ȷURNAL F�ZIQNIH DOSL�DȷEN^ t. 2, ˝ 3 (1998) s. 401–408

JOURNAL OF PHYSICAL STUDIES v. 2, No. 3 (1998) p. 401–408

ON SPIN WAVES IN U_3Sb_4

Cz. Oleksy Instytut Fizyki Teoretycznej Uniwersytetu Wrocławskiego, Pl. Maksa Borna 9, 50–204, Wrocław, Poland (Received February 8, 1998; received in final form April 24, 1998)

The spin wave excitations in the magnetic structure of U3Sb4 are analysed using the Onufrieva method. This analysis removes the difficulty noted in earlier works with negative magnon energies. The calculations were performed for spin S = 1 along some lines of the Brillouin zone.

Key words: Heisenberg model, magnetic phase transitions, spin waves.

PACS number(s): 75.10.Jm, 75.30.Kz, 75.30.Ds

I. INTRODUCTION

Physical properties of magnetically ordered uranium compounds with the Th_3P_4–crystal structure have been attracting experimental attention for 35 years [1–11]. These materials are highly anisotropic and their ordered phases are complicated multi–axial structures. U_3P_4 and U_3As_4 were found [8] to be non–collinear three–axial ferromagnets in agreement with the earlier theoretical prediction [12,13]. Recent neutron diffraction experiment on U_3Sb_4 and U_3Bi_4 [11] defined their magnetic structures to be collinear with two magnetic sublattices.

The multi–axial structures with single–ion crystal field anisotropy and exchange interaction presented a serious theoretical problem. The first effective spin model proposed by Przystawa [14,15] described only non–collinear ordered structure. Symmetry analysis of possible magnetic interactions (see e.g., [16]) have revealed the existence of an unusual type of the exchange anisotropy in these perfect cubic structures. The Heisenberg– type model with competitive exchange anisotropy and crystal field anisotropy interactions has been used to study ground–state phase diagrams [9], phase transitions [10,17], and spin–wave excitations [18]. A good agreement with experimental data can be achieved if competitive interactions are strong enough and of comparable magnitude [10]. The description of spin waves in a collinear phase of U_3Sb_4 is a very difficult problem. Some energy excitations calculated in the harmonic approximation become negative [18]. This is due to a large spin fluctuations caused by the crystal field interaction [19], thus higher order anharmonic terms in bosonic operators should be accounted for. However in case of U_3Sb_4 the crystal field anisotropy cannot be treated as small with respect to exchange interaction [10]. In this paper we use an alternative method, proposed by Onufrieva [20–22], to study the energy excitations in U_3Sb_4. In this method the spin operators are replaced by the SU(2S+1) Lie algebra generators in order to diagonalize the single– ion part of the Hamiltonian via unitary transformation. Next the quasi–particle idea is introduced by using generalized Holstein–Primakoff (or Dyson) transformation.

II. CRYSTAL AND MAGNETIC STRUCTURE OF U3X4

All the U_3X_4 compounds crystallize in the body centred cubic structure of Th_3P_4 with the cubic space group I¯43d – Td^6. Magnetic structures of these compounds can be described by six spin vectors S_1, . . . , S_6 situated at uranium ions positions in the crystallographic unit cell:

r_1 = (^3_8 , 0,^1_4 ), r_2 = (^1_8 , 0,^3_4 ), r_3 = (^1_4 ,^3_8 , 0),

r_4 = (^3_4 ,^1_8 , 0), r_5 = (0,^1_4 ,^3_8 ), r_6 = (0,^3_4 ,^1_8 ). (1)

Landau analysis of the phase transitions in U_3X_4 [23,24] predicted two ferromagnetic spin structures. The first is a noncollinear six–axial structure

S_1 = u v w , S_2 = u w v , S_3 = w u v ,

S_4 = v u w , S_5 = v w u , S_6 = w v u

(2)

with the resulting magnetic moment along the [111] direction. This type of structure (with w = v) was determined in [8] for U_3P_4 and U_3As_4.

The second possible structure is :

S_1 = 0 −γ ρ , S_2 = 0 γ ρ , S_3 = γ 0 ρ ,

S_4 = −γ 0 ρ , S_5 = S_6 = 0 0 σ , (3)

i.e., the structure with the resulting magnetic moment along the [001] direction. This structure with γ = 0 was determined recently in neutron diffraction experiment [11] for U_3Sb_4 and U_3Bi_4. The same magnetic structure as eq. (2) and eq. (3) has been recently obtained in the first–principle calculation [25–27].

