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Magnetic-field control of electric polarization in coupled spin chains with three-site interactions
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The linear perturbation renormalization group (LPRG) is used to study coupled XY chains with Dzyaloshinskii-
Moriya (DM) and three-spin interactions in a magnetic field. Starting with a minimal model exhibiting the
magnetoelectric effect, a spin—% XY chain with nearest, next-nearest (J5 ), and DM (D; ) interactions in a magnetic
field, the recursion relations for all effective interactions generated by the LPRG transformation are found. The

evaluation of these relations allows us to analyze, among others, the influence of J3,

Dy, three-spin (57 S, S5\, —

S S¥, | S%,,), and interchain interactions on the thermodynamic properties. The field and temperature dependences
of the polarization, specific heat, and correlation functions are found. It is shown that an interchain coupling triggers
a phase transition indicated by the divergence of the renormalized coupling parameters.

DOI: 10.1103/PhysRevB.97.214410

I. INTRODUCTION

The interest in the magnetoelectric effect (MEE), the mutual
influence of magnetic and electric properties, dates back to the
19th century [1,2]. However, recently a surge in interest in
multiferroic materials caused studies of MEE to be intensified
[2-6]. There are several mechanisms which lead to the effect of
induction of polarization by a magnetic field or magnetization
by an electric field, one of which was described by Katsura,
Nagaosa, and Balatsky [7] (called the KNB mechanism). In
this mechanism the spin-current-induced electric polarization
is given by

P x Ze,s x (Si X Si1p), (1

where eg is the unit vector in the 8 direction. According to
the KNB scenario the local electric polarization is connected
to the noncollinear ordering of the neighboring spins, and the
polarization operator is related to the Dzyaloshinskii-Moriya
(DM) interaction. So the minimal model exhibiting the magne-
toelectric effect in the spirit of the KNB mechanism is the XY
spin chain with nearest-neighbor (J;), next-nearest-neighbor
(J2), and DM interactions [5,8]:

H= Z [1(S3 St + S Spi1) + J2(Sy Spa + 83 Ss0)

+ Dy (Sy Sy — SaSai) — H:S;)- @
Dy denotes the strength of the DM coupling, which is in-
terpreted as an external electric field coupled to the electric
polarization. Brockman et al. [5] studied the integrable part
of the Hamiltonian (2) without the next-nearest-neighbor
interaction (J, = 0) and showed that in such a model the po-
larization can be controlled by a magnetic field only if the DM
interaction parameter D; is finite. Recently, Menchyshyn et al.

[6] additionally included three-spin interactions in the form

EZ Sr);Sti-&-l n+2 Sn n+1SI)1(+2)
+KZ( 1)16 ;-H i)lc-‘rz S Sn+l n+2) (3)
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The model is still integrable (f J, =0), and as the
authors have shown rigorously it allows us to get finite
magnetic-field-dependent polarization also in the absence of
the electric field (Dly = 0), provided E is different from zero.

Exactly solvable models are fundamental, enabling better
understanding of the main feature of a phenomenon, and
they are reference points for more realistic cases. However,
in order to consider real materials one should have methods
which allow one to study more complicated models, foregoing
rigor. In this paper we consider the full chain Hamiltonian (2)
with weak interchain coupling at finite temperature by using
the linear perturbation renormalization group (LPRG) [9]. As
usual, even in one dimension, the RG transformation generates
all interactions admitted by the symmetry of the problem.
Consequently, for one chain, in addition to the four original
coupling parameters (J,J>,D;, and H,) of the Hamiltonian
(2) we have to consider eight others.

II. THE RG TRANSFORMATION

Let us start with a one-chain Hamiltonian

Hi($) =) H; )

and
S} Sn+1) + kZ (Sx SJ\+2 + Sn Sn+2)
83 Sui1) = =S5, )

T =k(S S+
+di (S350 —
where the operators S, obey the commutation relations
[S*,Sn]1=2iS, etc.; k; = J;/T; d' =D /T, h,=H,/T;
and a factor —B = —1/kgT has been absorbed in the Hamil-
tonian (4).
The RG transformation of the Hamiltonian (4) is defined by

