Condensed Matter Physics 2009, Vol. 12, No 3, pp. 411–428

High-order coupled cluster method calculations of spontaneous symmetry breaking in the spin-half one-dimensional J_1–J_2 model

D.J.J. Farnell

Academic Department of Radiation Oncology, Faculty of Medical and Human Science, University of Manchester, c/o The Christie NHS Foundation Trust M20 4BX, Manchester, United Kingdom

Received March 12, 2009, in final form April 23, 2009

In this article we present new formalism for high-order coupled cluster method (CCM) calculations for “generalized” ground-state expectation values and the excited states of quantum magnetic systems with spin quantum number s ⩾^1_2 . We use high-order CCM to demonstrate spontaneous symmetry breaking in the spin-half J_1–J_2 model for the linear chain using the coupled cluster method (CCM). We show that we are able to reproduce exactly the dimerized ground (ket) state at the Majumdar-Ghosh point (J_2/J_1 =^1_2 ) using a Néel model state. We show that the onset of dimerized phase is indicated by a bifurcation of the nearest-neighbour ket- and bra-state correlation coefficients for the nearest-neighbour Néel model state. We show that groundstate energies are in good agreement with the results of exact diagonalizations of finite-length chains across this entire regime (i. e., J_1 > 0 and J_2 ⩽^1_2 ). The effects of the bifurcation point are also observed for the sublattice magnetization for the nearest-neighbour model state. Finally, we use the new formalism for the excited state in order to obtain the excitation energy as a function of J_2/J_1 for the nearest-neighbour model state by solving up to the LSUB14 level of approximation. We obtain an extrapolated value for the excited-state energy gap of −0.0036 at J_2/J_1 = 0.0 and of 0.2310 at J_2/J_1 = 0.5. We show that an excitation energy gap opens up at J_2/J_1 ≈ 0.24, although the gap only becomes large at J_2/J_1 ≈ 0.4.

Key words: high-order CCM, J_1–J_2 model, dimerization

PACS: 75.10.Jm, 75.10.Pq, 75.50.Ee

1. Introduction

The formation of dimer- and plaquette-ordered singlet ground states (so-called valence-bond crystal (VBC) states) is an interesting and important topic in quantum spin systems. Often, the formation of enhanced dimer or plaquette correlations is driven by frustration, which can increase quantum fluctuations and which may result in such gapped rotationally-invariant quantum paramagnetic states [1–25]. Usually, VBC states are complicated quantum many-body states, see, e. g., the Heisenberg antiferromagnet on the star lattice [10,24,25]. However, for certain systems the VBC states are simple exact product eigenstates of the underlying Heisenberg interaction Hamiltonian. Examples for the appearance of such exact VBC product eigenstates are the spin-half J_1–J_2 model on the linear chain [1–8] at the point J_2/J_1 =^1_2 (the so-called Majumdar-Ghosh point) and the Shastry-Sutherland model [9–23]. Furthermore, it is often useful to distinguish between VBC phases that have the same translational symmetry as the spin Hamiltonian and those that spontaneously break the symmetry of the underlying spin lattice. Examples of the former case are the Shastry-Sutherland model and the Heisenberg antiferromagnet on the star lattice, whereas the J_1–J_2 model on the linear chain is an example of spontaneous symmetry breaking.

Another mechanism for the formation of non-magnetic dimer or plaquette VBC ground states that does not involve frustration is the competition between non-equivalent antiferromagnetic nearest-neighbor bonds. This may lead to the formation of local singlets of two (or four) coupled spins if the strengths of the non-equivalent bonds differ sufficiently [10,26–38]. By contrast to frustration, which yields competition in quantum as well as in classical spin systems, this type of competition is present only in quantum systems. The symmetry of the ground state follows the

© D.J.J. Farnell 411

symmetry of the Hamiltonian in such cases.

In this article we focus on the application of the coupled cluster method (CCM) [23,35,37,39– 85] to the spin-half, one-dimensional J_1–J_2 model. The Hamiltonian for this spin-half model has nearest-neighbor bonds of strength J_1 and next-nearest-neighbor bonds of strength J_2 is given by H = J_1 2 ∑ i,ρ_1

s_i · s_{i+ρ1} +

J_2 2 ∑ i,ρ_2

s_i · s_{i+ρ2} , (1)

where the index i runs over sites on the lattice counting, ρ_1 runs over all nearest-neighbors to i, and ρ_2 runs over all next-nearest-neighbors to i. Here we use a Néel model state in which nearestneighbor spins on the linear chain are antiparallel. We rotate the spin coordinates of the ‘up’ spins so that notationally they become ‘down’ spins in these locally defined axes. The relevant Hamiltonian in these rotated coordinates is then given by

H =−

J_1 2 ∑ i,ρ_1 ( s^z_i s^z_{i+ρ1} + 1 2 { s^−_i s^−_{i+ρ1} + s^+_i s^+_{i+ρ1} } ) + J_2 2 ∑ i,ρ_2 ( s^z_i s^z_{i+ρ2} + 1 2 { s^+_i s^−_{i+ρ2} + s^−_i s^+_{i+ρ2} } ) . (2) Henceforth we put J_1 = 1 and consider J_2 � 0.

The ground-state properties of this system have been studied using methods such as exact diagonalizations [2,7], DMRG [3–5,55], CCM [8,52,54,78,85], and field-theoretical approaches [5] (see [5,6] for a general review). Note that previous CCM studies of the model considering only independent-spin product model states that conserve the lattice symmetry are reported in [52,79]. At J_2/J_1 = 0 we have the unfrustrated Heisenberg antiferromagnet, where the exact solution is provided by the Bethe Ansatz. The ground state is gapless and the spin-spin correlation function ⟨s_i · s_j ⟩ decays slowly to zero according to a power-law, i. e. no true Néel-like long-range order is observed. In the region J_2/J_1 > 0 the nearest-neighbor (J_1) and next-nearest-neighbor interactions (J_2) compete, thus leading to frustration. At J_2/J_1 = 0.2411(1) the model exhibits a transition to a two-fold degenerate gapped dimerized phase with an exponential decay of the correlation function ⟨s_i · s_j ⟩ [2,3,5,6]. This state breaks the translational lattice symmetry. At the Majumdar- Ghosh point J_2/J_1 =^1_2 there are two degenerate simple exact dimer-singlet product ground states corresponding to the dimerized product state for the Hamiltonian of equation (2) [1].

