arXiv:hep-th/0609139 v1 20 Sep 2006

Equation of State and Thermodynamic Functions of the Ising-like Magnet at T > T_c

M.P. Kozlovskii, O.O. Prytula

20th September 2006

Institute for Condensed Matter Physics of the National Academy of Sciences of Ukraine, 1 Svientsitskii Str., Lviv 79011, Ukraine, email: prytula@icmp.lviv.ua

Abstract

The 3D Ising-like system in the external field is described using the nonperturbative collective variables method. The universal as well as nonuniversal system characteristics are obtained within the framework of this approach. The calculations are carried out on the microscopic level starting from the Hamiltonian. They are valid in the whole h − T plane of the critical region. It is established, that the contributions related with wave vector values k → 0 exhibit the properties of the total system near the critical point. The behaviour of the susceptibility as function of the temperature in the presence of the field is investigated. The locations of the maximums susceptibility on the temperature scale for different values of the field are established. Keywords: critical point, order parameter, Ising model

PACS: 05.50.+q, 05.70.Ce, 64.60.Fr, 75.10.Hk

1 Introduction

Despite the simplicity and clearness of the 3D Ising model, it is still the object investigated with help of the approximate methods [1]. We propose the description of the behaviour of the Ising-like magnet in the external field by collective variables (CV) method [2]. This approach is similar to the wellknown non-perturbative Wilson-Polchinskii Renormalization Group method [3, 4]. In particular, the coarse-grained procedure with using renormalization group (RG) transformation is employed in the both methods. But, in contrast to the Wilson approach [5], the CV method does not involve any phenomenological assumptions and adjusting parameters. It is based on the physically well-grounded and mathematically rigorous use of the space of CV, which are associated with modes of spin moment density oscillations. As result, the method allows one to obtain the macroscopic characteristics as functions of the microscopic parameters, contained in the system Hamiltonian.

In the 3D spin systems exhibiting the critical behaviour, the presence of the asymmetry (presence of an external field) sufficiently complicates the problem.

Usually, the series in scaling variable, which are some ratio of the field and temperature variable, are used for description of the system behaviour. In this case, one of the factors dominates and forms the system critical behaviour. Using CV method, we have already obtained such characteristics in the form of a power series in the scaling variable in the regions of the weak and strong fields for temperatures above and below T_c (T_c is the phase transition temperature in the absence of an external field) [6, 7]. When the role of the field and temperature is equally important, the series are not valid. For complete system description, it is necessary to perform calculations in the whole h − T plane, where T is the temperature, and h is an external field.

In the perturbative approaches (ϵ-expansion, high-temperature expansion, etc), the parametric equation of state is used for description such systems [8]. Within the framework of the Wilson-Polchynskii method, the investigation of the 3D Ising model critical behavior at the presence of an external field is performed in the so-called local potential approximation (LPA) [9]. In particular, the critical exponents of the correlation length ν and order parameter δ as well as asymmetric leading corrections to scaling related with presence of the field are calculated. The description of such a system can be used also for investigations of the nonmagnetic systems. For instance, the critical behaviours of the system "gas-liquid" in the plane (temperature,pressure) [1], Standard Model of the electroweak interactions in the plane (higgs mass, temperature) [10, 11], were shown to have similar features of the phase transition. These models belong to the 3D Ising universality class.

2 Basic relations

We represent the calculations, which are valid in the whole h − T plane of the critical region. Starting with the Hamiltonian H = − 1 2 ∑ l,j Φ(r_{lj})σ_lσ_j − h ∑ l σ_l, (1)

and using the "layer-by-layer" integration of the partition function, we obtain the critical exponents, free energy and other thermodynamic and structural characteristics of the system. The quantities σ_l are z-components of the spin operator, whose eigenvalues take on the values ±1, and h is an external field.

The interaction between spins on the simple cubic lattice is described by the exponentially decreasing function Φ(r_{lj}) = A exp(−r_{lj}/b) of the distance r_{lj} between particles at sites j and l. Such an approach makes it possible to investigate the system behaviour depending on the microscopic parameters, in particular, on the radius of the effective interaction b and constant A.

