Zapiski nauqnyh seminarov POMI Tom 291, 2002 g.

P. N. Bibikov R-MATRICY DL˚ SU (2)-INVARIANTNYH SDVOENNYH SPINOVYH CEPOQEK

1. Vvedenie

Sdvoennye spinovye cepoqki ili spinovye lestnicy (two-leg spin ladders) aktivno izuqalis~ v poslednie gody kak prosteæxiæ primer kvazidvumernyh magnitnyh sistem. Gamil~tonian takoæ cepoqki dlØ periodiqeskoæ N -uzel~noæ modeli predstavlØet soboæ 4^N × 4^N matricu:

Ĥ =^{N−1} ∑ n=1 H_{n,n+1} + H_{N,1}, (1)

deæstvu¸wu¸ v prostranstve (C^4 )^{⊗N} . Pri fftom s kaßdoæ “perekladinoæ” takoæ lestnicy associiruetsØ prostranstvo C^4 = C^2 ⊗C^2 , po C^2 na verhniæ i nißniæ uzly. Plotnost~ gamil~toniana H_{n,n+1} netrivial~no deæstvuet tol~ko na sootvetstvu¸wem tenzornom proizvedenii C^4 ⊗ C^4 otveqa¸wem pare sosednih perekladin: H_{n,n+1} = I^{⊗(n−1)} 4 ⊗ H ⊗ I^{⊗(N−n−1)} 4 . (2)

Zdes~ H ØvlØetsØ 16 × 16 matriceæ plotnosti gamil~toniana, a I_M budet oboznaqat~ ediniqnu¸ M × M matricu. Posledniæ qlen v (1) svØzan s periodiqnost~¸ cepoqki i takße moßet byt~ vyraßen qerez matricu H.

S fiziqeskoæ toqki zreniØ naibol~xiæ interes predstavlØ- ¸t SU (2)-invariantye gamil~toniany. Pri fftom geneatory global~noæ SU (2) algebry zada¸tsØ 4^N × 4^N matricami:

E^i = N∑ n=1 (σ^i_n + τ^i_n), i = 1, 2, 3, (3)

gde σ^i_n i τ^i_n ffto matricy Pauli na verhnem i nißnem uzlah perekladiny. 24

R–MATRICY 25 Takie gamil~toniany opisyva¸t kak qisto geæzenbergovskoe vzaimodeæstvie sosednih spinov, tak i trœh- i qetyrœhspinovye qleny. V fftoæ stat~e my ne budem kasat~sØ trœhspinovogo vzaimodeæstviØ [2], a ograniqimsØ tol~ko geæzenbergovskim i qetyrœhspinovym. Sootvetstvu¸waØ matrica plotnosti gamil~toniana zavisit ot vos~mi parametrov i imeet vid: H_{n,n+1} = a_1 2 ((σ_n, τ_n) + (σ_{n+1}, τ_{n+1})) + a_2(σ_n, σ_{n+1}) + a_3(τ_n, τ_{n+1})+

+ a_4(σ_n, τ_{n+1}) + a_5(τ_n, σ_{n+1}) + a_6(σ_n, τ_n)(σ_{n+1}, τ_{n+1})+

+ a_7(σ_n, σ_{n+1})(τ_n, τ_{n+1}) + a_8(σ_n, τ_{n+1})(τ_n, σ_{n+1}). (4)

Pervye pØt~ qlenov v (4) otveqa¸t geæzenbergovskomu vzaimodeæstvi¸, a poslednie tri qetyrœhspinovomu, takße mnogo obsußdavxemusØ v poslednee vremØ [3–4].

OsnovnaØ cel~ fftoæ stat~i poluqit~ integriruemye gamil~- toniany s matricami plotnosti vida (4). Voobwe govorØ, polnyæ spisok takih gamil~tonianov dovol~no velik i vkl¸qaet v sebØ bol~xoe koliqestvo vyroßdennyh sluqaev, ne predstavlØ¸wih fiziqeskogo interesa. DlØ togo, qtoby izbavit~sØ ot nih sleduet naloßit~ dopolnitel~nye usloviØ na koffficenty a_i. Naprimer, sledu¸wee uslovie:

a_1(a^2 + a^2_3) ≠ 0. (5)

garantiruet nevyroßdennost~ geæzenbergovskogo vzaimodeæstviØ kak v prodol~nom, tak i v popereqnom napravleniØh. My takße predpolagaem, qto vse parametry a_i, i = 1 . . . 8 dolßny byt~ vewestvennyim, obespeqivaØ tem samym ffrmitovost~ naxego gamil~toniana.