MO = TrgP(6,8)e™®), (©6)

with a linear weight operator P(6,5), which projects the
original spin space S onto the space of new spins o. Trg denotes
the partial trace over S space. In the LPRG transformation one
divides the chain into m-spin blocks, and the first step in the
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procedure is the choice of the block size. It is obvious that
a renormalization-group transformation should preserve all
symmetries of the original problem. This determines, to some
extent, the choice of the block size. So if one wants to consider
nearest-neighbor and next-nearest-neighbor interactions and
admit the possibility of the existence of a phase transition
to the two-sublattice phase, one should use blocks with the
following numbers of sites: 7, 11, 15, ..... For a quantum
system, because of the noncummativity of several terms of
the Hamiltonian, the renormalization transformation cannot
be carried out exactly even for one chain, and the results of
the transformation depend on the block size. The advantage
of using a larger block was discussed in our previous article
[10], where an XY chain with nearest-neighbor interactions
was considered by using four-, six-, and eight-spin blocks. For
not very low temperatures all three approximations are in quite
good agreement with the exact result. In this paper, taking into
account a number of degrees of freedom of the considered
model, we will confine ourselves to the smallest acceptable
and tractable block without extended numerics, which is a
seven-site one (51, 5>,53,54,S5,S6,57). For such a block

P6.8) = (14 18161) (1 + 185462) (1 + 1$:63). (D

and §;6; = S}o} + S'0] + Sfo;. The RG transformation
(6)—(7) applied to the Hamiltonian (4) generates all terms
acceptable by the symmetry, namely, in addition to the four
original terms (5), three two-spin terms,

Hy = ki S, S5y + 58,850 +d5 (S5 Snin — SiSiin). (8)
and five three-spin interactions,
M5 = ko (Sy Syt S3S01) Sia + kaax (S350 S0
+ 808541 8012) ke (Sy a1 = S1S001) S50
+kizy (S5 Sas1Sni2 = S5 Sivi i)
+d:8,8, 1502 (€

So to consider the model (4) in the frame of the RG one
has to take into account 12 interaction parameters: the four
original ones (k{,k3,d;, and h;) and the eight generated by
RG transformation (kz,ké,dzy Kz kyzx kyyz kyzy, and d;), and
the final Hamiltonian of a seven-spin block reads [(4), (8),

J

and (9)],

6 6 5
Ho$) =) Hi+> Hy+ Y Hj. (10)
n=1 n=1 n=1

It is easy to find the renormalized Hamiltonian (5) in the form

H)(6) = InTrs P(6,8)e® = InHy(6), (11)

where
Ho6) = fo+ fi' (0703 + 0503 + 007 +0707)
+f3(otos +0703) + 17 (o103 —of o3
toi0} —030l) — filof +05) — floF
+ fi (003 +0503) + fio{0]
+£, (0105 —0{05) + fuxz(of03 +0703)03
+ frax (afcazz%x +0{0503) + fu:(0f0y —0f03)
x 05 + fazy(0f 0503 — 0 0303) + faoioz0],
(12)
and for example,

_ Ho($)
fo = 15 Trse™,

1 S
[ = 5 TrsSy Sie™®),

13)

1 Ho(S
[ = g TrsSy S5,

and so on. Now the point s to find (&) [Eq. (11)] in the same
form as the original Hamiltonian Ho(8) [Eq. (10)]. The task is
not trivial because of the noncommutativity of several terms in
the Hamiltonian, but it can be done by using the formula

8 ~
~ Ho(6) — 1L
11’17'[()(6’): E lnkin%,
i=1 J#i ! J

(14)

where A; are eigenvalues of the Hamiltonian H((6) and Zg is
the unity matrix.

We can factor the eight-dimensional space of three spins
into four subspaces (two one-dimensional and two three-
dimensional), which allows us to find analytical formulas for
eigenvalues of the Hamiltonian Ho(8) [Eq. (12)], so

M=forfa+ o+ L+ 420 rs=fo—fa—fo— fi+ 5 +2ff, (15)
o 1 213, A, o (1+:v/3)B,  (1F:1V/3)4,
2T 3T 3A, 2R3 T 3T 23, 2136
1 213 B A 1 1+:/3)B 1 F:1/3)A
3 340  2%/33 3 22334, 21736

where the coefficients A;,B;,C; (i = q,Q) are defined in Appendix A. Using formula (14), one can find the renormalized
Hamiltonian in the same form as the original one [(10), (5), (8), and (9)] with new effective interaction parameters:

(fO’kicvk;sdly 7hZ7kTsk§

I

(Zo. Ky, K3, D} ,H,, KiK., D}, Kz Kuzw s Kuyz s Kuzy o D).

y
3 ke oy s gz s Ky s )

(16)

a7
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FIG. 1. Field dependences of polarization for k,,, = 0.5,k,,, =0
(thick lines) and ky,, = 0,k,., = 0.5 (thin lines) at reduced tempera-
ture t = 0.5 (solid lines) and ¢ = 0.2 (dashed lines).