The difference between theoretical prediction and experimentally determined magnetic structure has been explained [16,24] by discussing the contributions to the Landau potential coming from “exchange forces” and “relativistic forces” [28]. The latter are assumed to be weak. Neglecting relativistic terms in the Landau potential leads to structure (2) with w = v and structure (3) with γ = 0. This indicates that relativistic corrections to magnetic structures are very small. It was confirmed experimentally [11] for U_3Sb_4 where finding the deflection of magnetic moments from the [001] direction was beyond the experimental possibilities. In further analysis we shall also neglect the relativistic forces mainly in order to simplify this complicated calculation.

III. THE MODEL HAMILTONIAN

A model Hamiltonian to describe the magnetically ordered state of uranium compounds was constructed by making use of the symmetry analysis and Landau theory of the phase transition (for more details see Ref. [16]).

It contains spin–spin interactions of the following type: (1) the nearest–neighbour exchange interactions, (2) the crystal–field single–ion term, and (3) the nearest– neighbour “exchange–type” anisotropy.

H = H_I + H_{CF} , (4)

H_I = − 1 2 ∑ i,j ∑ g_i ,g_j ∑ α J^{αα}_{gigj} S^α_{gi} S^α_{gj} (5)

where

S^α_{gi} is the αth component of the spin operator at the g–th site in the sublattice (i=1,2, . . .,6)

J^{αα}_{gigj} is the anisotropic interaction tensor, H_{CF} is the crystal field Hamiltonian, viz. H_{CF} = −D ∑ i,g_i Q̂_{gi} (6)

where

Q̂_{gi} =

(S^x_{gi} )^2 for i = 1, 2 (S^y_{gi} )^2 for i = 3, 4 (S^z_{gi} )^2 for i = 5, 6 .

The exchange interaction tensor can be specified as

J_{ii} = 0 for i = 1, 2, . . ., 6,

J_{12} = J_{34} = J_{56} = 0,

J_{13} = J_{14} = J_{23} = J_{24} =

J 0 0 0 J 0 0 0 K ,

J_{15} = J_{16} = J_{25} = J_{26} =

J 0 0 0 K 0 0 0 J ,

J_{35} = J_{36} = J_{45} = J_{46} =

K 0 0 0 J 0 0 0 J .

It is worth noting that our Hamiltonian contains bilinear exchange type anisotropy compatible with the cubic symmetry of the crystal. It is generally believed that cubic symmetry excludes any bilinear anisotropy of the exchange type. The Th_3P_4 structure, however, due to the special positions occupied by magnetic ions, breaks this rule and allows such an anisotropy to be present.

IV. MEAN–FIELD APPROXIMATION

We start the analysis of magnetic structure described by the model Hamiltonian, eq. (4), using the Molecular Field Approximation (MFA). In the MFA Hamiltonian the crystal field term is treated exactly and exchange type terms are linearized by introducing the effective field n_i acting on the magnetic ions on the sublattice i H̃ = H_{CF} − ∑ i,g_i,α n^α_i S^α_{gi} . (7)

Numerical calculation of the sublattice magnetisation m_i = ⟨S_i⟩ performed for the spin S = 1 and the positive crystal field constant D at the temperature T = 0 leads to two solutions. (1) The C–structure

m_1 = m_2 = (u_c, v_c, v_c),

m_3 = m_4 = (v_c, u_c, v_c), (8)

m_5 = m_6 = (v_c, v_c, u_c).

This is the structure described by eq. (2) with w = v. (2) The L–structure

m_1 = m_2 = m_3 = m_4 = (0, 0, v_L), (9)

m_5 = m_6 = (0, 0, u_L),

which corresponds to structure (3) with γ = 0. It would be possible to obtain exactly the same magnetic struc-

ON SPIN WAVES IN U3Sb4

tures as those in Section II by the inclusion into the Hamiltonian eq. (4) of a“broken” Dzialoshinsky–Moriya term [16] allowed by the symmetry.

The phase diagram at T = 0 presented in fig. 1 shows that the L–structure is stable when the amplitudes of anisotropic exchange interaction κ = K/J and the crystal field anisotropy d = D/2J are of comparable magnitude. It is worth noting that for negative values of d the third solution with a planar magnetic structure is possible [17].

Fig. 1. The phase diagram at T = 0. L and C denote ordered phases.