We note again that we treat the J_1–J_2 model in the regions J_1 > 0 and 0 � J_2 ≲ 0.6 using the CCM in this article. We show how the dimerized ground-state at J_2/J_1 =^1_2 is exactly reproduced by the CCM ket-state wave function. We consider the CCM correlation coefficients and show that the onset of the dimerized phase is indicated by a bifurcation of nearest-neighbour correlation coefficients. Finally, we demonstrate that the excited-state energy gap is predicted well by the CCM using a localized approximation scheme. New high-order CCM formalism for the ground and excited states for spin quantum number s �^1_2 is presented in the appendices.

2. Method

The details of the practical application of high-order coupled cluster method (CCM) formalism to lattice quantum spin systems are given in [60,64,69,74] and also in the appendices to this article. The high-order CCCM code is freely available online [73]. However, it is important for the reader who is not interested in the technical detail to note at this point that the exact ket and bra groundstate energy eigenvectors, |Ψ⟩ and ⟨Ψ̃|, of a general many-body system described by a Hamiltonian H, are given by H|Ψ⟩ = E_g |Ψ⟩ , ⟨Ψ̃|H = E_g ⟨Ψ̃| . (3)

Furthermore, the ket and bra states are parametrized within the single-reference CCM as follows:

|Ψ⟩ = e^S |Φ⟩ , S = ∑ I≠0

S_I C^+_I ,

⟨Ψ̃| = ⟨Φ|S̃e^{−S} , S̃ = 1 + ∑ I≠0

S̃_I C^−_I . (4)

One of the most important features of the CCM is that one uses a single model or reference state |Φ⟩ that is normalized. This, in turn, leads to a normalization condition for the ground-state bra and ket wave functions (⟨Ψ̃|Ψ⟩ ≡ ⟨Φ|Φ⟩ = 1). The model state is required to have the property of being a cyclic vector with respect to two well-defined Abelian subalgebras of multi-configurational creation operators {C^+_I } and their Hermitian-adjoint destruction counterparts {C^−_I ≡ (C^+_I )^†}.

The CCM formalism is exact in the limit of inclusion of all possible multi-spin cluster correlations within S and S̃, although this is usually impossible to achieve practically. It is therefore necessary to utilize various approximation schemes within S and S̃. Here we use the localized LSUBm scheme, in which all multi-spin correlations over distinct localities on the lattice defined by m or fewer contiguous sites are retained. Another important feature of the method is that the bra and ket states are not always explicitly constrained to be Hermitian conjugates when we make such approximations, although the important Helmann-Feynman theorem is always preserved. We remark that the CCM provides results in the infinite-lattice limit N → ∞ from the outset.

The manner in which high-order CCM may be solved has been discussed extensively elsewhere. For example, we refer the interested reader to [64,69] for additional extensive discussions of highorder CCM for the ground and excited states. Recently, however, considerable extensions to the basic high-order formalism for quantum spin systems have also been made. Hence, the formalism and computational algorithms used to derive and solve CCM ket-state and bra-state equations to high orders of approximation are also discussed in detail in Appendices A–C. Furthermore, we present new high-order formalism for “generalized” expectation values using the CCM in Appendix D. The manner in which these high-order techniques may be parallelized in order to reach extremely high orders of approximation for the ground state is considered in Appendix E. We remark that the excited state is constructed by solving the Schrödinger equation for the excitedstate, namely, H|Ψ_e⟩ = E_e|Ψ_e⟩, and where |Ψ_e⟩ = X^e e^S |Φ⟩. X^e is called the excited-state operator and it may be used (as here) to form an excited state of different symmetry to the ground state. The basic CCM formalism for the excited state [64] is presented in Appendix F. Again, high-order CCM may be carried out for the excited state in an analogous manner as for the ground state. New high-order CCM formalism for the excited state for s �^1_2 is given in Appendix G. The manner in which the excited-state equations are derived and solved is given in Appendix H. Finally, this problem may be solved using direct iteration of the CCM equations using a “shifted” power iteration approach and this approach is presented in Appendix I.

As mentioned previously, we use a Néel model state in which nearest-neighbour spins are antiparallel. Furthermore, the ground state lies in the subspace s^z_T ≡ ∑ i s^z_i = 0, whereas the excited state has s^z_T ≡ ∑ i s^z_i = +1. We use a “doubled” unit cell including two neighboring sites for this spin-half system on the linear chain at points (0,0,0) and (1,0,0) and a single Bravais vector (2,0,0)^T to take into account the symmetry breaking. Thus, there are two distinct types of twospin nearest-neighbor ket-state correlation coefficients, namely, those connecting the sites inside the unit cell and those connecting different unit cells. These coefficients are denoted as S^a_2 and S^b_2 . It is straightforward to prove [85] that the ground state at J_2/J_1 =^1_2 is obtained exactly by setting S^a_2 = 1 and all other coefficients equal to zero. Starting from J_2/J_1 =^1_2 we are able to track this exact solution at J_2/J_1 =^1_2 within a certain LSUBm approximation for other values of J_2/J_1.

3. Results

The results for the nearest-neighbor ket-state correlation coefficients in LSUB14 approximation are presented in figure 1. Clearly, we see that the exact dimerized product-state solution for the ket ground state is obtained within LSUB14 level of approximation (and, indeed, at all LSUBm approximations with m � 2) at J_2/J_1 =^1_2 , i. e. S^a_2 = 1 and all other coefficients equal to zero. Moving away from J_2/J_1 =^1_2 we still find a CCM ground state that breaks the lattice symmetry. However, this dimerized state deviates from the simple product state, i. e. S^a_2 ≠ 1 and other non-zero coefficients S_I occur.