The formulas for the effective parameters as functions of the
original ones generated by the RG transformation have a rather
complicated but closed form and are presented in Appendix B.
We are now able to evaluate numerically the renormalization
transformation which allows us to find the thermodynamic
properties of the system. In each step of the transformation, in
addition to the spin-dependent terms (couplings) a constant Z
(independent of effective spins &) is generated. This constant,
presented in Appendix B [Eq. (B4)], can be used to calculate
the free energy per site according to the following formula:

[ee] Z(()n)
F=3 5 (18)

where n indicates the numbers of RG steps.
Evaluating the RG recursion relations, we can find the field
and temperature dependences of the polarization defined by
1 X ) QX
Py= D O(SESy = S)SE), (19)

n
specific heat C,, and the nearest-neighbor correlation function

1 :
Gur = 335 2SS + SIS0) (20)

n

where the angle brackets denote the thermal average.
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FIG. 3. Field dependences of polarization for three models:
(i) kyye = 0.5,k5 = 0,d) = 0 (thin solid line), (ii) k). = 0.5,k5 =
—0.5,d{ =0 (dashed line), and (iii) kyy, = 0.5,k =0,d] =0.3
(thick solid line) at t = 0.2.

As shown in Fig. 1, the three-spin interactions k,, and
kyzy [Eq. (9)] induce the magnetic-field-dependent polarization
even if d! =0 for a certain range of the field [6]. At any
temperature the effect is larger for the model with k., #
0,kyy; = 0 (thick lines) than for the opposite case k.,, =
0,kyy; # O (considered in Ref. [6]). The remaining three-spin
interactions of Eq. (9) cannot lead to a finite polarization
for di’ = 0. Hereafter, we take J;* = 1 and assume that only
three original couplings, Jy,Dy, and Jyy, = kyy, T, can be
different from zero. The possible origin of the latter one
has been discussed in several papers [11]. Figure 2 shows
the field dependence of the polarization for several values of
temperature [Fig. 2(a)] and for several values of dly [Fig. 2(b)]
at temperature t = 0.5. As can be seen, the external electric
field through the effective Dzyaloshinskii-Moriya interactions
d; introduces asymmetry with respect to h — —h and Py, —
—P,. For di large enough, d; > d, ~ 0.8, the polarization
is negative for negative and positive magnetic fields [Fig.
2(b)]. At lower temperature t = 0.2 (Fig. 3) the polarization
exhibits a broad, flat maximum (plateau) that is clearly visible
for two cases: (i) kyy,; = 0.5,k = O,d? =0 and (i) ky,, =
0.5,k = —0.5,d{ = 0. For the third case k,, = 0.5k} =
0,d; = 0.3, the shape of the polarization curve strongly

(b)

Py

o)
/)

FIG. 2. Field dependences of polarization for k,,, = 0.5,k,., = 0 (a) for several values of temperature, ¢ = 2 (thick dashed line), 1 (thick
solid line), 0.5 (thin dashed line), and 0.2 (thin solid line), and (b) for several values of the electric field, d; = 0 (thin solid line), 0.3 (thick

dashed line), 0.5 (dotted line), and 0.8 (thick solid line), at t = 0.5.
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(b)
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FIG. 4. Field dependences of (a) polarization P, and (b) nearest-neighbor correlation function G,, for (i) k., = 0.5,k; = 0.0,d; =
0.0 (thin solid line), (ii) kyy, = 0.5,k = —0.5,d; = 0.0 (thick solid line), (iii) ky,. = 0.5,k3 = 0.0,d; = 0.3 (dashed line), and (iv) ky,, =

0.5,k = —O.S,d‘lv = 0.3 (dotted line) at r = 2.

depends on the sign of the field, and the plateau is not so
pronounced.