Gamil~tonian Ĥ iz formuly (1) budet integriruemym v tom sluqae, esli 16×16 matrica H, zada¸waØ soglasno (2) ego plotnost~, moßet byt~ predstavlena v special~nom vide: H = ∂R(λ) ∂λ |_{λ=0}, (6)

gde matrica R(λ) udovletvorØet uravneni¸ ˚nga–Bakstera [5]:

R_{12}(λ − μ)R_{23}(λ)R_{12}(μ) = R_{23}(μ)R_{12}(λ)R_{23}(λ − μ), (7)

i uslovi¸ regulØrnosti:

R(0) = C I. (8)

26 P. N. BIBIKOV (gde C normirovoqnaØ postoØnnaØ). Zdes~ dlØ proizvol~noæ matricy X matricy X_{12} i X_{23} opredeleny kak X_{12} = X ⊗ I_M , X_{23} = I_M ⊗ X.

Kak izvestno, dlØ bol~xogo qisla modeleæ predstavlenie (6) vmeste s (7) i (8) daœt neplohoæ xans dlØ izuqeniØ gamil~toniana (1) s pomow~¸ kvantovogo metoda obratnoæ zadaqi [6, 7].

Takße nas budut interesovat~ sledu¸wie gamil~toniany:

Ĥ = Ĥ_0 + ΔĤ, (9)

gde matrica H_0 moßet byt~ poluqena iz nekotoroæ R-matricy s pomow~¸ formuly (6) i, krome togo,

[Ĥ_0, ΔĤ] = 0. (10)

Esli operator ΔĤ proporcionalen ∑_N n=1(σ_n, τ_n), to iz uravneniØ (10) sleduet, qto:

a_3 = a_2, a_5 = a_4, a_8 = a_7 + a_4 − a_2. (11)

V fftom sluqae my moßem zamenit~ formulu (5) bolee slabym usloviem:

a^2 + a^2_3 ≠ 0. (12)

Kak vpervye bylo zameqeno v [8], sootnoxeniØ (6)–(8) privodØt k, tak nazyvemym usloviØm Rexetihina na matricu H:

[(H_{12} + H_{23}), [H_{12}, H_{23}]] = K_{23} − K_{12}, (13)

gde K novaØ matrica opredelœnnaØ uravneniem (13), predstavlØ- ¸wim, po suti, pervoe uslovie integriruemosti dlØ matricy H. Ono moßet byt~ vyvedeno iz sistemy (6)–(8) razloßeniem R-matricy v stepennoæ rØd po spektral~nomu parametru λ.

PodstavlØØ Øvnoe vyraßenie (4) dlØ matricy plotnosti gamil~toniana v uravnenie (13) my poluqaem sistemu kubiqeskih uravneniæ na koffficenty a_i. RexaØ ih v sootvetstvii s usloviØmi (5) ili (11), (12) s pomow~¸ metodov komp~¸ternoæ algebry my naxli vosem~ razliqnyh rexeniæ i dlØ kaßdogo postroili sootvetstvu¸wu¸ R-matricu.

Esli matrica plotnosti gamil~toniana udovletvorØet uslovi¸ Rexetihina (13), to, skoree vsego, dlØ neœ naædœtsØ sootvetstvu¸waØ R-matrica. DlØ togo, qtoby naæti eœ, polezno izuqit~ neskol~ko pervyh qlenov eœ razloßeniØ v rØd Maklorena. Kak

R–MATRICY 27 bylo pokazano v [9, 10] ffto razloßenie moßet byt~ postroeno ishodØ iz matricy H. DlØ vseh izvestnyh k nastoØwemu vremeni R-matric qastnoe dvuh l¸byh eœ fflementov ØvlØetsØ dostatoqno prostoæ (racional~noæ, trigonometriqeskoæ ili fflliptiqeskoæ) funkcieæ ot parametra λ. Ewœ v rabote [11] byla vyskazana gipoteza, qto informacii, soderßaweæsØ v neskol~kih pervyh qlenah stepennogo razloßeniØ dlØ qastnogo dvuh fflementov R-matricy dostatoqno dlØ ih polnogo nahoßdeniØ. Neposredstvenno fftot podhod byl realizovan v rabote [10].