For the following calculations, it is necessary to perform the transition from quantities σ_l to the CV ρ_k through the functional representation for operators of the spin density oscillation modes

ρ̂_k = ( √ N)^{−1} ∑ l σ_l exp(−ikl).

Here N is the number of particles in the system. The detailed procedure of this transition is described in works [12, 2]. We use also the parabolic approximation of the Fourier transform of the interaction potential in the form

Φ(k) = { Φ(0)(1 − 2b^2k^2), k ≤ B_0, Φ_0 = Φ(0)Φ̄, B_0 < k ≤ B, (2) where B = π/c is the boundary of the Brillouin half-zone, and the quantity B_0 = B/s_0 and s_0 ≥ 2 is the starting division parameter. This parameter defines the boundary of the region, where the parabolic approximation of the interaction potential is valid. The quantity Φ̄ is the constant and Φ(0) = 8πA(b/c)^3, where c is the lattice constant [13]. We begin the calculation with partition function [14, 13] Z ∝ ∫ (dρ)^N_0 (dω)^N_0 exp [ 1 2 β ∑ k∈B_0 (Φ(k) − Φ_0)ρ_kρ_{−k} ]

× exp(2πi ∑ k∈B_0 ρ_kω_k)Z(ω). (3)

Here β = 1/kT and k is the Boltzmann constant. The quantity

Z(ω) = exp { ∑ n≥0 [ (−2πi)^n n! N^{1−n/2}

×M_n(h^′) ∑ k∈B ω_{k1} ...ω_{kn} δ_{k1 +...+kn} ] } (4) is the the cumulant expansion of the Jacobian of transition from the set of the spin variables σ_l to the set of CV ρ_k, where δ_{k1 +...+kn} is the Kronecker symbol. The coefficients M_n are defined with help of the relations:

M_0 = ln cosh h^′, M_n =

∂^nM_0 ∂h^{′n} . (5)

The integer even values of the quantity n in formulas (4) and (5) determine the choice of the effective potential (models ρ^4, ρ^6, etc), which will be used for the description of the system. The value n = 0 corresponds to the mean-field approximation, and at n = 2, we have Gauss distribution of the fluctuations in the system. The odd degrees of CV appear as result of the presence of an external field. In this work, the calculations are carried out employing the simplest non-Gaussian model with n = 4. The results allow one to take into account long-range interactions, which determine the critical behaviour of the system. It should be noted, that the variable ρ_0, which corresponds to the zero value of the wave vector, is crucial in the forming of the partition function (3). The average value of this quantity is the order parameter of the system [2].

For the integration of (3), one should pass to the following field variables by performing the substitution:

ρ_l = ( √ N_0)^{−1} ∑ k∈B_0 ρ_k exp(ikl),

ω_l = ( √ N_0)^{−1} ∑ k∈B_0 ω_k exp(−ikl), where N_0 = Ns^{−3}_0 . In this case, the partition function takes on the form [13]:

Z = Z_0j_0 ∫ (dρ)^N_0 (dω)^N_0 exp [ 1 2 β ∑ k∈B_0 (Φ(k) − Φ_0)ρ_kρ_{−k} ]

× ∏ l I_l(ρ_l). (6)

The vector l varies in the volume of periodicity V = N_0c^3_0, where c_0 = s_0c, and Z_0 = 2^N exp [N( 1 2 βΦ_0 + M_0)], j_0 = √ 2^{N0−1}.