Figure 4 illustrates the effect of the next-nearest-neighbor
(ky) interaction and the electric field dly on the polarization
P, and the correlation function G, [Eq. (20)]. There are field
dependences of P, and G, for the three cases mentioned above
plus another case where k. = 0.5,k = —0.5,d; = 0.3. As
can be seen, a negative value for k5 (k; = —0.5) reduces the
correlation function, whereas such an interaction increases the
polarization. A positive value ford; (dj = 0.3) shifts the max-
imum of G, from & = 0 towards positive fields and the point
P, = Otowards negative fields. Figure 5 shows the polarization
and specific heat of model (i) as functions of temperature.
For some range of the field (around & = 2) the polarization
exhibits a maximum related to the low-temperature maximum
of the specific heat. A second peak structure in the specific
heat at low temperature has also been observed for the model
with three-spin interaction at 7 = 0 when Ji' /J,;, > . (some
critical value) [12]. The existence of the three-spin interaction
is not, of course, a necessary condition to get the two-maximum
structure of the specific heat, which can be expected if there
are at least two mechanisms of local orderings. However, in
the present model the second peak of the specific heat is
accompanied by a maximum of the polarization. In Fig. 6
the polarization maxima and the low-temperature peaks of the

0.7¢

0.0 0.5 1.0 1.5 2.0 2.5 3.0

specific heat for k,,, = 0.2,0.5, and 0.8 and relevant values
of the magnetic field (from the range in which such maxima
occur) are compared.

III. COUPLED CHAINS

For higher dimensions the LPRG approach starts with a
renormalization of one chain [(6) and (7)]. Then, on the
basis of this renormalization, the interchain interaction H; is
renormalized in a perturbative way [9]. The renormalization
transformation for the system made of the coupled chains can
be written as

H'(6) = Ho(6) + In(e™ )y 5, 2y

with the standard cumulant expansion for In (e’ V30(5)> Where
H,(6) is the effective chain Hamiltonian (11) and Ho(8) is the

original chain Hamiltonian (10). An average of an operator A
is defined as

(A) = HTr{A, PO} [y 617"}, (22)

where the curly brackets denote anticommutators.
Now, in the frame of LPRG [9] we consider the weak
interchain interactions in the form

Hi = ji Z (S St + S S msr)s 23)

FIG. 5. Temperature dependences of polarization P, and specific heat C), for k,,, = 0.5,k; = O.O,div = 0.0, and several values of magnetic

field.
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FIG. 6. Temperature dependences of polarization P, and specific heat C;, for several values of k.. and magnetic field.

where the label n refers to chains (rows) and m refers to
columns.

The LPRG transformation [9,13] when applied on an
infinite system generates an infinite number of new interactions
already in the second-order cumulant expansion which is the
lowest nontrivial case for the present system. Thus, in order to
find the LPRG recursion relations we have to confine ourselves
to a finite cluster. In a second-order calculation we have
to consider three chains (rows). Until now, considering the
one-dimensional (1D) system we have used seven spin blocks
to find RG recursion relations. In order to study the interchain
interaction we apply a (4-6-4) cluster with four, six, and again
four spins for the first, second, and third chains, respectively.
In addition for simplification we confine ourselves to only
two-site interactions between chains. Under these assumptions
the LPRG transformation generates only two new couplings,
Jj3 and d;,

_ x § : X X y y
HIZ = ( n,m n+1,m+1 + Sn,mSn+1,m+l)
n

+d§ Z ( lf,isJrl,erl - Sr{,msrf+l,m+l)' (24)

Finally, the interchain Hamiltonian is given by
Hi=Hn +Hp. (25)

To evaluate the transformation (21) we have to know the
averages of the spin components and their products. They can
be easily found but have rather complicated, although closed,
expressions, for example,

y y
<ST> = X110} + X1205 + Y110] + Y1205
+x.07 05 + 2,0{05 +z,0{03, (26)

where coefficients are expanded functions of all interaction
parameters.

In a one-dimensional system (one chain) the RG transfor-
mation from the original set of coupling parameters to the set
of renormalized ones [(16) and (17)] exhibits only one stable
fixed pointat T = oo (K, = 0, D, = 0). In a two-dimensional
(2D) system evaluating the LPRG recursion relations with
interchain interactions (25), we have found two stable fixed
pointsat 7 = oo and T = 0 and the critical surface in the space
of the 15 parameters: 12 from Eq. (16) and three interchain

