crossing bonds, for widths
000 200 400 600 800 1000 3 (0), 5(@), 7 ) and 9 ©). Heavy curves
y correspond tor = 1.0 and light curves ta = 0.4.

020 L B e e e Figure 6. Sum of densitie, + p, for widths 3 (),
0.00 2.00 4.00 6.00 800 1000 5 (), 7 (x) and 9 ©). Heavy curves correspond to
y x = 1.0 and light curves ta = 0.4.

The results for the total densitigg + p, shown in figure 6 also show similar behaviours,
indicating that the total density has a value very close to 1 in the dense polymerized phase.
Also, our calculations indicate that the transition between the non-polymerized phase and
the regular polymerized phase is of second order, while the transition between the non-
polymerized phase and the dense polymerized phase is discontinuous. The model may be
solved exactly on the square lattice foe= 0, since in this case only two configurations are
possible: the empty lattice (whose dimensional free energy per site is equal to 0) and the
configuration for which there is a crossing of two bonds at every site of the lattice (with

f = —Iny). Therefore, a first-order transition occursyat= 1 from the non-polymerized
phase to a phase with = p, = 1. This result, together with the PRG results, suggest
that the transition line between the non-polymerized and dense polymerized phases may be
approximated by =~ 1. Consistently, a critical endpoint should be located closedp~ 1
andxcep = 0.31.

Despite our effort to obtain estimates for the critical endpoint and the tricritical point
using methods such as the three widths renormalization and considering the next largest
eigenvalue [3], no consistent results were obtained. Possibly better results at these special
points would be obtained if larger widths could be considered. Although it might be expected
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2.00

1.60 —

0.80 LA R L L B Figure 7. Exponentyn for the second boundary for
0.40 0.60 0.80 1.00 1.20 140 widths 3-5 ), 4-6 (»), 57 ©), 6-8 (x) and 7-9
Yo ©).

that the PRG should not give meaningful results for the location of a first-order transition,
this is not the case in our calculations and also in studies of other models [13].

As expected, the estimates for the exponengndn at the transition between the two
polymerized phases, are quite poor. We show in figure 7, the expgresfunction ofx.
The behaviour of the exponentis quite similar. The particularly irregular behaviour for
small values ofx may be due to the fact that the transition there is of first order. Again
better results should be expected if it were possible to consider strips of larger Wwidths

4. Conclusion

As final observations, we can conclude that the model of polymers with crossing bonds
on the square lattice shows a phase diagram with three phases: a non-polymerized phase,
corresponding to the empty lattice; a usual polymerized phase, which corresponds to the
linear polymers with some crossing bonds; and finally a dense, or saturated, phase in which
the polymer has a predominance of crossing bonds, being more compact and having the
following properties: p, + p, & 1 andp, = 0 andp, = 1 in thex — 0 andy — oo
limits. The transition between the non-polymerized and dense polymerized phases is of
first order and may be approximated by a horizontal straight line located=atl. In
the case of the boundary between the non-polymerized and the usual polymerized phases,
the transition is a second order one, which ends at a critical endpoigtzt 0.31 and
yeep & 1. Finally, the transition between the two polymerized phases is a first order one
from (xcep, ycep) 10 (xtep, Yiep). At this point, there is a tricritical point that should have
0.4 < xiep < 1.0. We used the phenomenological renormalization method of three widths
and another method considering the next largest eigenvalue [3] to obtain some estimate of
this tricritical point but we were not successful. Beyond the tricritical point the transition
is of second order. It is important to note that the usual phenomenological renormalization
method in principle should apply only to second-order transitions, but in other models
meaningful results were obtained for first-order transitions as well [13]. In figure 8 we
show a sketch of the conjectured phase diagram for the model on the square lattice.

The estimated value of the critical activitywheny = 0 is x, = 0.379 0474 0.000 006
in agreement with the known value = 0.379 0523+ 0.000 0002 [1]. The values obtained
for the exponenty and n at the first transition (between the non-polymerized and the
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Figure 8. Sketch of the phase diagram for our model on the
(0379047, 0) square lattice. Full curves represent second-order transitions
' o and broken curves indicate first-order transitions.

usual polymerized phase) are= 0.750 03+ 0.00005 andp = 0.2084+ 0.0004, again
in agreement with the expected values= % andn = 2—54 [10]. The exponents of the
first boundary remain constant, within the error bars, as functions aef expected from
universality.