Furthermore, the solution (i. e. S^a_2 = S^b_2 ) having full translational symmetry is the only solution below a critical point J_2/J_1|_{c1} (<^1_2 ). Henceforth, we shall refer to this solution below J_2/J_1|_{c1} as the

Figure 1. CCM results at the LSUB14 level of approximation for the ground-state nearestneighbor ket-state correlation coefficients of the spin-half J1–J2 antiferromagnet on the linear chain. The nearest-neighbor coefficients S^a_2 and S^b_2 of the symmetry breaking dimerized solution are shown by the full lines. Results for the usual (‘Néel-type’) solution in the region J2/J1 > J2/J1|c_1 (where S^a_2 = S^b_2 ) are shown by the dotted line. Below the (bifurcation) CCM critical point at J2/J1|c_1 there is only the solution with S^a_2 = S^b_2 . A termination point J2/J1 |t of the CCM equations for the dimerized solution, at which point the real solution to the CCM equations terminates, is indicated by the boxes.

Figure 2. CCM results at the LSUB14 level of approximation for the ground-state nearestneighbor bra-state correlation coefficients of the spin-half J1–J2 antiferromagnet on the linear chain. The nearest-neighbor coefficients S̃^a_2 and S̃^b_2 of the dimerized solution are shown by the full lines. Results for the usual (‘Néel-type’) solution for J2/J1 > J2/J1 |c_1 (where S̃^a_2 = S̃^b_2 ) are shown by the dotted line. Below the critical point at J2/J1 |c_1 both solutions coincide. Results for these bra-state correlation coefficients diverge at the critical point J2/J1|c_1 . Another termination point J2/J1|t is shown by the boxes on the right-hand side of the figure.

“usual (‘Néel-type’) solution” because previous CCM calculations [52,54] for the J_1–J_2 model have considered the non-symmetry breaking case only. For larger values of J_2/J_1 a CCM termination point is observed at J_2/J_1|_t (>^1_2 ), shown by the boxes in figure 1. At this point, the real solution of the CCM dimerized solution is terminated. These CCM results indicate that a dimerized phase exists over a finite range of J_2/J_1, which is in agreement with the known results, see e. g. [3,5,6]. Qualitatively similar results are observed at other levels of LSUBm approximation for the ket-state correlation coefficients as a function of J_2/J_1. The results for J_2/J_1|_{c1} and J_2/J_1|_t are shown in table 1. It is obvious that the CCM critical point J_2/J_1|_{c1} becomes smaller (i. e., becomes closer to the true critical point J_2/J_1 = 0.2411(1) [3,6]) with higher orders m of LSUBm approximation. However, the critical point J_2/J_1|_{c1} is still significantly too high even at the LSUB14 level of

Table 1. CCM results for the positions of the range of the dimerized phase.

LSUBm J_2/J_1|_{c1} J_2/J_1|_t 2 0.476 – 4 0.475 0.558 6 0.464 – 8 0.457 0.741 10 0.450 0.640 12 0.443 0.596 14 0.436 0.576

approximation. This subject is considered in more detail when we discuss the CCM results for the excitation energy gap below. On the side of J_2/J_1 >^1_2 the existence of termination points can be related to the appearance of incommensurate spiral spin correlations at J_2/J_1 > 0.6 [5,7,55,78] that are not taken into account in the model state used here.

The nearest-neighbor bra-state correlation coefficient at the LSUBm level of approximation at J_2/J_1 =^1_2 has S̃^a_2 = 1/4 with m � 4. This is shown in figure 2 for the LSUB14 level of approximation. We find that the bra-state solution for the nearest-neighbor correlation coefficients is close to 1/4 over the range J_2/J_1|_{c1} < J_2/J_1 � J_2/J_1|_t. However, we find that the nearestneighbor correlation coefficient diverges as J_2/J_1 → J_2/J_1|_{c1} and this is also shown in figure 2. Again, the usual (‘Néel-type’) solution (S̃^a_2 = S̃^b_2 ) is obtained for J_2/J_1 < J_2/J_1|_{c1} . The upper CCM termination point at J_2/J_1|_t is also shown in figure 2 by the boxes on the right-hand side of the figure. Once more, qualitatively similar results are observed at other levels of LSUBm approximation for the bra-state correlation coefficients as a function of J_2/J_1.

Figure 3. CCM results for the ground-state energy of the spin-half J1–J2 antiferromagnet with J1 = 1 on the linear chain for the LSUBm approximation with m = {6, 8, 10, 12, 14}. Results of exact diagonalizations for N = 28 and N = 32 number of sites are also shown.

We now consider the ground-state energy of this system in the dimerized regime, and results of LSUBm approximation are shown in figure 3 as a function of J_2/J_1. We observe that the LSUBm converge rapidly with increasing level of approximation. Furthermore, we see that CCM results compare well to those results of exact diagonalizations in the regime 0 � J_2/J_1 �^1_2 . We study the details of the ground state energy for the new dimer solution and the usual (‘Néel-type’) solution for the LSUB14 level of approximation in figure 4. Again, we remark that our solution is an exact ground eigenstate at J_2/J_1 =^1_2 . The exact ground-state energy of E_g /N = −0.375J_1 is obtained at the point J_2/J_1 =^1_2 at all levels of approximation, as expected. We also see that ground-state energy of the usual (‘Néel-type’) CCM solution in which S^a_2 = S^b_2 at the LSUB14 level of approximation actually lies below this exact solution. This indicates (i) that the usual (‘Néeltype’) CCM solution is a relatively poor choice at this point; and, (ii) that the CCM ground-state energy does not fulfill the variational principle [62]. Furthermore, we see that CCM dimer solution

Figure 4. CCM results for the ground-state energy of the spin-half J1–J2 antiferromagnet with J1 = 1 on the linear chain at the LSUB14 level of approximation. The dimerized and usual (‘Néel-type’) solutions are shown in this figure. Results of exact diagonalizations for N = 28 and N = 32 number of sites are also shown. The CCM bifurcation and termination points for the dimerized solution are shown by the boxes.

compares extremely well to results of exact diagonalizations for N = 28 and N = 32 sites in the dimerized regime shown in figure 4. It certainly provides far better results than those of the usual (‘Néel-type’) CCM solution beyond the critical point at J_2/J_1|_{c1} .

Figure 5. CCM results for the sublattice magnetization M of the spin-half J1–J2 antiferromagnet on the linear chain. Below the critical point at J2/J1|c_1 the results for the usual (‘Néel-type’) and the dimerized solution coincide. At J2/J1|c_1 the sublattice magnetization of the dimerized solution exhibits a jump, whereas we remark that M for the usual (‘Néel-type’ – not shown) solution is continuous.