Fig. 2. Reduction of magnetisation on sublattice 1 as a function of d for two values κ = 2, 3. The lower part of each curve corresponds to the magnetisation in the L–structure.

The presence of the crystal field anisotropy determines that sublattice magnetisations do not saturate, i.e. m_i < 1, in the C–structure and in the L–structure on sublattices 1, . . ., 4. The reduction of magnetisation increases with the crystal field constant (see fig. 2) and it is high for the L–structure, e.g., at the point κ = 3 and d = 12.5 the magnetisation m_1 = 0.7 is reduced by 30%. We think this is the main reason that the harmonic spin wave approximation does not work in U_3Sb_4.

V. SPIN WAVE APPROACH TO U3 SB4

It is known that in the presence of single–ion anisotropy in the spin Hamiltonian the standard Holstein–Primakoff (H–P) or Dyson transformations may lead to unphysical results [19]. One way to remove this trouble is taking into account higher order anharmonic terms in the bosonic Hamiltonian. However, such an approach is limited to small single–ion anisotropy constants in comparison with the exchange constants. The other way, proposed by Onufrieva [20–22], replaces the spin operators in a Hamiltonian by the SU (2S + 1) Lie algebra generators in order to diagonalize the single–ion part of the Hamiltonian via a unitary transformation. Then, the quasi–particles idea is used by properly introducing a generalized Holstein–Primakoff (Dyson) transformation. The latter describes excited states by 2S independent bosonic operators. In this approach there is no limitation in the magnitude of the anisotropy constant.

In earlier work [18] we demonstrated that magnon excitations in non–collinear magnets U_3P_4 and U_3As_4 can be studied by making use of a standard H–P transformation, particularly for the spin S ≥ 2. On the other hand, this method leads to unphysical results in case of the collinear magnet U_3Sb_4 for any value of the spin S. It has been recently shown [29] that introducing the Dzialoshinski–Moriya like term to Hamiltonian leads to small noncollinearity in the ground state solutions in agreement with results of symmetry analysis [24] as suggested by Sandratskii and Kübler [27]. However, in this case the magnon excitations described by the standard H–P transformation are also unphysical. Our results obtained in the MFA show that in the case of U_3Sb_4 the value of the single–ion anisotropy D is larger than the exchange interaction constants J and K (see fig. 1). Therefore we shall use here the method proposed by Onufrieva [20–22] for the spin S = 1, and our analysis of energy excitations will be performed for U_3Sb_4.

There are 8 independent operator of the SU(3) algebra, S^z , S^±, O^0, O^{±1}, O^{±2},

S^± = ∓ 1 √ 2 (S^x ± iS^y ), O^0 = (S^z )^2 − 2 3 I, O^{±1} = −(S^z S^± + S^±S^z ), O^{±2} = (S^±)^2.

The matrix form of these operators can be written as

S^z =

1 0 0 0 0 0 0 0 −1

, S^+ =

0 −1 0 0 0 −1 0 0 0 , S^− = 0 0 0 1 0 0 0 1 0 , (10)

O^0 = 1 3 1 0 0 0 −2 0 0 0 1

, O^1 =

0 1 0 0 0 −1 0 0 0 , O^{−1} = 0 0 0 −1 0 0 0 1 0 , (11)

O^2 =

0 0 1 0 0 0 0 0 0 , O^{−2} = 0 0 0 0 0 0 1 0 0 . (12)

We divide the Hamiltonian (4) into single–ion and interaction parts by introducing δS^α = S^α − ⟨S^α⟩. (13) Then using the SU (3) generators the Hamiltonian can be written as

H = E_0 + H_0 + H_{int}, (14)

where

H_0 = − ∑ i H_{0i}, H_{0i} = − ∑ f_i ( h_iS^z_{fi} + c_iO^0_{fi} + g_i(O^{−2}_{fi} + O^2_{fi} ) ) , (15)

H_{int} = − 1 2 ∑ i,j ∑ f_i ,f_j ∑ α,β J̃^{αβ}_{fifj} δS^α_{fi} δS^β_{fj} . (16)