Stat~Ø postroena po sledu¸wemu planu. V razdele 2 korotko obsußdaetsØ sposob nahoßdeniØ R-matricy s pomow~¸ razloßeniØ eœ v stepennoæ rØd, predloßennyæ v rabote [10]. V razdele 3 my privodim polnyæ spisok iz 8 klassov matric plotnosteæ gamil~toniana udovletvorØ¸wih uslovi¸ Rexetihina (13), a takße usloviØm (5) ili (11), (12). V razdele 4 my vvodim SU (2) kovariantnyæ bazis v prostranstve C^4 . Ispol~zuØ ego zatem v razdele 5 my nahodim sootvetstvu¸wie R-matricy. Pervye qetyre iz nih davno izvestny, no my privodim ih poskol~ku sootvetstvu¸wie modeli predstavlØ¸t fiziqeskiæ interes. Poslednie qetyre R-matricy, novye. V razdele 6 my pokazyvaem, qto odna iz poluqennyh R-matric ØvlØetsØ kvantovoæ formoæ horoxo izvestnoæ klassiqeskoæ r-matricy.

Avtor vyraßaet priznatel~nost~ P. P. Kulixu za poleznye diskussii, a takße ı. B. Farforovskoæ, za obsußdenie voprosov, svØzannyh s rexeniem funkcional~nyh uravneniæ s pomow~¸ stepennyh rØdov.

2. Formuly dlØ kofffficientov stepennogo rØda

Stepennoæ rØd dlØ R-matricy:

R(λ) = I + ∞∑ n=1 1 n! R^{(n)}λ^n. (14)

budet soglasovan s uravneniem (7), esli kofffficienty R^{(n)} ime- ¸t special~nyæ vid. Toqnye formuly dlØ n ≤ 6 byly poluqeny v [9, 10]:

28 P. N. BIBIKOV

R^{(1)} = H, (15) R^{(2)} = H^2, (16) R^{(3)} = H^3 + K, (17) R^{(4)} = H^4 + 2(HK + KH), (18) R^{(5)} = H^5 + L + 2(KH^2 + H^2K) + 6HKH, (19) R^{(6)} = H^6 + KH^3 + H^3K + 9(H^2KH + HKH^2)+ + 10K^2 + 3(HL + LH). (20) Matrica L moßet byt~ naædena iz vtorogo usloviØ integriruemosti:

L_{23} − L_{12} = [H^3_{12} + H^3_{23} + 3(K_{12} + K_{23}), [H_{12}, H_{23}]]+ +3(H_{12}[[H_{12}, H_{23}], H_{12}]H_{12} + H_{23}[[H_{12}, H_{23}], H_{23}]H_{23})+ (H_{12}H_{23} + H_{23}H_{12})(K_{23} − K_{12}) + (K_{23} − K_{12})(H_{12}H_{23} + H_{23}H_{12})− −2(H_{12}(K_{23} − K_{12})H_{23} + H_{23}(K_{23} − K_{12})H_{12}). (21) Kak i uslovie (13) ono takße sleduet iz uravneniØ (7) [9, 10]. 3. RexeniØ uravneniØ Rexetihina Uravnenie (13) na matricu H opredelœnnu¸ soglasno (4) i usloviØm (5) ili (11), (12) (s vewestvennymi a_i) izuqalos~ s pomow~¸ paketa Gröbner sistemy komp~¸ternoæ algebry Maple V. Byli naædeny vosem~ nezavisimyh rexeniæ: S_1, . . . S_8. Kaßdoe iz nih my predstavim v vide nabora: {a_1, a_2, a_3, a_4, a_5, a_6, a_7, a_8}. S_1 = {0, 1, 1, 0, 0, 0, 1, 0}, (22) S_2 = {2β, α, α, −α, −α, β, α, −α}, (23) S_3 = {β, α, α, −α, −α, 0, α, −α}, (24) S_4 = {2, 2, 2, 0, 0, −1, 2, 0}, (25) S_5 = {1, 1, 1, 0, 0, 1, 0, −1}, (26) S_6 = {10, 4, 4, 0, 0, 1, 0, −4}, (27)

S_7 = {1± √ 3 3 , −1, −1, −2∓ √ 3, −2∓ √ 3, 3 ± √ 3 2 , 1, 2± √ 3}, (28) S_8 = {4α^2, β^2 − α^2, β^2 − α^2, (α + β)^2, (α − β)^2, 0, β^2 − α^2, α^2 − β^2}. (29) Modeli, otveqa¸wie (22) i (25) izuqalis~ v [12], a sootvetstvu¸waØ (23) v [13].