The results for the sublattice magnetization M of this model are presented graphically in figure 5. Since the one-dimensional J_1–J_2 model does not possess Néel long-range order for any value of J_1, J_2 � 0 the true value is M = 0. As is known from previous CCM calculations [52,64,78,79], the sublattice magnetization is nonzero (but small) using the usual Néel model state. However, the correct result M = 0 can be obtained [78,79] by extrapolating the ‘raw’ LSUBm data to m → ∞. Indeed we see that the CCM LSUBm values for M are non-negligible for Néel model state in the region J_2/J_1 < J_2/J_1|_{c1} . It is also clear that M decreases with the level of approximation m approaching the true value M = 0 and that increasing the strength J_2 of the frustration weakens the magnetic order. More interestingly, we find that the sublattice magnetization behaves discontinuously at J_2/J_1|_{c1} by tracking the lattice symmetry-breaking dimerized solution, and then remains near to zero at LSUB10 to LSUB14 levels of approximation across the entire range

J_2/J_1|_{c1} < J_2/J_1 < J_2/J_1|_t. (At the lower LSUB8 level of approximation the results for the sublattice magnetization differ from zero by a small amount in a small region above J_2/J_1 >^1_2 .) On the other hand, by tracking the usual (‘Néel-type’) solution it is found (see [85]) that M changes continuously with J_2 and it is larger than for the dimerized solution for J_2/J_1|_{c1} < J_2/J_1 <^1_2 . This behavior of M is another indication that the dimerized CCM solution describes the true physics of the model much better than the usual Néel solution. We note finally that the CCM sublattice magnetization is exactly zero at the Majumdar-Ghosh point J_2/J_1 =^1_2 at all levels of LSUBm approximation using the dimerized product state.

Figure 6. CCM results for the excited-state energy gap, ϵ, of the spin-half J1–J2 antiferromagnet on the linear chain at J2/J1 = 0.0 and J2/J1 =^1_2 .

Figure 7. CCM results for the excited-state energy gap, ϵ, of the spin-half J1–J2 antiferromagnet on the linear chain plotted with respect to J2/J1 .

We consider the results for the excitation energy gap, ϵ, at J_2/J_1 = 0 and J_2/J_1 =^1_2 in figure 6. We find that the values for ϵ at J_2/J_1 = 0 are given by 0.56040, 0.38346, 0.29025, 0.23310, 0.19458, 0.16689 at the LSUBm levels of approximation with m = {4, 6, 8, 10, 12, 14}. These results agree with previous results up to the LSUB12 level of approximation for the spin-half linear chain Heisenberg model [64]. Furthermore, we find that an quadratic extrapolation rule at J_2/J_1 = 0.0 gives −0.0036, also shown in figure 6. This result is in reasonable agreement with the exact result that is known is to be zero from the Bethe Ansatz at this point. By contrast, we find values for ϵ at J_2/J_1 =^1_2 of 0.35250, 0.34170, 0.30548, 0.28732, 0.27559, and 0.26760 at the LSUBm levels of approximation with m = {4, 6, 8, 10, 12, 14}. These results are also shown in figure 6. We also see from this figure that the simple extrapolation of these results in the limit m → ∞ using a quadratic function gives a value for the gap of 0.2310. This result is in agreement with results of exact diagonalizations that predict a gap of 0.234 [86]. We conclude that the CCM provides good results for the ground and the excited states at the point J_2/J_1 =^1_2 for the new “symmetry breaking solution”.

Results for the excitation energy gap using the LSUBm approximation presented as a function of J_2/J_1 are given in figure 7. We see that the gap for all levels of LSUBm approximation is non-zero and positive in the region J_2/J_1 � 0.6. We use the quadratic extrapolation rule used in figure 6 that provided reasonable results at J_2/J_1 = 0 and J_2/J_1 =^1_2 in order to extrapolate our results at other values of J_2/J_1. The results for the extrapolation of LSUBm data with m = {6, 8, 10, 12, 14} are given in figure 7. (Extrapolations in the region where J_2/J_1 ≈ J_2/J_1|_{c1} are difficult to achieve accurately and so are not attempted here.) These results show that the gap is negative but close (i. e., |ϵ| < 0.003) for a finite region above J_2/J_1 = 0. Indeed, the gap becomes zero at J_2/J_1 = 0.238 and then becomes positive and finite for increasing values of J_2/J_1 above this point.

This is an interesting result because we have obtained a gap for the extrapolated results for the “usual Néel” solution, i. e., without symmetry breaking. Indeed, this is somewhat disconcerting at first glance because one expects from the Lieb-Schulz-Mattis theorem that the ground state is either gapless and non-degenerate or that it is gapped and degenerate for half-integer spin Heisenberg chains. Hence, one might expect that the gap should appear at that point where we find symmetry broken solution, namely, for values of J_2/J_1 greater than J_2/J_1|_{c1} . This is clearly not the case in figure 7. However, we remember that we are starting from a Néel model state and so we are explicitly breaking the symmetry. Furthermore, we note that we are using the localized (but systematic) LSUBm approximation scheme in order to include quantum effects. Hence, the gap is finite when determined at a given level of LSUBm approximation even at J_2/J_1 = 0, as noted above. As was also found to be the case for the square and cubic lattice Heisenberg antiferromagnets [64], the correct solution at J_2/J_1 = 0 of a gap of zero (i. e., the continuous symmetry breaking solution) is recovered only when we extrapolate in the limit m → ∞. Hence, this analysis does not necessarily exclude the possibility of a non-zero extrapolated gap opening up below J_2/J_1|_{c1} . Indeed, our result of J_2/J_1 = 0.238 is very close to the “true” value J_2/J_1 = 0.2411(1) from [3,6].

The presence of a gap would be consistent with an “effective system” with residual anisotropy in the z-direction, namely, on the s^zs^z terms in the Hamiltonian. The J_1–J_2 model is known [3] to be a special case of the more general model with anisotropy Δ on the s^zs^z terms in the Hamiltonian. Furthermore, the line Δ = 1 (for J_2/J_1 < 0.2411) is known [3] to be a boundary between a Luttinger spin liquid (gapless) for Δ < 1 and a Néel ordered regime (with a finite gap) for Δ > 1. If the “effective system” does indeed have a “residual anisotropy” then we would expect the value of the boundary to change as well. Indeed, from the results of [64], we would expect its value in terms of J_2/J_1 to increase. This is exactly what we find; the spontaneous symmetry breaking solution occurs at values of J_2/J_1|_{c1} , which is well above 0.2411 (as shown in table 1). Presumably, as we carry out higher and higher orders of approximation then J_2/J_1|_{c1} will tend to J_2/J_1 = 0.2411(1) [2,3,5,6].