It should be noted, that the variable ω_l can be interpreted as the scalar field, which is similar to the Habbard-Stratanovich field. Within the frames of the quartic model, the integrals I_l(ρ_l) is defined by the expression

I_l(ρ_l) = 1 π √ 2 e^{−a′′h} ∫ dω_l exp[2πiρ_l( ω_l π √ 2 − i s^{d/2}_0 h^′ 2π )] × exp[ω^2_l − c^{′′}_hω^4_l ]. (7)

Here a^{′′}_h = s^d_0h^{′2}/2 and c^{′′}_h = s^{−d}_0 (1−4h^{′2}). We perform also the substitution of variables to cancel the cubic term in the cumulant expansion. The coefficients in the exponent expression are approximated by power series in field variable to h^{′2}. This approximation is quit precise, since in the vicinity of the critical point, the maximum values of the field are of order of 0.01. Such values of the field correspond to the real fields, which are commensurate with fields of the order parameter saturation of the ferromagnetic materials. We will find the result of the integration of the expression (7) in the form

K_l(ρ_l) = e^{a0} exp [ − 4∑ n=1 a_n n! ρ_l ] , (8)

where the coefficients a_n are defined using the condition

∂^nI_l ∂ρ^n_l | | | | |_{ρl=0} =

∂^nK_l ∂ρ^n_l | | | | |_{ρl=0}.

Since the quantity c^{′′}_h ≪ 1, we present the integrand of the (7) by the power series in the quartic term. Such an approximation is used only in the space of variables ρ_l. For the coefficients a_n, we have

a_0 = ln( √ π(1 − 3 4 c^{′′}_h)), a_1 = −s^{d/2}_0 h^′, a_2 = 1 − 3c^{′′}_h,

a_3 = 0, a_4 = 6c^{′′}_h. (9)

In the space of the variables ρ_k, the partition function takes on the form:

Z_0 = Z_0j_0(π √ 2)^{−1}e^{(−a′′h +a0)N0} ∫ (dρ)^{N0} exp[−a_1 √ N_0ρ_0 − 1 2 ∑ k∈B_0 d(k)ρ_kρ_{−k} − a_4 4!N_0 ∑ k∈B_0 ρ_{k1} ...ρ_{k4} δ_{k1 +...+k4} ], (10) where d(k) = a_2 + βΦ_0 − βΦ(k). The presence of the external field is represented only by the linear term in the exponent of the expression (10). It should be stressed that the same result is valid for the models with n = 6, 8, .... The field dependence of other coefficients is very weak in comparison to coefficient in the linear term.

The partition function (10) is starting point to perform the "layer-by-layer" integration with using RG transformations for the quantities a_n. Beginning the integration from the variables ρ_k with large values of k, we divide the the phase space of the CV ρ_k into the layers with the division parameter s. In each nth layer (where B_{n+1} < k < B_n, B_{n+1} = B_n/s) the Fourier transform of the potential Φ(k) is replaced by its average value. Such an approximation corresponds to the LPA in the Wilson-Polchinskii nonperturbative theory [3]. The detail description of this procedure is given in the paper [13]. The result of the integration can be represented by the expression

Z = Z_0Q_0Q_1...Q_n[Q(P^{(n)})]^{Nn+1} I_{n+1}, (11)

where Q_0 = [(π √ 2)^{−1}e^{−a′′}h^{+a0} Q(d)]^{N0} , and quantities

Q_n = [Q(P^{(n−1)})Q(d_n)]^{Nn} (12)

are the partial partition functions of the nth block lattice. Here

Q(P^{(n−1)}) = (2πP^{(n−1)}_2 )^{− 12} ( 1 − 3 4 G^{(n−1)} ) , Q(d_n) = ( 24 a^{(n)}_4

) 1_4

γ_1 ( 1 − γh^{(n)}_2 ) (13)

as well as P^{(n−1)} 2 = ( 24 a^{(n−1)} 4 ) 1_2 γ ( 1 + t_2h^{(n−1)}_2 ) , G^{(n−1)} = s^{−d}G_0(1 + G_2h^{(n−1)}_2 ),

h^{(n)}_2 = √ 6 d_n(B_n, B_{n+1})

(a^{(n)}_4 )^{1/2}

. (14)