R–MATRICY 29

4. SU (2)-kovariantnyæ bazis V kaßdom iz prostranstv C^4 udobno pereæti k SU (2)-kovariantnomu bazisu:

e_1 = 1 0 0 0 , e2 = 0_{√2} 2√ 2 2 0 , e^3 = 0 0 0 1 , e4 = 0_{√2} 2 − √ 2 2 0 . (30) Vse privodimye niße R-matricy budut rassmatrivat~sØ v bazise prostranstva C^{16} , poroßdennom sledu¸wimi vektorami

f_{3(i−1)+j} = e_i ⊗ e_j, f_{i+9} = e_4 ⊗ e_i, f_{i+12} = e_i ⊗ e_4, f_{16} = e_4 ⊗ e_4, (31)

gde i, j = 1 . . . 3.

5. R-matricy sdvoennyh cepoqek My budem predstavlØt~ R-matricy, otveqa¸wie S_1, . . . , S_8 v bloqnoæ forme:

R_k(λ) = A_{k,1}(λ) B_{k,1}(λ) B_{k,2}(λ) B_{k,3}(λ) C_{k,1}(λ) A_{k,2}(λ) B_{k,4}(λ) B_{k,5}(λ) C_{k,2}(λ) C_{k,4}(λ) A_{k,3}(λ) B_{k,6}(λ) C_{k,3}(λ) C_{k,5}(λ) C_{k,6}(λ) A_{k,4}(λ) . (32)

Zdes~ A_{k,1}(λ) ffto 9 × 9 matrica, deæstvu¸waØ v tenzornom proizvedenii sostoØniæ spina 1. Matricy B_{k,1}(λ) i B_{k,2}(λ) ime¸t razmernost~ 9 × 3. Matrica B_{k,3}(λ) ffto 9-mernyæ vektor-stolbec i t.d.

Vse poluqennye R-matricy okazalis~ simmetriqnymi: A^t_{k,m}(λ) = A_{k,m}(λ), B^t_{k,m}(λ) = C_{k,m}(λ). (33) Matrica, otveqa¸waØ S_1 ffto horoxo izvestnaØ GL(4)-invariantnaØ R-matrica: R_1(λ, η) = ηI_{16} + λP_4, gde P_M oboznaqaet operator perestanovki v tenzornom proizvedenii C^M ⊗ C^M .

R_2(λ, η) = sh(λ + η)I_9 0 0 0

0 shηI_3 shλI_3 0 0 shλI_3 shηI_3 0 0 0 0 sh(λ + η) . (34)

30 P. N. BIBIKOV Ime¸tsØ dva vyroßdennyh racional~nyh sluqaØ (otveqa¸wie α = ±β v (22)):

R_{2±}(λ, η) = (λ + η)I_9 0 0 0 0 ηI_3 ±λI_3 0 0 ±λI_3 ηI_3 0 0 0 0 λ + η . (35)

R_3(λ, η) = sh(λ + η)I_9 0 0 0 0 shηI_3 shλI_3 0 0 shλI_3 shηI_3 0 0 0 0 −sh(λ − η) . (36)

Matricy R_2(λ, η) i R_3(λ, η) legko poluqa¸tsØ iz XXZ i graduirovannoæ XXZ R-matric [5].

R_4(λ, η) = λP_3 + ηI_9 0 0 0 0 ηI_3 λI_3 0 0 λI_3 ηI_3 0 0 0 0 η − λ . (37)

�ta R-matrica ØvlØetsØ graduirovannym analogom R_1(λ, η) [5].