We note that the results for the excitation energy gap in the region J_2/J_1 > J_2/J_1|_{c1} are very highly converged. The LSUB14 result for the “usual Néel solution” is also given in figure 7. We see that these results lie much lower than the equivalent LSUB14 result for the dimer solution for J_2/J_1 > J_2/J_1|_{c1} . Indeed, this usual Néel solution for LSUB14 provides poor results in the dimerized region. Furthermore, we see that the gap ϵ only becomes larger in the region J_2/J_1 > 0.4, as predicted by DMRG results [5]. However, the peak in the energy gap is predicted by the CCM to occur at J_2/J_1 ≈ 0.52, whereas DMRG results [5] clearly indicate that this peak occurs at J_2/J_1 ≈ 0.6. This probably indicates that our model state is a poor choice for J_2/J_1 >^1_2 .

4. Conclusions

We have shown in this article that we can form dimer VBC ground states using the CCM by considering the spin-half J_1–J_2 model for the linear chain. We showed that we are able to exactly reproduce the dimerized ground state at J_2/J_1 = 0.5. Interestingly, a spontaneous symmetrybreaking dimerized CCM solution is observed for J_2/J_1 <^1_2 , which only becomes equal to the usual (‘Néel-type’) solution that conserves the lattice symmetry at a CCM critical point J_2/J_1|_{c1} . Results for the bra state correlation coefficients diverged at this point as well. We took this to indicate the onset of the dimerized ground-state phase that breaks the translational lattice symmetry. We also found that termination points occurred in the CCM equations for J_2/J_1 >^1_2 , and we took this to be an indication of another critical point in this region. Results for the ground-state energy for the dimerized CCM solution were found to agree extremely well with the results of exact diagonalizations for N = 28 and N = 32 chains in the dimerized regime. The effects of the bifurcation point at given levels of LSUBm approximation were also seen in the results for the sublattice magnetization that demonstrates a discontinuity at J_2/J_1|_{c1} .

Results for the excitation energy gap of this model were considered. We found that extrapolated results for the excitation energy gap at J_2/J_1 = 0.0 and J_2/J_1 =^1_2 of −0.0036 and 0.2310, respectively, were in reasonable agreement with the known results at these points. Interestingly, results for the extrapolated excitation energy gap indicated that a gap opens up at J_2/J_1 = 0.238, which is in excellent agreement with the known result of J_2/J_1 = 0.2411(1) from other studies [2,3,5,6]. However, this result was found for the non-symmetry breaking solution to our equations. Superficially, this result seems to violate the Lieb-Shultz-Mattis theorem, namely, that the ground state is either gapless and non-degenerate or that it is gapped and degenerate for half-integer spin Heisenberg chains. Hence, one might expect a gap to occur only when we reach the spontaneous symmetry breaking solution to our equations, namely, for J_2/J_1 � J_2/J_1|_{c1} . However, we know already from [64] for the linear-chain, and square- and cubic-lattice antiferromagnets that LSUBm results yield a gap at a given level of LSUBm approximation. We start from a model state with spins in the z-direction (explicitly breaking the symmetry) and the zero gap result (i. e., for continuous symmetry breaking) is only ever reached when we extrapolate the LSUBm results. This “allows” a gap to form for J_2/J_1 > 0.238 even for the non-spontaneous symmetry breaking solution to our CCM equations. We seem to have a new intermediate region from 0.24 < J_2/J_1 < J_2/J_1|_{c1} , although this is simply an artefact and it will disappear as we increase the approximation level. However, we are clearly seeing a radical change in the nature of the ground state near to J_2/J_1 ≈ 0.24 that is in good agreement with known results [2,3,5,6]. Results for the excitation energy gap are also found to become large at J_2/J_1 ≈ 0.4 in agreement with DMRG [5], and they show that the model state is probably a poor choice for J_2/J_1 >^1_2 .

Finally, new high-order CCM formalism for the ground state (including “generalized” expectation values) as well as for the excited state for spin quantum number s �^1_2 is presented in the appendices.

Acknowledgements

DJJF gratefully acknowledges support for the research presented here from the European Science Foundation (Research Network Programme: Highly Frustrated Magnetism).

A. CCM ground-state formalism

We begin the description of the CCM high-order formalism by noting again that we wish to solve the Schrödinger equation of equation (3). We remark again that the bra and ket states are given by equation (4). It may be proven from equations (3) and (4) in a straightforward manner that the ket- and bra-state equations are thus given by

⟨Φ|C^−_I e^{−S} He^S |Φ⟩ = 0, ∀I ≠ 0, (5) ⟨Φ|S̃e^{−S} [H, C^+_I ]e^S |Φ⟩ = 0, ∀I ≠ 0. (6)

The index I refers to a particular choice of cluster from the set of (N_F) fundamental clusters that are distinct under the symmetries of the crystallographic lattice and the Hamiltonian and for a given approximation scheme at a given level of approximation. We note that these equations are equivalent to the minimization of the expectation value of H̄ = ⟨Ψ̃|H|Ψ⟩ with respect to the CCM bra- and ket-state correlation coefficients {S̃_I , S_I }. We note that equation (5) is equivalent to δH̄/δS̃_I = 0, whereas equation (6) is equivalent to δH̄/δS_I = 0. Furthermore, we note that equation (5) leads directly to simple form for the ground-state energy given by

E_g = E_g({S_I }) = ⟨Φ|e^{−S} He^S |Φ⟩. (7)

The full set {S_I , S̃_I } provides a complete description of the ground state. For instance, an arbitrary operator A will have a ground-state expectation value given as

Ā ≡ ⟨Ψ̃|A|Ψ⟩ = ⟨Φ|S̃e^{−S} Ae^S |Φ⟩ = Ā ( {S_I , S̃_I } ) . (8)