The quantities γ, γ_1, G_0, t_2 and G_2 do not depend on the field. They are given in [13]. The coefficient

d_n(B_n, B_{n+1}) = d_n(0) + qs^{−2n}

is defined through the value, which related to the interaction potential βΦ(B_n, B_{n+1}) averaged on the interval k ∈ B_n\B_{n+1}. As result, we have

d_n(k) = a^{(n)}_2 + βΦ(B_n, B_{n+1}) − βΦ(k). (15)

Here q = q̄βΦ(0) and q̄ = (bπ/c)^2s^{−2}_0 (1 + s^{−2}). The integral I_{n+1} in the formula (11) has the following form:

I_{n+1} = ∫ (dρ)^N_{n+1} exp { −a^{(n+1)}_1 √ N_{n+1}ρ_0 − 1 2 ∑ k∈B_{n+1} d_{n+1}(k)ρ_kρ_{−k}

− a^{(n+1)} 4 4!N_{n+1} ∑ k∈B_{n+1} ρ_{k1} ...ρ_{−k4} δ_{k1 +...+k4} } . (16)

The coefficients a^{(n+1)}_l are defined by the recurrent relations (RR)

a^{(n+1)}

1 = s^{d/2}a^{(n)}_1

a^{(n+1)}

2 = f_{00}(a^{(n)}_4 )^{1/2}(1 + α_2h^{(n)}_2 )

a^{(n+1)}

4 = s^{−d}f_{01}a^{(n)}_4 (1 + α_4h^{(n)}_2 ), (17)

obtained as result of the RG transformations. The quantities α_2, α_4, f_{00} and f_{01} are given in [13]. Due to the presence of the field, we obtain l + 1 RR for the models ρ^{2l}, where l = 1, 2, 3... Performing the transformation ρ_k = sρ^′_k, introducing the notation ω_n = s^na^{(n)}_1 , r_n = s^{2n}d_n(0), u_n = s^{4n}a^{(n)}_4 and taking into account the expression for h^{(n)}_2 in (14), the equation (17) can be written in the matrix form ω_{n+1} − ω^∗ r_{n+1} − r^∗ u_{n+1} − u^∗ = R_{11} 0 0 0 R_{22} R_{24} 0 R_{42} R_{44} ω_n − ω^∗ r_n − r^∗ u_n − u^∗ , (18)

where R_{11} = s^{d+2}2 , R_{22} = s^2f_{00}α_2 √ 6, R_{24} = s^2f_{00}u^{∗−1/2}, R_{42} = sf_{01}α_4 √ 6u^{∗1/2} and R_{44} = sf_{01}. The quantities w^∗ = 0, r^∗ = −q and u^∗ = q(1 − s^{−2})/f_{00} are the fixed point coordinates. For parameter s, there exists a preferred value s = s^∗, which is determined by condition h^{(n)}_2 = h^{(n+1)}_2 = 0.

3 RR Solutions. Scaling Region.

The fixed point is associated with the phase transition point, since in this case, the fluctuations become infinitely large, and it is necessary to perform infinite number of iterations for system description. But at the fixed values of the field h^′ and reduced temperature τ = (T − T_c)/T_c, this number become finite. Thus, one can linearize the RR (17) in the case of the small deviations from the fixed point and find the coefficients of the nth block structure through their initial values (9). Hence, one can find the eigenvalues and eigenvectors of the RG matrix and write down the solutions of the equation (18) in the following form:

ω_n = ω^∗ − s^{d/2}_0 h^′E^n_1 ,

r_n = r^∗ + c^{(0)}_{k1} βΦ(0)τE^n_2 + c_{k2}T^{(0)}_{24} (φ^{1/2}_0 βΦ(0))^{−1}E^n_4 ,

u_n = u^∗ + c^{(0)}_{k1} (βΦ(0))^2T^{(0)}_{42} φ^{1/2}_0 τE^n_2 + c_{k2}E^n_4 . (19)