According to the MFA solution (9) corresponding to the U_3Sb_4 case we can assume ⟨S^±⟩ = 0 obtaining

h_1 = h_2 = 2K(⟨S^z_3 ⟩ + ⟨S^z_4 ⟩) + 2J(⟨S^z_5 ⟩ + ⟨S^z_6 ⟩),

h_3 = h_4 = 2K(⟨S^z_1 ⟩ + ⟨S^z_2 ⟩) + 2J(⟨S^z_5 ⟩ + ⟨S^z_6 ⟩),

h_5 = h_6 = 2J(⟨S^z_1 ⟩ + ⟨S^z_2 ⟩ + ⟨S^z_3 ⟩ + ⟨S^z_4 ⟩), (17)

c_i = − 1 2 D for i = 1, . . . , 4, c_5 = c_6 = D,

g_1 = g_2 = 1 2 D, g_3 = g_4 = − 1 2 D, g_5 = g_6 = 0,

J̃^{++}_{15} = J̃^{−−}_{15} = 1 2 (J − K), J̃^{++}_{35} = J̃^{−−}_{35} = − 1 2 (J − K), J̃^{+−}_{15} = J̃^{+−}_{35} = − 1 2 (J + K), J̃^{−+}_{13} = −J, J̃^{−−}_{13} = J̃^{++}_{13} = 0, J̃^{zz}_{15} = J̃^{zz}_{35} = J, J̃^{zz}_{13} = K.

ON SPIN WAVES IN U3Sb4

The remaining elements can be obtained from the symmetry of the tensor J̃: J̃^{αβ}_{2iq} = J̃^{αβ}_{2i−1q}, J̃^{αβ}_{pq} = J̃^{βα}_{pq} = J̃^{αβ}_{qp} ,

J̃^{αβ}_{pp} = 0 J̃^{z±}_{pq} = 0.

The single–ion Hamiltonian can be easily diagonalized via transformations Ψ_p, where p = 1, 2, 3, 4 denotes the sublattice number:

H_{0p}(ϕ_p) = Ψ_pH_{0p}Ψ^{−1}_p , (18)

where

Ψ_p = cos ϕ_p 0 sin ϕ_p

0 1 0 − sin ϕ_p 0 cos ϕ_p . (19)

These transformations change the operator A into A(ϕ_p) = Ψ_pAΨ^{−1}_p which can be expressed in terms of the SU (3) generators. Thus, the operators occurring in Hamiltonian (18) have the following representation:

O^0(ϕ_p) = O^0, (20)

S^±(ϕ_p) = S^± cos ϕ_p + O^{∓1} sin ϕ_p, (21)

S^z (ϕ_p) O^2(ϕ_p) O^{−2}(ϕ_p) = R_p S^z O^2 O^{−2} , (22)

where

R_p = cos 2ϕ_p − sin 2ϕ_p − sin 2ϕ_p 1 2 sin 2ϕ_p cos^2 ϕ_p − sin^2 ϕ_p 1 2 sin 2ϕ_p − sin^2 ϕ_p cos^2 ϕ_p . (23)

Now the sublattice Hamiltonian can be written as

H_{0p}(ϕ_p) = − ∑ f_p ( h̃_pS^z_{fp} + c_pO^0_{fp} + g̃_p(O^{−2}_{fp} + O^2_{fp} ) )

(24)

where

h̃_p = h_p cos 2ϕ_p + g_p sin 2ϕ_p g̃_p = h_p sin 2ϕ_p − g_p cos 2ϕ_p for p = 1, . . ., 4, (25) h̃_p = h_p, g̃_p = 0 for p = 5, 6. (26)

The off–diagonal terms in Hamiltonian (24) vanish when

g̃_p = 0 for p = 1, . . . , 6. (27)

Mean values of the operators occuring in eqs. (17) will be calculated in the single–ion approximation:

⟨A_p⟩^0 = T r {A_p exp(−H_{0p}/k_BT )} T r {exp(−H_{0p}/k_BT )} . (28)

In the transformed system the mean value ⟨A_p⟩^0_{ϕp} is calculated using eq. (28) with H_{0p}(ϕ_p). Since H_{0p}(ϕ_p) is diagonal then there are only two non–zero mean values:

σ_p = ⟨S^z_p ⟩^0_{ϕp} ,

λ_p = ⟨3O^0_p⟩^0_{ϕp} .

Using the invariance of the trace with respect to unitary transformations the mean values of the operators ⟨A_p⟩^0 in the initial system can be expressed via σ_p and λ_p. It is worth noting that at temperature T = 0 there exist the solution σ_p = 1, λ_p = 1 for p = 1, . . ., 6, which indicate that magnetisation reaches the saturation value in the transformed system. On the other hand the sublattice magnetisations in the initial system

⟨S^z_p ⟩^0 = { σ_p cos 2α for p = 1, . . ., 4 σ_p for p = 5, 6 (29)

do not saturate in the four sublattices.