The similarity transform of A is given by,

Ã ≡ e^{−S}Ae^S = A + [A, S] + 1 2! [[A, S], S] + · · · . (9)

B. High-order ground-state operators and commutations

We begin the treatment of high-order CCM by introducing the ket-state correlation operator given, as usual, by S = ∑ l ∑ i_1 ,··· ,i_l

S_{i1 ,···,il} s^+_{i1} · · · s^+_{il} . (10)

However, it is an important point to note that each of the indices {i_1, i_2, · · · , i_l} runs over all lattice sites. Furthermore, we assume that there are (l!) orderings of these indices (even for s >^1_2 ), although we never need to work out these factors explicitly in practice. The index I corresponds to one of the choices of {i_1, · · · , i_l} for the fundamental set of configurations. We may now write a set of high-order CCM ket-state operators, given by

F_k ≡ ∑ l ∑ i_2,··· ,i_l lSk,i2 ,···,il s + i_2 · · · s + i_l ,

G_{km} ≡ ∑ l>1 ∑ i_3,··· ,i_l l(l − 1)Sk,m,i3 ,···,il s + i_3 · · · s + i_l ,

M_{kmn} ≡ ∑ l>2 ∑ i_4,··· ,i_l l(l − 1)(l − 2)Sk,m,n,i4 ,···,il s + i_4 · · · s + i_l ,

N_{kmnp} ≡ ∑ l>3 ∑ i_5,··· ,i_l l(l − 1)(l − 2)(l − 3)Sk,m,n,p,i5 ,···,il s + i_5 · · · s + i_l .

(11)

The indices k, m, n, and p depend on those sums in the Hamiltonian or of another given operator. We note that s^± = s^x ±is^y, [s^z , s^±] = ±s^±, and [s^−, s^+] = −2s^z. Hence, the following commutation relations may be proven:

[s^z_k, S] = F_k s^+_k , [s^−_k , S] = −2F_ks^z_k − G_{kk} s^+_k , [s^z_k, F_m] = G_{km}s^+_k , [s^z_k, G_{mn}] = M_{kmn}s^+_k , [s^z_k, F^2_m] = 2F_mG_{km}s^+_k , [s^−_k , F_m] = −2G_{km}s^z_k − M_{kkm}s^+_k , [s^−_k , F^2_m] = −2G^2_{km}s^+_k − 2F_mM_{kkm}s^+_k − 4F_mG_{km}s^z_k , [s^z_k, M_{mnp}] = N_{kmnp}s^+_k , [s^−_k , G_{mn}] = −2M_{kmn}s^z_k − N_{kkmn}s^+_k .

(12)

We may now write the similarity-transformed expressions of the single-spin operators s^α ; α ≡ {+, −, z}, as e^{−S}s^+_k e^S ≡ s̃^+_k = s^+_k ,

e^{−S}s^z_ke^S ≡ s̃^z_k = s^z_k + F_ks^+_k ,

e^{−S}s^−_k e^S ≡ s̃^−_k = s^−_k − 2F_ks^z_k − G_{kk} s^+_k − F^2_k s^+_k .

(13)

We see that there is a repeated index in G_{kk} in the similarity transformed version of s^−. Clearly, this term contributes only for systems with spin quantum number s >^1_2 .

C. Deriving and solving the CCM ground-state equations

We now wish to determine and solve the CCM ket-state equations, where the I-th such equation is given by E_I ≡ ⟨Φ|C^−_I e^{−S} He^S|Φ⟩ = 0 , ∀I ≠ 0 . (14)

(Note that we assume that ⟨Φ|C^−_I C^+_I |Φ⟩ = 1 in the above equation). Specific terms in the Hamiltonian are now explicitly written in terms of the high-order CCM operators as:

TERM 1 : s̃^z_i s̃^z_j = s^z_i s^z_j + F_j s^+_j s^z_i + F_is^+_i s^z_j + G_{ij} s^+_i s^+_j + F_iF_j s^+_i s^+_j , TERM 2 : s̃^z_i s̃^+_j = s^+_j s^z_i + F_is^+_i s^+_j , TERM 3 : s̃^z_i s̃^−_j = −2F_j s^z_i s^z_j − 2G_{ij} s^+_i s^z_j − G_{jj} s^+_j s^z_i − M_{ijj} s^+_i s^+_j − 2F_iF_j s^+_i s^z_j −2F_j G_{ij} s^+_i s^+_j − F_iG_{jj} s^+_i s^+_j − F_iF^2_j s^+_i s^+_j − F^2_j s^+_j s^z_i , TERM 4 : s̃^+_i s̃^z_j = s^+_i s^z_j + F_j s^+_i s^+_j , TERM 5 : s̃^−_i s̃^z_j = −2F_is^z_i s^z_j − 2G_{ij} s^+_j s^z_i − G_{ii}s^+_i s^z_j − M_{iij} s^+_i s^+_j − 2F_iF_j s^+_j s^z_i −2F_iG_{ij} s^+_i s^+_j − F_j G_{ii}s^+_i s^+_j − F_j F^2_i s^+_i s^+_j − F^2_i s^+_i s^z_j , TERM 6 : s̃^+_i s̃^−_j = −2F_j s^+_i s^z_j − G_{jj} s^+_i s^+_j − F^2_j s^+_i s^+_j , TERM 7 : s̃^−_i s̃^+_j = −2F_is^+_j s^z_i − G_{ii}s^+_i s^+_j − F^2_i s^+_i s^+_j , TERM 8 : s̃^+_i s̃^+_j = s^+_i s^+_j , TERM 9 : s̃^−_i s̃^−_j = 4G_{ij} s^z_i s^z_j + 2M_{iij} s^+_i s^z_j + 2M_{ijj} s^+_j s^z_i + N_{iijj} s^+_i s^+_j +2G^2_{ij} s^+_i s^+_j + 2F_j M_{iij} s^+_i s^+_j + 4F_j G_{ij} s^+_j s^z_i + 4F_iF_j s^z_i s^z_j +4F_iG_{ij} s^+_i s^z_j + 2F_iG_{jj} s^+_j s^z_i + 2F_iM_{ijj} s^+_i s^+_j + 4F_iF_j G_{ij} s^+_i s^+_j +2F_iF^2_j s^+_j s^z_i + 2F_j G_{ii}s^+_i s^z_j + G_{ii}G_{jj} s^+_i s^+_j + F^2_j G_{ii}s^+_i s^+_j +2F^2_i F_j s^+_i s^z_j + F^2_i G_{jj} s^+_i s^+_j + F^2_i F^2_j s^+_i s^+_j , TERM 10 : s̃^z_i = s^z_i + F_is^+_i , TERM 11 : s̃^−_i = −2F_is^z_i − G_{ii}s^+_i − (F_i)^2s^+_i , TERM 12 : (s̃^z_i )^2 = (s^z_i )^2 + 2F_is^+_i s^z_i + G_{ii}(s^+_i )^2 + F_i(s^+_i )^2 + F^2_i (s^+_i )^2 , TERM 13 : s̃^+_i = s^+_i . (15)