Here E_1 = 20.98, E_2 = 7.37, E_4 = 0.4 are the eigenvalues of the RG matrix, T^{(0)}_{24} = u^{∗1/2}R_{24}(E_4 − R_{22})^{−1}, T^{(0)}_{42} = u^{∗−1/2}R_{42}(E_2 − R_{44})^{−1}. The coefficients c^{(0)}_{k1} and c_{k2} are expressed by relations

c^{(0)}_{k1} = [ 1 − Φ̄ − q̄ − T^{(0)}_{24} u_0φ^{−1/2}_0 (βΦ(0)β_cΦ(0))^{−1}

−T^{(0)}_{24} φ^{1/2}_0 ] × [ 1 − T^{(0)}_{24} T^{(0)}_{42} ]_{−1} , c_{k2} = [ u_0 − u^∗ − T^{(0)}_{42} φ^{1/2}_0 βΦ(0)(r_0 − r^∗) ]

× [ 1 − T^{(0)}_{24} T^{(0)}_{42} ]_{−1} , where φ_0 = (q̄(1 − s^{∗−2})/f_{00})^2. These values do not depend on the field.

Using the linearity condition for relations (19), we define the number n of the iterations. This is so-called scaling region, which is defined by the values of the field h^′ and temperature τ. The deviations from the fixed point are formed mainly in the first two equations of the system (19), since in the last equation for u_n, the coefficient near the quantity τE^n_2 is small in comparison to the coefficient near the same quantity in the equation for r_n. Taking into account above mentioned condition, we write down the equation

(−s^{d/2}_0 h^′E^{np+1}_1 )^2 + (c^{(0)}_{k1} τβΦ(0)E^{np+1}_2 )^2 = r^{∗2}, (20)

which allows us to find the number n_p of the "layer-by-layer" integrations. The definition of the quantity n_p = n_p(τ, h^′) as function of the field and temperature is essential for investigating the crossover between temperaturedependent and field-dependent critical behaviour of the system. Indeed, this number determines the size of the block structure, which is commensurate with correlation length. Equality of the terms in the left side of the equation (20) corresponds to the state of the system in the vicinity of the line determined by relation τ ∝ h^{1βδ} , (21)

where β and δ are the critical exponents of the order parameter. In this case, the field and temperature equally influence on the forming of the critical behaviour of the system.

4 Universal and Nonuniversal characteristics of System

In the high-temperature region, the partition function is represented as

Z = Z_0Q_0Q_1...Q_{np} Q_{np+1}[Q(P^{(n+1)})]^{Nnp+1} I_{np+2}. (22)

It should be noted, that in comparison to (9), the expression (22) contains additional partial partition function Q_{np+1}. Its presence is related with performing the additional step of integration. Such an integration is carried out for reaching the dominant value of the coefficient d_{np+2} in comparison to other coefficients in I_{np +2} for any k ≠ 0, where k ∈ B_{n+2} (see (16)). Thus, for these values of the wave vector, we perform the integration with respect to the collective variables in the Gauss approximation.

Using the partition function (22), we represent the system free energy as

F = F_{k≠0} + F_{k=0}. (23)

The second term in this expression is related to the integration of the quantity

I^{(0)}_{np +2} = ∫ (dρ_0) exp [ N^{1/2}h^′ρ_0 − 1 2 d_{np+2}(0)ρ^2_0 − 1 4! a^{(np+2)} 4 N^{−1}_{np+2}ρ^4_0 ] (24)

with respect to the variable ρ_0 using the steepest-descent method. As was mentioned above, this variable corresponds to the order parameter and forms the main contribution to the free energy of the system. Using the substitution of variables ρ_0 = √ Nρ̄_0 and the maximum condition for the expression in the exponential function (see (24)) by differentiating with respect to the variable ρ̄_0, we find the root of the cubic equation in the form

ρ̄_0 = σ_0s^{− np +12} . (25)

The choice of the valid root is based on the free energy minimum condition. The term F_{k=0} is defined by expression F_{k=0} = −NkT s^{−3(np+1)} [ h^′σ_0E^{np+1}_1 − 1 2 r_{np+2}s^{−2}σ^2_0 − 1 4! s^d_0s^{−1}u_{np +2}σ^4_0 ] . (26)

The expression (25) for ρ̄_0 describes the order parameter behaviour and can be interpreted as equation of state.