The solution of the system of equations (27) is the following

ϕ_1 = ϕ_2 = −ϕ_3 = −ϕ_4 = α, (30)

where α is the root of the non–linear equation

(K cos 2α + J) sin 2α − D 8 cos 2α = 0. (31)

Sublattice transformations (19) change the form of the H_{int}(α) which now depends on all generators with the exception of O^0.

The transition from the spin operators to boson operators is performed via non–standard Holstein–Primakoff (or Dyson) transformation [21]. First we express the SU (3) generators in the terms of the Hubbard operators X^{pq} which describe a transition from the single–ion eigenstate |q⟩ of the S^z operator to the eigenstate |p⟩. The matrix representation of X^{pq} has only one element (the pq–element) different from zero. Here the |1⟩ is assumed to be the ground state:

S^− = X^{01} + X^{−10}, S^+ = −X^{10} − X^{0−1}, (32)

S^Z = 1 − X^{00} − 2X^{−1−1}, O^0 = 1 3 − X^{00}, (33)

O^{−1} = −X^{01} + X^{−10}, O^{+1} = X^{10} − X^{0−1}, (34)

O^{−2} = X^{−11}, O^{+2} = X^{1−1}. (35)

The Hubbard operators are expressed by means of two sets of boson operators (a^+, a) and (b^+, b) [21]:

X^{01} = a^+A, X^{−11} = b^+A, X^{00} = a^+a, (36)

X^{−1−1} = b^+b, X^{0−1} = a^+b, where A = √ 1 − a^+a − b^+b. (37)

The a, a^+ and b, b^+ operators can be treated as boson operators only approximately when the number of excited magnons is very small. This limits our discussion of the spin wave excitations to a low temperature region. In constructing the magnon effective Hamiltonian we take into account only the square terms of operators a^+, a, b^+, b. The contribution from H_{int}(α) can be easily obtained by using linearized form of the spin operators:

S^− = a^+, S^+ = −a, O^{−1} = −a^+, O^1 = a, (38)

O^{−2} = b^+, O^2 = b, δS^z = 0.

Finally, we can write the harmonic part of the boson Hamiltonian as

H_{SW A} = ∑ j,f_j (( h̃_j + c_j ) a^+_{fj} a_{fj} + 2h̃_jb^+_{fj} b_{fj} ) + (39)

− 1 2 ∑ i,j ∑ f_i,f_j ( V^{+−}_{ij} a^+_{fi} a_{fj} + V^{−−}_{ij} a_{fi} a_{fj} + U^{+−}_{ij} b^+_{fi} b_{fj} + U^{−−}_{ij} b_{fi} b_{fj} + h.c. ) ,

where couplings V^{αβ}_{ij} and U^{αβ}_{ij} are non–zero only for the nearest neighbours magnetic ions and they fulfil the following symmetry conditions: V^{αβ}_{2ij} = V^{αβ}_{2i−1j}, V^{αβ}_{ij} = V^{βα}_{ji} = V^{−α−β}_{ij} , V^{++}_{13} = 0,

V^{+−}_{13} = −J cos(2α),

V^{+−}_{15} = V^{+−}_{35} = − J + K 2 cos(α) − J − K 2 sin(α),

V^{++}_{35} = −V^{++}_{15} = J − K 2 cos(α) + J + K 2 sin(α),

U^{αβ}_{15} = U^{αβ}_{35} = 0,

U^{+−}_{13} = U^{++}_{13} = Ksin^2(2α).

The diagonalization of the Hamiltonian can be performed via a canonical transformation of bosonic operators [30] similarly to the previous work [18]. By this method the eigenvalues of two matrices 12 × 12 should be calculated. We have solved the problem in two steps. First, the elements of the matrices were calculated algebraically in Reduce and they were saved as Fortran subroutines for further numerical analysis which was performed as the second step.

The results of numerical calculation show that the energy excitations are positive for those values of anisotropy constants (κ = K/J, d = D/2J) which lie inside the wedge of fig. 3. Thus the negative excitation in U_3Sb_4 were obtained in earlier work [18] due to the application of standard spin wave description which is inadequate for this case.