(Note that s^−|Φ⟩ = 0 is implicitly assumed in equation (15) above.) We now “pattern-match” the C^−_i operators to those relevant terms in the Hamiltonian from equation (15) above in order to form the CCM equations E_I = 0 of equation (14) at a given level of approximation. These coupled non-linear equations are then solved readily by using, e.g, the Newton-Raphson method. However, these are solved via direct iteration for larger values of the approximation level because the cost of storing the Jacobian in local memory for the Newton-Raphson (or other) method becomes prohibitive. This may be also parallelized to achieve very high orders of approximation and this is discussed below.

We now define the following new set of CCM bra-state correlation coefficients given by x_I ≡ S_I and x̃_I ≡ N_B/N(l!)ν_IS̃_I and we assume again that ⟨Φ|C^−_I C^+_I |Φ⟩ = 1. Note that N_B is the number of Bravais lattice sites. Note also that for a given cluster I then ν_I is a symmetry factor which is dependent purely on the point-group symmetries (and not the translational symmetries) of the crystallographic lattice and that l is the number of spin operators. We note that the factors ν_I , N, N_B, and (l!) never need to be explicitly determined. The CCM bra-state operator may thus be rewritten as S̃ ≡ 1 + N

N_F∑

I=1 x̃_I C^−_I , (16) such that we have a particularly simple form for H̄, given by

H̄ = N

N_F∑

I=0 x̃_I E_I , (17)

where x̃_0 = 1. We note that the E_0 is defined by E_0 =^1_N ⟨Φ|e^{−S} He^S |Φ⟩ (and, thus, E_0 =^1_N E_g ) and that E_I is the I-th CCM ket-state equation defined by equation (14). The CCM ket-state equations are easily re-derived by taking the partial derivative of H̄/N with respect to x̃_I , where

δ(H̄/N) δx̃_I

(≡ 0) = E_I . (18)

We now take the partial derivative of H̄/N with respect to x_I such that the bra-state equations take on a particularly simple form, given by

δ(H̄/N)

δx_I = δE_0 δx_I + N_F∑

J=1 x̃_J δE_J δx_I

(≡ 0) = Ẽ_I . (19)

The equation Ẽ_I = 0 is easily solved computationally via LU decomposition for low to medium orders of approximation or via direct iteration (which may be parallelized, as discussed below) for even higher orders of approximation. This may be carried out once the CCM ket-state equations have been determined and solved. The numerical values of the coefficients {x̃_I } may thus be obtained. We note that this approach greatly simplifies the task of determining the bra-state equations because we infer the bra-state equations directly from those of the ket-state equations via equation (19). Thus, we never need to evaluate equation (6) explicitly.

D. Generalized ground-state expectation values

The expectation value of a “generalized” spin operator that we shall call A may be treated in an analogous manner to that of the expectation value of the Hamiltonian, given by H̄. We write:

A_I = ⟨Φ|C^−_I e^{−S} Ae^S |Φ⟩ (20)

and with C^−_0 = 1. The similarity transform of A is defined by equation (8) and once again this process results in terms such as those shown in equation (15) may again be employed. However, unlike the J_1–J_2 Hamiltonian of equation (1), we do not constrain k and m in the two-body terms to be only nearest-neighbors or next-nearest-neighbors. The expectation value of the generalized (spin) operator may again be written in a particularly simple form as:

Ā = ⟨Ψ̃|A|Ψ⟩ = N

N_F∑

I=0 x̃_I ⟨Φ|C^−_I e^{−S} Ae^S |Φ⟩

⇒ Ā = N

N_F∑

I=0 x̃_I A_I , (21)

where x̃_0 = 1 also and A_0 =^1_N ⟨Φ|e^{−S} Ae^S |Φ⟩. The same code used to find ground-state equations may be used to find the generalized expectation values. Again we note that the index I in equation (21) runs from zero to N_F. Again, we note that factors such as N_B or ν_I etc. do not need to be determined explicitly because they cancel because of the definition of {x̃_I } given above.

E. Direct iteration of the ground-state equations and parallelization

The parallelization of the ground-state CCM problem for very high-order CCM is achieved by solving the ket- and bra-state equations (i. e., E_I = 0 and Ẽ_I = 0, respectively) via direct iteration. For the case of the ket-state equations this is slightly more complicated because there are non-linear terms with respect the ket-state correlation coefficients {x_I }. We rearrange the ketstate equations such that the linear terms for x_I for the i^{th} CCM ket-state equation are on the left of the new equation and all other terms are on the right. The right-hand side of this new equation is denoted by E^′_I after dividing through by the factor on the left-hand-side for the ketstate correlation coefficients. We may carry out exactly the same procedure for the bra-state in order to find Ẽ^′_I , although the problem is linear with respect to {x̃_I } in this case. These equations are thus rewritten conveniently for the ket state as

x_I = E^′_I (x_1, x_2, · · · , x_{I−1}, x_{I+1}, · · · , x_{NF} , x^2_1, x^2, · · · , x^4_1, · · · , x^4_{NF} ) , (22)

and for the bra state as,

x̃_I = Ẽ^′_I (x̃_1, x̃_2, · · · , x̃_{I−1}, x̃_{I+1}, · · · , x̃_{NF} ; x_1, x_2, · · · , x_{NF} , x^2_1, x^2, · · · , x^3_1, · · · , x^3_{NF} ) . (23)

Clearly, these equations may be solved for x_I and x̃_I by iterating them “directly” until convergence. Indeed, the local memory usage is vastly reduced because we do not need to store any Jacobian or other large matrix that scales in size with N^2_F.