Dalee nam ponadobitsØ sledu¸waØ 9 × 9 matrica:

A(λ, η) = f 0 0 0 0 0 0 0 0 0 f 0 0 0 0 0 0 0 0 0 f − g 0 g 0 −g 0 0 0 0 0 f 0 0 0 0 0 0 0 g 0 f − g 0 g 0 0 0 0 0 0 0 f 0 0 0 0 0 −g 0 g 0 f − g 0 0 0 0 0 0 0 0 0 f 0 0 0 0 0 0 0 0 0 f

, (38)

gde f = sh(λ + η) i g = shλ. V toqke zolotogo seqeniØ:

e^{− ȷ02} = √ 5 − 1 2 , (39)

ona udovletvorØet uravneni¸ ˚nga–Bakstera i opisyvaet bikvadratiqnu¸ cepoqku spina 1. Kak otmeqalos~ v [11] ffta matrica imet vid:

A(λ, η) = fI_9 − 3gP^{(0)}, (40)

R–MATRICY 31 gde P^{(0)} – proektor na sostoØnie nulevogo spina v tenzornom proizvedenii C^3 ⊗ C^3 . Matrica A(λ, η) udovletvorØet prostomu harakteristiqeskomu uravneni¸:

(A − f)(A − f + 3g) = 0, (41)

i eœ opredelitel~ raven f^8(f −3g). Odnomernoe podprostranstvo otveqa¸wee sobstvennomu znaqeni¸ f −3g poroßdeno operatorom P^{(0)}. S pomow~¸ A(λ, η) my moßem predstavit~ matricy R_5(λ), R_6(λ) i R_7(λ) v sledu¸wem vide:

R_5(λ) =

A(λ, η_0) 0 0 0 0 shη_0I_3 shλI_3 0 0 shλI_3 shη_0I_3 0 0 0 0 sh(λ + η_0) , (42)

R_6(λ) =

A(λ, η_0) 0 0 0 0 shη_0I_3 shλI_3 0 0 shλI_3 shη_0I_3 0 0 0 0 sh(η_0 − λ) , (43)

R_{7±}(λ) = A(2λ, ln3) 0 0 ±B_{7,3}(λ) 0 e^λsh(2λ+ln3)I_3 0 0 0 0 e^λsh(2λ+ln3)I_3 0 ±C_{7,3}(λ) 0 0 sh(ln3) . (44)

Zdes~

B_{7,3}(λ) = e^{−(λ+ ln32 )}sh(2λ)

0 0 1 0 −1 0 1 0 0

. (45)

DlØ matricy R_8(λ) my otdel~no vypixem fflementy blokmatricy (32).

32 P. N. BIBIKOV A_{8,1}(λ) = (46)

0
B
B
B
B
B
B
@

f + h 0 0 0 0 0 0 0 0 0 g + h 0 f � g 0 0 0 0 0 0 0 g 0 h 0 f � g � h 0 0

0 f � g 0 g + h 0 0 0 0 0

0 0 h 0 f 0 h 0 0 0 0 0 0 0 g + h 0 f � g 0 0 0 f � g � h 0 h 0 g 0 0 0 0 0 0 0 f � g 0 g + h 0 0 0 0 0 0 0 0 0 f + h

1
C
C
C
C
C
C
A

,

gde f = 1 + (1 + 2γ^2)λ + (1 + 3γ^2)λ^2 + 2γ^2λ^3 + γ^2λ^4,

g = 1 + 2γ^2λ + 2γ^2λ^2, h = λg. (47)

A_{8,2}(λ) = A_{8,3}(λ) = (1 + λ)I_3, (48)

A_{8,4}(λ) = 1 + (1 − 2γ^2)λ + (1 − γ^2)λ^2 + 2γ^2λ^3 + γ^2λ^4.

B_{8,1}(λ) = B_{8,2}(λ) = γλ(1 + λ) =

0 0 0 −1 0 0 0 −1 0 1 0 0 0 0 0 0 0 −1 0 1 0 0 0 1 0 0 0

,

B_{8,3}(λ) = λ

0 0 1 0 −1 0 1 0 0

,

B_{8,4}(λ) = λ(1 + λ)(1 − 2γ^2 + γ^2λ + γ^2λ^2)I_3, B_{8,5}(λ) = B_{8,6}(λ) = 0. (49) Pri fftom γ =^α_β .