For another term in the right side of (23), we have the relation F_{k≠0} = −NkT [ ln cosh h^′ + l_0 + l_2h̃^2

+l_3τ̃ + l_4τ̃^2 + l^{(0)}_{1T e}s^{−3(np +1)} ] , (27)

which is the result of the integration with respect to the variables related with nonzero values of the wave vector. Here, the coefficients l_0 , l^{(0)}_{1T e}, l_2, l_3 and l_4 are independent of the field [15], h̃ = h^′/q̄, τ̃ = c^{(0)}_{k1} τ/q̄. The contribution (27) is small in comparison to F_{k=0}. Indeed, its magnitude depends on the accuracy of the integration. With increasing the accuracy of the calculations, this contribution vanishes. It is physically grounded, since as result of the RG transformations, we deals with larger lattice structure, which exhibits the properties of the previous smaller ones. Thus, the result of the last integration with respect to the variable ρ_0 should represent the properties of the whole system. In the figure 1, the average value of the variable ρ_0 and order parameter obtained by differentiating the free energy F with respect to the field as functions of the field are represented. As one can see, the difference between these quantities is neglible small. The result for the order parameter agrees with the data obtained by the Monte-Carlo simulations [16]. Some deviation in the strong field region is explained by the insufficient accuracy of the model ρ^4. As has been shown in the similar investigations in the absence of the field, the better results can be obtained with using the higher approximations for the effective potential, in particular, ρ^6 model [14, 17, 18].

Thus, the expression (26) represents the total free energy of the system obtained using the sequential mathematical transformations starting from the Hamiltonian (1). The relation (25) is the equation of state, which is valid in the whole h-T plane.

In the case of h = 0, taking into account the solution of (20) for n_p, the free energy takes on the form:

F_{k=0} = −NkT Rτ̃^{3ν} , (28)

where R is the sum of the last two terms in (26). The critical exponent of the correlation length satisfies the relation ν = ln s^∗ ln E_2

≈ 0.61. (29)

The equation of state (25) is transformed into expression

ρ̄_0 = σ_0τ̃^{ν2} . (30)

At T = T_c, the second term in the (20) disappears. In this case, the free energy can be written down as

F_{k=0} = −NkT R^′h̃^{′ 6δ} , (31)

where R^′ = σ_0r^∗/s^{d/2}_0 − r^∗s^{−2}σ^2_0 /2 − s^d_0s^{−1}u^∗σ^4_0/4! and h̃^′ = h^′s^{d/2}_0 /r^∗. Correspondingly to (25), the equation of state has the form

ρ̄_0 = σ_0h̃^{′ 1δ} . (32)

The critical exponent of the order parameter takes on the value δ = 5. Within the frames of the LPA of Wilson-Polchinskii theory, the values of critical exponents of the correlation length and order parameter are ν = 0.6895 and δ = 5 respectively [9] (one of the best estimates for the exponent of the correlation length is ν = 0.63002 [19]). Using the expression (26) for the free energy, we calculate also the system susceptibility χ. In the figure 2, it is shown the dependence of this characteristic on the temperature for different values of the field. The maximums of sussepibility are located at the value of the scaling variable σ_m = τ_m/h^{1/βδ} ≈ 0.77. The same quantity in the mean-field approximation takes on the value ≈ 0.8255 [20].

5 Conclusions

The general description of the 3D Ising-like system in the external field by the CV method is represented. The approach is nonperturbative and can be used for the various systems, for which the perturbative methods are not quit appropriated. It allows one to calculate macroscopic characteristics of the system derived from the microscopic quantities. The investigations are performed in the whole h-T plane of the critical region. The main advantage of the CV approach in comparison to others is the absence of any phenomenological assumptions and adjusting parameters. All calculations are carried out on the microscopic level.