interactions, ji,j3,and div [(23) and (24)]. This means that the
interchain interactions (23) trigger a phase transition indicated
by divergences of the coupling parameters. Unfortunately,
this method does not allow us to decide the character of the
phase transition and the nature of a low-temperature phase.
However, we can determine the location of the singularity
(critical) point. In Fig. 6 the critical temperatures as functions
of external field for several coupled chains are displayed.
Only in the case with j{ =0.9,k,,. =0, and div =0 close
to the spatially isotropic XY model (ji = 1) can the critical
temperature be satisfactory fitted for small fields to a single
power (parabolic) law, 7.(h) = 0.498 — 0.067h. In other cases
the dependences are more complicated. Figure 7 shows the field
dependences of the polarization for temperatures above and
below the zero-field critical temperature #.(0). Fort > #.(0) the
appropriate curves are close to that for a single chain, whereas
for t < 1.(0) the polarization increases near the critical point
t — t.(h) because of divergences of the coupling parameters.
For the model with ji = 0.1,k5 = —0.5 at low temperature
(but still higher than the critical one), the polarization displays
a broad, flat maximum like in the 1D case. Such a maximum
has been observed, for example, in BayMg,Fe ,0,, [14]. The
critical temperature is accompanied by the divergence of the

040 |-
"/,_—— Frmm==————_ i=0.5d/=0.3
—~—
g 035} S ————
g [
7’
7’ L
7’
”¢ L
g ot P L Ji=05
J === /,\ ______ _
= [ —
4
\' L L L L L L L L L L L L L L L L L L L L L L L L L L J h
~0.6 —0.4 —0.2 0.0 0.2 04 0.6

FIG. 7. Critical temperature as a function of magnetic field for
kyy; = 0 (solid lines) and k,,. = 0.5 (dashed lines), ji = 0.5 or 0.9,
and di = 0 (bottom and top curves) or d; = 0.3 (middle curve).
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FIG. 8. Field dependences of polarization for 2D (k,, = 0.5) and ji = 0.5,k; = 0 (dashed lines), ji' = 0.1,k; = 0 (thin solid line), and

Jji =0.1,k5 = —0.5 (thick solid line) at temperature t = 0.5 and 0.2.

specific heat (Fig. 8), but in the frame of the LPRG method
we are not able to determine the character of this singularity
(critical index) reliably.

IV. CONCLUSIONS

Admittedly, there is no universal generally accepted mech-
anism of the magnetoelectric effect, but the KNB mechanism
may be regarded as a plausible explanation in several quasi-
one-dimensional magnetic materials such as spin-% chain
cuprates LiCu,0, [15,16] and LiCuVO, [17], the frustrated
magnet MnWQy [18], cupric chloride (CuCl,) [19], and a
number of others [4]. The fundamental properties of the models
based on the KNB mechanism have been analyzed for exactly
solvable spin chains in Refs. [5,6]. The authors of those papers,
in order to preserve system integrability, confined themselves
to the nearest-neighbor XY model with DM interaction in
a magnetic field [5], supplemented alternatively with three-
spin interaction (3) [6]. At the expense of giving up exact
solvability one can, of course, consider more realistic or at

least more complex models. The main point is the possibility
of taking into account the next-nearest-neighbor interaction
J3' . Moreover, although the compounds mentioned above may
be regarded as one-dimensional, it is known that they undergo
a phase transition triggered by some interchain coupling. So
we have used the method that allows us to consider both

P,

0.0

next-nearest-neighbor and interchain interactions in a reason-
able approximation.
The linear RG transformation applied to the Hamiltonian
of a J{'-J5 chain with DM interaction in a magnetic field
generates eight new effective interactions, three two-spin and
five three-spin ones, which have to be considered in an analysis
of the RG recursion relations, although their original values
(16) can be zero. In the present paper we have focused on the
influence of the next-nearest-neighbor (NNN) k3, three-spin
kxyz [EQ. (9)], and interchain j{ [Eq. (23)] interactions and an
external electric field dly (5) on the polarization, the nearest-
neighbor correlation function, and the specific heat. As already
shown [6], the three-spin interaction k., [Eq. (9)] triggers the
polarization and is influenced by the magnetic field even in
the absence of the electric field. Similarly, the polarization
can be controlled solely by the three-spin interaction k.
[Eq. (9)], and the effect is larger in the latter case. The
polarization as a function of magnetic field is, of course,
impacted by an electric field ¢ [Fig. 2(b)] and also by NNN
interaction [Fig. 4(a)]. A sufficiently large electric field ensures
that the polarization does not change sign for any value or
sign of the magnetic field. The electric field also shifts the
maximum of the correlation function G, from the point s = 0
[Fig. 4(b)]. The negative NNN interaction reduces G, but
increases the polarization. The temperature dependences of
the polarization and the specific heat have also been studied for
several values of the magnetic field (Fig. 9). It has been shown