The magnon dispersive curves presented in fig. 4 were obtained for the values κ = 2.9, d = 5.1 used earlier [10] to fit some experimental data for U_3Sb_4. As usual we analysed the dependence of energy excitation ϵ_k = E_k/2J on the wave vector k along some symmetry lines of the Brillouin zone. There are 12 branches, i.e., two times greater than in the standard spin wave approach [18]. The magnons of the b boson operators have a high energy excitation and a weak k–dependency. The lowest energy value is 7.57 for the k–independent branch which is 2–fold degenerated. The remaining branches of these types are located in the top of the diagram and are

ON SPIN WAVES IN U3Sb4

weakly k–dependent. On the other hand the branches corresponding to the a operators have a behaviour similar to the typical spin waves with degeneracy at special points of the Brillouin zone the same as obtained in the earlier work [18].

Fig. 3. Region of model parameters (inside the wedge) where energy excitations are positive.

Fig. 4. Energy spectrum calculated for κ = 2.9, d = 5.1. The symmetry points of the Brillouin zone for the body centred cubic lattice: Γ=(0,0,0), H=2π/a(0,1,0), and N=π/a(1,1,0).

The presence of the energy gap in the spectrum (the lowest branch has non–zero value at the Γ point (see fig. 4)) is important for the temperature dependency of some quantities, e.g., magnetisation, heat capacity. The energy gap depends on the model parameters (d,κ) which is presented in fig. 5.

It is worth emphasizing that transformation (19) which diagonalizes the single–ion Hamiltonian (15) is the crucial step in the proper description of low temperature magnon excitations in the magnetic structure of U_3Sb_4. We checked that the application of the standard Holstein–Primakoff transformation to the transformed Hamiltonian leads to an effective harmonic magnon Hamiltonian the same as a part of H_{SW A} (39) depending on the operators a^+, a. In this way we obtained the same region of positive excitations as indicated in fig. 3 and the energy spectrum as the lower part of the spectrum presented in fig. 4.

Fig. 5. Energy gap as a function of crystal field constant d for κ = 1.5, 2, 3.

VI. DISCUSSION

Using the mean field approximation at temperature T = 0 we demonstrated the role of the crystal field single–ion anisotropy. Its presence does not allow for the saturation of the sublattice magnetisation. The more drastic reduction of the magnetisation at T = 0 is obtained in the collinear phase of U_3Sb_4 than in the non– collinear magnetic structure of U_3P_4. We think this is the reason why the standard harmonic spin wave approach gives unphysical results for excitation in the collinear phase for any values of model parameters.

We demonstrated explicitly that introducing the quasi–particle idea as proposed by Onufrieva [21] does not require accounting for anharmonic terms in bosonic operators in order to describe low temperature excitation. The energy spectrum calculated by making use of this method for U_3Sb_4 (see fig. 4) has the energy gap that should affect the temperature dependence of magnetisation and heat capacity. The number of branches in the spetrum is 12, i.e., two times greater than in the standard spin wave approach. The additional branches weakly depend on the wave vector.

It would be interesting for the use the Onufrieva method to excitations in noncollinear magnetic structure eq. (8) in order to compare these with the earlier calculated spectra [18]. We expect only quantitative differences for small spin values and large crystal field anisotropy.

Finally, we want to discuss the influence of the relativistic anisotropy on the spectra for U_3Sb_4. It has been shown [29] by making use of the standard spin wave approach that adding to the Hamiltonian (4) the broken Dzialoshinski–Moriya term [16] changes the collinear structure (9) of U_3Sb_4 into that described by formula (3), i.e., a small perpendicular antiferromagnetic arrangement occurs. On the other hand this anisotropy removes the degeneracy of excitation at special points of the Brillouin zone and slightly changes the energy of excitations. As we know from the experimental mesuarement [11] the value of this anisotropy is rather very small with respect to the exchange interaction hence we suppose such a relativistic anisotropy would cause only small changes in the calculated magnon spectrum.

ACKNOWLEDGMENTS

I am very grateful to Jerzy Przystawa for numerous discussions. Special thanks to Ziemowit Popowicz for help in algebraic computation in Reduce.

[1] W. Trzebiatowski, R. Troć, Bull. Acad. Polon. Sci. Ser.

Sci. Chem. 11, 661 (1963).

[2] C. F. Burher, J. Phys. Chem. Sol. 30, 1273 (1969). [3] R. Troć, J. Mulak, W. Suski, Phys. Status Solidi B 43, 147 (1971).