Using the coarse-graining procedure, we obtain the explicit analytic expressions for the free energy and order parameter of the system. It is established, that the contribution related to the ρ_0 variable exhibits the properties of the total system. Another part corresponding to the nonzero values of the wave vector is essentially small and depends on the accuracy of the integration. The crossover to the limit cases (h = 0, T ≠ T_c) and (h ≠ 0, T = T_c) is demonstrated. The critical exponents of the order parameter and correlation length are calculated. The dependence of the order parameter as function of the external field is plotted. The result agrees with the result, obtained by Monte-Carlo simulations, in the weak-field and crossover region. Some deviations in the region of the strong fields can be explained by the quartic approximation of the effective potential. In order to obtain more accurate results, it is necessary to employ the approximations with n = 6, 8, ... The system susceptibility is calculated and plotted as function of the temperature for different values of the field. We investigate the maximum location of this function. It is shifted to the region of the stronger fields in comparison to result obtained using the mean-field approximation [20].

The investigations can be extended to the model with the n-component order parameter as it was shown in [21] in the case of the absence of the field. The proposed approach permits one to study also the systems with limit number of the particles.

References

[1] A. Pelissetto, E. Vicari, Phys. Reports 368, 549 (2002). [2] I.R. Yukhnovskii, Phase Transitions of the Second Order. Collective Variables Method, (World Scientific, Singapore, 1987).

[3] J. Berges, N. Tetradis, C. Wetterich, Phys.Rep. 363, 223 (2002). [4] V. Tetradis, C. Wetterich, Nucl. Phys. B 422 [FS], 541 (1994). [5] K.G. Wilson, J. Kogut, Phys.Rep. 12, 75 (1974).

[6] M.P. Kozlovskii, I.V. Pylyuk and Prytula O.O, Ferroelectrics 317 (2005) 43. [7] M.P. Kozlovskii, I.V. Pylyuk and Prytula O.O, Phys. Rev. B (2006) (in press).

[8] R. Guida, J. Zinn-Justin, Nucl. Phys. B 489, 626 (1997). [9] M.M. Tsypin, Nucl. Phys. B 636, 601 (2002).

[10] K. Rummukainen, M. Tsypin, K. Kajantie, M. Laine, M. Shaposhnikov, Nucl. Phys. B 532, 283 (1998).

[11] K. Kajantie, M. Laine, K. Rummukainen, M. Shaposhnikov, Phys. Rev.

Lett. 77, 2887 (1996).

[12] I. R. Ykhnovskii, Riv. Nuovo Cimento 12, 1 (1989) [13] M.P. Kozlovskii, Condens. Matter Phys. 8, 473 (2005). [14] I.R. Yukhnovskii, M.P. Kozlovskii, I.V. Pylyuk, Phys. Rev. B 66, 134410 (2002).

[15] M.P. Kozlovskii, I.V. Pylyuk, O.O. Prytula, Preprint of the Institute for Condensed Matter Physics, ICMP–04–03U, Lviv, 32 p (2004) (in Ukrainian).

[16] M.M. Tsypin, Phys. Rev. Lett. 73, 2015 (1994).

[17] I.R. Yuhnovskii, I.V. Pylyuk, M.P. Kozlovskii, J. Phys.:Condens. Matter 14, 11701 (2002).

[18] I.R. Yuhnovskii, I.V. Pylyuk, M.P. Kozlovskii, J. Phys.:Condens. Matter 14, (2002) 10113 .

[19] M. Campostrini, A. Pelissetto, P. Rossi, E. Vicari, Phys. Rev. E 60, 3526 (1999).

[20] Millev Y. T., Fähnle M., Whitaker M. A. B., J. Magn. Magn. Mater. 152, 239 (1996).

[21] Usatenko Z. E., Kozlovskii M. P., Phys. Rev. B 62, 9599 (2000).

Figure 1: The order parameter of the system as function of the external field at τ = 5 · 10^{−3}.

Figure 2: The system susceptibility as function of the temperature for different values of the field.