Ch
ooy
R
P
1.5+ [N T Y
1
(R
v \
T Y
oy
TR T
Lo \
1.0 [ \
[N
\‘ \\ s\\
“\ \\\ h=2.2 \\~“~P:]
0.5 h=3 ‘\ \\s\ TS m——
0.0im\ L L L L L L L L L J t
0.0 0.5 1.0 1.5 2.0 2.5 3.0

FIG. 9. Temperature dependences of polarization P, and specific heat C;, for k,,, = 0.5 and ji = 0 (solid lines) and ji’ = 0.5 (dashed

lines) at several values of field.
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FIG. 10. Comparison of the polarization found in this paper
(solid lines) with the exact results [6] (dashed lines) for the model
2)-B)with J; =1,J, = O,Di" =0,K =0, and E = 0.5 at reduced
temperatures t = 0.5 (thin lines) and 2 (thick lines).

that for some range of the field the polarization as a function of
temperature exhibits a maximum. For the same values of the
field a two-peak structure of the specific heat is observed.

Most of the compounds showing the magnetoelectric effect
and treated as one-dimensional undergo a phase transition.
For this reason we have taken into account weak interchain
interactions (23) between the chains defined by the Hamil-
tonian (10). As one would expect, such an interaction can
lead to a phase transition indicated by the divergence of the
interaction parameters in the RG recursion relation iteration.
The applied method does not allow us to recognize the nature
of the transition, only its location as a function of couplings
and strength of the magnetic field.

In contrast to the Ising model for the quantum system
the linear renormalization-group transformation (6)—(7) can-
not be carried out exactly even in 1D case because of the
noncommutativity of several parts of the Hamiltonian. Thus,
the approximation takes the quantum effect into account only
within a single seven-spin block. Such an approximation is,
of course, better at higher temperatures [20]. In Fig. 10 the
polarization found in this paper is compared with the exact
result obtained by Menchyshyn ez al. [6] for the model (2)—(3)
with J; = 1,J, = 0,D] = 0,K =0, and E = 0.5 at reduced
temperatures ¢ = 0.5 and 2. To make the comparison we used
Eqg. (3.5) of Ref. [6], taking into account that in our case
§* = %1 instead of $* = :I:%. As seen for both small and large
magnetic fields, our RG approximation is in good agreement
with the exact result. However, there is a visible deviation from
the exact result around the field of the polarization maximum.
As one would expect, the agreement with the exact result
is better at higher temperature, where the location of the
polarization maximum is correctly found. For coupled chains
(2D system) the LPRG transformation is obtained by two
additional approximations: (i) the abbreviation of the cumulant
expansion, which is reasonable if the intrachain interaction is
weaker than the interchain one, and (ii) the truncation of the
interchain interaction generated by the transformation (21).
As mentioned above, the number of different interactions
generated by LPRG transformation already in the second-order
cumulant expansion is infinite for an infinite system. Thus, in
order to evaluate the LPRG transformation we have had to
confine ourselves to a finite cluster, which is justified again
only if the temperature is not too low. So the LPRG method
can be used to locate a critical point for a system with a
weak interchain interaction that is not too weak because in
the latter case the critical temperature is shifted to very low
temperatures.

APPENDIX A

Coefficients in the expressions for the eigenvalues of the Hamiltonian (12) are

A, = (Zq? — 2701q22 — 18019193 + 18q192r1 — 27Q3r12 — 6q12r2 + 1801q3r2 — 18¢qar 112

(AD)

3
+6q115 — 2r3 + {[4(—qf — 301q3 — 6q2r1 + 2112 — 13)” + (2g] — 270195 — 18014193

211/241/3
+ 18q1q2r1 — 27q3r12 — 6q]2r2 + 1801q3r; — 18¢ariry + 6q1r22 - 27’23) ] / } / )

B, = qi —301q5 — 6qar1 +2q1r2 — 13, Cy =2q1 +12.