The calculations for the second transition (between the two polymerized phases) did
not show good convergence at the widths we were able to consider, and therefore it was
not possible to obtain any reasonable estimates for the critical exponents on this boundary.
This problem may also be associated to the fact that in part of this boundary the transition
should be of first order. We found evidence of this boundary for the solution of the model
on square lattice, and it was found before in the solution on the four-coordinated Husimi
lattice [4]. It is remarkable that the solution of a model for interacting polymers on a four-
coordinated Husimi lattice leads to similar phase diagrams [17]. This might be understood
since the presence of crosslinks favours more compact configurations of the polymer, as
do the interactions in the attractive polymer model. Evidence has been found [18] that two
polymerized phases may also be present in the phase diagrams for self-attracting branched
polymers in two dimensions, with phase diagrams which resemble the ones we obtained
in this work and in [17]. Actually, all configurations of the polymer we considered in
this work are also present in the model of branched polymers, but since we only accept
configurations that correspond to a single walk with crossings at sites of the lattice, some
branched polymer configurations are not allowed in the model we considered here. In
view of the results presented here, one might ask if two polymerized phases may also be
found without self-attraction of the branched polymers. We are presently investigating this
possibility.
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Figure Al. « and g, possible configurations of the Figure A2. One element of the transfer matrix. The
columnsi andi + 1 on a strip of widthL = 4. statistical weights are explained in the text.

Appendix. Some elements of the transfer matrix

We will illustrate how the transfer matrix is built by an example: the calculation of one
element of this matrix fol. = 4. To build the necessary configurations to the calculation of
the transfer matrix, we associate indexes to the sites of the strips of igbe figure Al).
These indexes are assigned in the following way.

e If a bond arrives at a site from the left which is directly linked to the origin, this
site will have the index 1. Since we want the polymer to pass through the whole strip,
always one site in each column will have this index (the origin is at the left end of the
strip). In the above example, the second site indhmonfiguration and the third site in the
B configuration have this index.

o If the site is not connected to another site to the left, it has the index 0. The first site
in the & configuration and the first, second and fourth sites ingtenfiguration have this
index.

e Finally, if two sites of the column are connected through a walk to the left, both will
be given the same, index larger than 1. The third and fourth sites in tt@nfiguration
have the index 2 and in the configuration there is no pair of sites like this.

From the observation of figure A1 we note that there are two possible ways for a
polymer to have ther configuration in column and theg configuration in column + 1.
These possibilities are shown in figure A2. One of them has four bonds (statistical weight
x*) while the other has two bonds and one crossing bond (statistical wefght The
element of the transfer matrix associated with these configurations will be

(@|T|B) = x* + x2y (A1)

whereT is the transfer matrix.

To accomplish the calculations we need all elements of the transfer matrices up to
the largest widths we considered. As the size of the transfer matrix increases quickly,
computational limitations fix the largest width we were able to consider. We may calculate
the number of configurationsy,, for a column of widthL having the index 1 on the first
site and a number of pait§, of sites linked together, through the expression

(L — 1)

Ne = 24 N, I

(A2)

in which N, = L — 1— 2N, is the number of sites in the column with index equal to zero.
The total number of configurationa/s, is obtained by summing over all possible numbers



Study of polymers with crossing bonds 1455

Table A1. Number of states and size of the transfer matrix for the studied wikths

L 3 4 5 6 7 8 9 10
Ns 2 4 10 26 76 232 764 2620
N 6 16 50 156 532 1856 6876 26200

of pairs, that is
int(£5%)

Ns= Y N, (A3)

N,=0
The sizeN of the matrix is obtained by
N =L x Ns. (Ad)

The sizes of the matrices for the widths we studied are shown in table Al. As an
example, we show below the transfer matrix foe= 3:

X x24+x% x24+x% x34x%y 0 0
x2 4+ x8 X x2 4 x8 0 x84+ x2y 0
2, .3 2.3 34,2
e S S PR AR
0 x°+x°y x°+x°y X 0 0
x3 4+ x%y 0 x3 4+ X2y 0 x3 0
x4+ x%y x4 a2y 0 0 0 x3
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