R–MATRICY 33

6. KlassiqeskaØ r-matrica, associirovannaØ s R_8(λ) My moßem vvesti parametr η v matricu R_8(λ), ispol~zuØ sledu¸wu¸ podstanovku:

R_8(λ) → R_8(λ, η) = η^4 λ^4

R_8(λ/η). (50)

NovaØ matrica R_8(λ, η) budet kvaziklassiqeskoæ: R_8(λ, 0) = P_4. (51) V sootvetstvii s [5] ona otveqaet klassiqeskoæ r-matrice:

r(λ) = P_4 ∂ ∂η R(λ, η)|_{η=0}, (52) udovletvorØ¸weæ klassiqeskomu uravneni¸ ˚nga–Bakstera:

[r_{12}(λ − μ), r_{13}(λ) + r_{23}(μ)] + [r_{13}(λ), r_{23}(μ)] = 0. (53) �to horoxo izvestnaØ r-matrica: r(λ) = 1 λ (2I + 2H ⊗ H + E ⊗ F + F ⊗ E), (54)

gde E, F i H ØvlØ¸tsØ standartnymi sl(2) generatorami: [H, E] = E, [H, F] = −F, [E, F] = 2H, (55) predstavlennymi v sledu¸wem vide:

E = 0 1 1 0 0 0 0 1 0 0 0 1 0 0 0 0 , F = 0 0 0 0 1 0 0 0 1 0 0 0 0 1 1 0 ,

H = 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 . (56) Kak legko zametit~, ffti operatory, deæstvuØ v privodimom predstavlenii algebry Li sl(2), annuliru¸t podprostranstvo spina nol~ v tenzornom proizvedenii dvuh prostranstv spina odna vtoraØ.

34 P. N. BIBIKOV

Literatura

1. E. Dagotto, Experiments on ladders reveal a complex interplay between a spin-gapped normal state and superconductivity. — Rep. Progr. Phys. 62 (1999), 1525–1571.

2. V. Yu. Popkov and A. A. Zvyagin, Antichiral” exactly solvable effectively two-dimensional quantum spin model. — Phys. Lett. A 175 (1993), 295–298.

3. S. Brehmer, H.-J. Mikeska, M. Müller, N. Nagaosa, and S. Uchida, Effects of biquadratic exchange on the spectrum of elementary excitations in spin ladders. — Phys. Rev. B 60 (1999), 329–334.

4. A. A. Nersesyan and A. M. Tsvelik, One-dimensional spin-liquid without magnon excitations. — Phys. Rev. Lett 78 (1997), 3939–3942.

5. P. P. Kulix, E. K. SklØnin, O rexeniØh uravneniØ ˚nga–Bakstera. — Zap. nauqn. semin. LOMI 95 (1980), 129–160.

6. L. D. Faddeev, How algebraic Bethe Ansatz works for integrable models. Quantum symmetries/Symmetries quantique, Proceedings of the Les Houches summer school Session LXIV, eds. A. Connes, K. Gawedzki and J. Zinn-Justin Horth-Holland (1998).

7. V. E. Korepin, A. G. Izergin, N. M. Bogol¸bov, KorrelØcionnye funkcii integriruemyh sistem i kvantovyæ metod obratnoæ zadaqi. Nauka, M. (1992).

8. P. P. Kulish, E. K. Sklyanin, Quantum spectral transform method. Recent developments. Proc. Symp. on Integrable Quantum Fields Lecture Notes in Physics 151 ed. J. Hietarinta and C. Montonen Springer (1982).

9. K.-H. Mütter and A. Schmitt, Solvable spin-1 models in one dimension. — J.

Phys. A: Math. Gen. 28 (1995), 2265–2276.

10. P. N. Bibikov, How to solve Yang-Baxter equation using the Taylor expansion of R-matrix. nlin.SI/0112001.

11. T. Kennedy, Solutions of the Yang–Baxter equation for isotropic quantum spin chains. — J. Phys. A: Math. Gen. 25 (1992), 2809–2817.

12. Y. Wang, Exact solution of a spin-ladder model. — Phys. Rev. B 60 (1999), 9236–9239.

13. S. Albeverio, S.-M. Fei, and Y. Wang, An exactly solvable model of generalized spin ladder. — Europhys. Lett. 47 (1999), 364–370.

Bibikov P. N. R-matrices for SU (2)-invariant two-leg spin ladders The list of R-matrices for the set of eight integrable spin ladders is presented. The four of them are new. All the results were obtained using a special algorithm based on the derivation of the R-matrix from its local Hamiltonian density. The concrete calculations were realized on the base of the computer algebra system MAPLE V.

Postupilo 25 i¸lØ 2002 g.

S.-Peterburgskoe otdelenie Matematiqeskogo instituta im. V. A. Steklova RAN

E-mail: bibikov@PB7855.spb.edu