The coefficients Ag, Bg,C are the same functions of O, 02,03, R, R,, and O, as coefficients A,, B,,C, of q1,92,q3,71,r2, and

01, and

qi=fo—fa+fl—F @a=20f" 4 f + fuz +1fo)s

g3 = 20" + f5 A+ feoe +1fery)s 10 =2(=1 F f fres — Ufye)s
n=fo—fa+ =i+ f=2ff, o1 =2(—1£," + 5 + feex — Ufxzy)s
Orv=fot fa—fl—Ffin Q2=2(f"+ ' = fexz — 1fry2),

03 =203+ f3 = foor —1fazy)s Ru=2(=1f + i = faxz + 1f1y2)s

Ry = f0+fd_fz+fz/+f2z_2flza 0, 22(_1 2xy+f2x _fxzx+lfxzy)‘

(A2)
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APPENDIX B

The RG transformation (6)—(7) for the Hamiltonian (10) has the form of 12 recursion relations for the renormalized coupling
parameters as functions of the original ones (16):

Ki= > N'lnk+ Y Nylnr— (NS, +Npy,)Ina,
i#j#k=23,4 i j#k=5,6,7
1
Ki= Y Nilu+ Y Ny Indx = (NG, + Nj,) Ina + oI iy +Inig = 2Ina),
i#j#k=2,3,4 i#j#k=5,6,7
1 1
H. = > > Nilna+ Y Nl —(Ni, + Np,)Ina + 7 (n ki —Inkg),
i#j#k=2,3,4 i#j#k=5,6,7
Ki= Y N'lnn+ Y. Nylna—(NZ+NG)na,
i j#k=2,3,4 i#j#k=5,6,7
1
Ki=- > NFhn-— Y Nézlnx,-Jr(N;;JrNé@)lnaJrg(lnxl+1nxg—21na),
i#j#k=2,3,4 i#j#k=5,6,7
1
D.=- Y Nllny— > Nylnk+ (NS, +N§,)Ina+ g1 = Inds),
i j£k=2,3,4 i#j#k=5,6,7
Dy =i Y NYIx+i Y Nyl —i(NJ+Ng)ina,
i j£k=2,3,4 i#j#£k=5,6,7
D) = —i N¥nx; —i N} Inx; +i(N2 4+ Np.)Ina,
2 q Q qa Qa
i j#k=2,3,4 i j#£k=5,6,7
Ko:=— Y NXIna— > N+ (N4 Nys)Ina,
i#j#k=2,3,4 i#j#k=5,6,7
Kix=— Y N¥Iny— > NI+ (NZ+NG)na,
i#j#k=2.3,4 i j#k=5.6,7
Ky, =i N 0nA; +i N5 Inx; —i(NY*+ N;¥) Ina,
y q Q qa Qa
i#j#k=2.3,4 i j#k=5,6,7
Kiy=—i Y N&Wn—i Y NIk +i(NZ + NG )Ina, (B1)
i#j#k=2,3,4 i#j#k=5,6,7

where
_ W;tl + i + )»j)W;XZ + )»,')»J'W;g
8(a — M)Ak — Ak — Aj)
NO Woo + (A2 + A3 + 2wy + (Aoks + Aoks + A3da)wy,
“ 8(a — A2)(a — A3)(a — A4) '
Wy = 2¢571 + 2017 + g1 (g2 + 1) + q3rira + qory + rirs 4+ q1[2g3r + (g2 + )]
+ 0129192 + g3r1 + q2(g3 +12)],
wyy = —lo1g2 + qar1 + qi(g2 + 1) + qar2 + rin2l, wg, =g+,

s

W) = qiq2 + qiri +2q3r1 + 2q1q3r1 + 2q2r7 + quqara + qariry + qor;
—alo1qs + g3r1 + qi(q2 +711) + qara +rir2] + 0129192 + g3r1 + qa(g3 +12)],

2= —lowg2+q1q2 + qir + qsr1 — alqa + 1) + gara + 1],

3 2 2 3 2 2
w;o =a’ — 0195 — 2qi1qar1 — q3ry —4qoriry — 15, wgl = —a” 4+ 2qor + 13,

Wi = —01q5 — 2q1q2r1 — qari — 4qariry — 13 +a(2qary +13),

z Z
We, =a—ry, Wy =2qr1 +r(r —a),
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and

2z
Nq

2z
N qa
2z
q0

2z
ql

n

n

d
Nq

d
Ny,

d
40

d
ql

n

n

nid i@+ g+ a) + niglalhg + ) + Ajhe — a2k 4 A
8(a — A)(Ai — A — M) '
a’+ n;é + (nézl —a®) (a4 A3+ ) + nflzz()tz)x% + AAg + A3hy)
8(a — Ma)(a — A3)(a — A4)
= —2q; — 0145 — @311 — 2q1(30193 + qar1) + 2qarira + 13,

’