[4] W. Trzebiatowski, Z. Henkie, K. P. Bielov, A. S. Dmitrevskii, R. Z. Levitin, Y. F. Popov, Zh. Eksp. Teor. Fiz. 61, 1522 (1971).

[5] K. P. Bielov, Z. Henkie, A. S. Dmitrevskii, R. Z. Levitin, W. Trzebiatowski, Zh. Eksp. Teor. Fiz. 64, 1351 (1973).

[6] V. E. Brill, R. Z. Levitin, R. E. Osipova, V. L. Yakovenko, M. Zeleny, Phys. Status Solidi A 57, 393 (1980).

[7] R. Troć, J. Sznajd, P. Novotny, T. Mydlarz, J. Magn.

Magn. Mater. 23, 129 (1981).

[8] P. Burlet, J. Rossat–Mignot, R. Troć, Z. Henkie, Solid State Commun. 39, 745 (1981).

[9] Z. Henkie, R. Maślanka, Cz. Oleksy, J. Przystawa, F. R.de Boer, J. J. M.Franse, J. Magn. Magn. Mater. 68, 54 (1987).

[10] R. Maślanka, Z. Henkie, J. J. M.Franse, R. Verhoef, Cz. Oleksy, J. Przystawa, Physica B 159, 181 (1989).

[11] A. Gukasov, P. Wiśniewski, Z. Henkie, J. Phys.: Cond.

Matt. 8, 10589 (1996).

[12] J. Przystawa, J. Phys. Chem. Sol. 31, 2158 (1970). [13] L. Dobrzyński, J. Przystawa, Phys. Status Solidi 42, K15 (1970).

[14] J. Przystawa, E. Praveczki, J. Phys. Chem. Sol. 33, 1943 (1972).

[15] K. Walasek, J. Przystawa, A. Pawlikowski, J. Phys. C 9, 1277 (1976).

[16] Cz. Oleksy, J. Przystawa, J. Phys. Stud. 1, 441 (1997). [17] Cz. Oleksy, J. Phys. C 21, 4955 (1988).

[18] Cz. Oleksy, J. Przystawa, J. Magn. Magn. Mater. 89, 358 (1990).

[19] M. I. Kaganov, V. A. Chubukov, Usp. Fiz. Nauk 153, 537 (1987) [Sov. Phys. Usp. 30, 1015 (1988)].

[20] F. P. Onufrieva, Zh. Eksp. Theor. Fiz. 80, 2372 (1981). [21] F. P. Onufrieva, Zh. Eksp. Theor. Fiz. 89, 2270 (1985). [22] F. P. Onufrieva, Zh. Eksp. Theor. Fiz. 95, 899 (1989). [23] J. Przystawa, A. P. Cracknell in Plutonium and Other Actinides, edited by H.Blank, R.Lindner (North– Holland, Amsterdam, 1976).

[24] Cz. Oleksy, Acta Phys. Pol. A 66, 665 (1984). [25] L. M. Sandratskii, J. Kübler, Phys. Rev. Lett. 75, 946 (1995).

[26] L. M. Sandratskii, J. Kübler, Physica B 217, 167 (1996). [27] L. M. Sandratskii, J. Kübler, Phys. Rev. B 55, 11395 (1997).

[28] I. E. Dzyaloshinsky, V. I. Manko, Zh. Eksp. Teor. Fiz.

46, 1352 (1964).

[29] B. Grabiec, M.Sc. D. thesis, Wrocław University (1997). [30] L.R. Walker, in Magnetism, vol. I, edited by G. T. Rado, H. Suhl (Academic Press, New York, 1963), p. 299.

SP�NOV� HVIL� V U3 Sb4

Q. Ol‚ksi ¨nstitut teoretiqnoÝ f˛ziki Vroclavs~kogo un˛versitetu, pl. Maksa Borna, 9, 50–204, Vroclav, Pol~wa

Vikoristovuqi metod Onufr˛‚voÝ, proanal˛zovano sp˛n–hvil~ov˛ zbudıennffl v magnetnih strukturah U3Sb4 . Zaproponovaniȷ anal˛z usuva‚ trudnow˛, pov’fflzan˛ z v˛d’‚mnimi enerİ˛fflmi magnon˛v, v˛dznaqen˛ v poperedn˛h publ˛kac˛fflh. Vikonano rozrahunki dlffl sp˛nu S = 1 vzdovı defflkih l˛n˛ȷ zoni Brillena.