= 2q7 + 20197 — 13, nizz =a—2q; +r,

n‘qio + ngl(a + A+ A+ l’lgz[a()\.j + )+ A jAe] + 3akjh
8(a — X)) — AN — Ag)
ndo +3a° + (nd) = 3a?) i + 4 4 a) 4 (ndy 4 3a)hads + Aoda + Asha)
8(a — A)(hi — A )(Ai — Ap)

El

)

= —2q; — 30195 — 3q3r7 — 641(0193 + qor1) — 6qar172 — 153,

= 2q7 + 20193 + 4qor1 + 13, n‘qi2 = —Q2q1 +r),

nho A nhi@hg + 20+ nllaC 4+ M) 4 ] .
8(a — 1) — A )(Ai — Ap) "

”50 + ’151()»2 + A3+ Ag) + ngz()»z)»3 + Aoz + Azhy)
8(a — A)(a — A3)(a — As) '
= 2x,1y,2y,XX2,X2X,X2y,XYZ,
= 0193 4+ 397 q3 + 292 Q3r1 + 01(3a7 + 45 + 2qor1) + 241 (g5 + 1) + @512 + rira,

= —(201q1 + 43 + 29193 + 17). n5 =01+ g3,
= qi(q2 — 1) +2g3r1 — 2qor{ + q3rira 4 qory — riry
— 0129192 — 9293 + q311 + q212) + 1 (2q3r1 + g — 2r2 — r11r2),
= 0192 — q3r1 + q1(r1 — q2) — qar> + 1112, n:,ﬁ =q—r1,
= —2q145 + 01q3 — 3q1q3 — 224371 + 2q1 77
+01(3¢} — 43 + 2qor1) — G3rs + rins,
= —20191 + 43 + 29193 — 17, nfiﬁ =01 —q3,
= 2¢5r1 + 2qor + qi(q2 + 1) + qarira + qory + 1173
+q1[2q3r1 + (g2 + r)ra] + 01129192 + q3r1 + g2(g3 + )],
= —lo1g2 + ¢3r1 + qi(q2 + 1) + r2 +rir2l, ny* =qo + 11,
= 01qs + 3q1q3 + 2q2q311 + 01 (34 + 43 + 2q0r1)
+2q1(q5 + 1) + g3ra + rira,
= —(201q1 + 43 +2q193 +17), nF = o1+,
= qi(q2 — r1) +2q3r1 — 2qor] + qsrira + qor; — riry
— 0129192 — 9293 + @311 + q2r2) + 1 (2q3r1 + gar2 — 1112),
= 0192 — @311 + qi(r1 — @2) — @ara +1ira, nS = qo — 11,
= —2q143 + 013 — 3q}qs — 2q2q371 + 01(3q] — 43 + 2qor1) — q3ra + rira,

xzy

= (20191 + ¢ +2q193 — 1), n}3 =01 —gs.
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A constant term appearing in each step of the transformation reads

qu + ()\‘l + )\j)WqZ +)\i)‘«qu3

1
Zy = gk +1Inkg) + >

Woir+ (i +A)Woo + A2 ;Wo3

In )‘k

8(a — M)(hx — A)(Ak — X))

In )»k

i j#n=234
+ >

ij#n=56,1

8(a — M)(Ax — A)(Ak — Aj)

—8A2A3h4 + (A2d3 + Aodg + Azhg)wgr — (Ao + A3 + Aa)wg + wyo

(L4
4

8(a — Ao)(a — A3)(a — As)

n —8AsAeA7 + (Ashe + Ash7 + AsA7)wgr — (As + As + A7)wor + woo
8(a — As)(a — Ag)a — A7)

where

) Ina, (B4)

W1 = —2¢7 — 30195 — 3qar; — 6q1(01q3 + qor1) — 6qorir2 — 15 + a(2q7 + 201q3 + 4qory +713),

W2 = 2q7 +201q3 + 4qar1 + 13 — a(q1 + r2),

Wq3 =3a — 2q1 —r,

Weo = 5a° + 26]13 + 301q§ + 6019193 + 6192711 + 36]3}’12 + 6gyri12 + r23,

Wy = 5a% + 2q12 + 20193 + 4qor1 + rzz, wyo = 5a2q; + . (BS)

Just as before the coefficients nQ[,WQi,in,ng,wzi are the same functions of Q1,0,,03,R1,R>, and O; as coefficients

ngis Wai,wgi, Wi, wy; of q1,92,93,r1,12, and 0y (22).
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