Furthermore, the computational problem posed by solving equations (22) and (23) via direct iteration may be solved using parallel processing. The different equations of equations (22) and (23) for different values of the index I are determined separately on different processors. The resulting data for these equations for the different values of I are then stored locally to each processor. At each iteration of the “direct iteration” method we find the right-hand sides of those relevant values of I allocated to each processor. We then collect the right-hand side into a single array and this forms our values for x_I or x̃_I for the next iteration. Again, we note that we must solve the ket-state equations of equation (22) first and then these values for the ket-state coefficients are used in the bra-state equations of equation (23). This approach is a simple “brute-force” method, although it has been found to be surprisingly successful at going to very high orders of approximation. Indeed, we may now treat of order 10^6 fundamental clusters using this approach and for approximately 10^2 − 10^3 processors used in parallel. Clearly, a similar approach may also be used to find the “generalized” expectation values via parallel processing.

F. The excited-state formalism

We now consider how the excited state may be treated using the CCM via a high-order approach. We begin by remarking that the excited-state wave function is given by

|Ψ_e⟩ = X^e e^S |Φ⟩ . (24)

The Schrödinger equation, E_e|Ψ_e⟩ = H|Ψ_e⟩ and the equivalent equation for the ground state lead (after some simple algebra) to

ϵ_eX^e|Φ⟩ = e^{−S}[H, X^e]e^S |Φ⟩ (≡ R̂|Φ⟩) , (25)

where ϵ_e ≡ E_e − E_g is the excitation energy. We note that the excited-state correlation operator is written as, X^e = ∑ I≠0

X^e_I C^+_I . (26)

Equation (26) implies the overlap relation

⟨Φ|Ψ_e⟩ = ⟨Φ|X^ee^S |Φ⟩ ⇒ ⟨Φ|Ψ_e⟩ = 0. (27)

We may now form the basic equations for the excited state, given by

ϵ_eX^e_I = ⟨Φ|C^−_I e^{−S} [H, X^e]e^S |Φ⟩ , ∀I ≠ 0 , (28) which is a generalized set of eigenvalue equations with eigenvalues ϵ_e and corresponding eigenvectors X^e_I . We note that the choice of clusters for the excited-state may be different from those for the ground state. For example, the ground state for the model considered here is in the subspace s^z_T ≡ ∑ i s^z_i = 0, whereas the excited state has s^z_T ≡ ∑ i s^z_i = +1. The number of excited-state “fundamental” clusters that are distinct under the translational and point-group symmetries of the lattice and Hamiltonian is given by N_{fe} .

G. High-order excited-state operators and commutations

In a similar manner as for the ground-state, we now define excited state operator via

X^e = ∑ l ∑ i_1 ,··· ,i_l

X^e_{ii ,···,il} s^+_{i1} · · · s^+_{il} , (29)

where the indices {i_1, · · · , i_l} run over all lattice sites. We assume explicitly again that there are (l!) orderings of the indices (even for s >^1_2 ). The index I corresponds to one of the choices of {i_1, · · · , i_l} for the fundamental set of configurations for the excited state, such that X^e_I ≡ X^e_{ii ,···,il} . We now also define the further high-order operators for the excited state, given by

P_k ≡ ∑ l ∑ i_2 ,··· ,i_l] lX e k,i_2 ,···,i_l s + i_2 · · · s + i_l ,

Q_{km} ≡ ∑ l>1 ∑ i_3 ,··· ,i_l l(l − 1)X e k,m,i_3 ,···,i_l s + i_3 · · · s + i_l ,

R_{kmn} ≡ ∑ l>2 ∑ i_4 ,··· ,i_l l(l − 1)(l − 2)X e k,m,n,i_4,···,i_l s + i_4 · · · s + i_l ,

T_{kmnp} ≡ ∑ l>3 ∑ i_5 ,··· ,i_l l(l − 1)(l − 2)(l − 3)X e k,m,n,p,i_5,···,i_l s + i_5 · · · s + i_l .

(30)

The following commutation relations may also be proven:

[s^z_k, X^e] = P_ks^+_k , [s^−_k , X^e] = −2P_ks^z_k − Q_{kk}s^+_k , [s^z_k, P_m] = Q_{km}s^+_k , [s^z_k, Q_{mn}] = R_{kmn}s^+_k , [s^z_k, P^2_m] = 2P_mQ_{km}s^+_k , [s^−_k , P_m] = −2Q_{km}s^z_k − R_{kkm}s^+_k , [s^−_k , P^2_m] = −2Q^2_{km}s^+_k − 2P_mR_{kkm}s^+_k − 4P_mQ_{km}s^z_k , [s^z_k, R_{mnp}] = T_{kmnp}s^+_k , [s^−_k , Q_{mn}] = −2R_{kmn}s^z_k − T_{kkmn}s^+_k .

(31)

H. Deriving and solving the excited state equations

We now wish to determine and solve the CCM excited-state equations given by equation (28) Specific terms in the Hamiltonian are now explicitly written in terms of the new excited-state high-order CCM operators as:

TERM 1 : e^{−S} [s^z_i s^z_j , X^e]e^S = P_is^+_i s^z_j + P_iF_j s^+_i s^+_j + P_j s^+_j s^z_i + P_j F_is^+_i s^+_j + Q_{ij} s^+_i s^+_j ,

TERM 2 : e^{−S}[s^z_i s^+_j , X^e]e^S = P_is^+_i s^+_j ,

TERM 3 : e^{−S}[s^z_i s^−_j , X^e]e^S = −2P_iF_j s^+_i s^z_j − P_iG_{jj} s^+_i s^+_j − P_iF^2_j s^+_i s^+_j − 2P_j s^z_i s^z_j − 2P_j F_j s^+_j s^z_i

−2P_j F_is^+_i s^z_j − 2P_j G_{ij} s^+_i s^+_j − 2P_j F_iF_j s^+_i s^+_j − 2Q_{ij} s^+_i s^z_j

−2Q_{ij} F_j s^+_i s^+_j − Q_{jj} s^+_j s^z_i − Q_{jj} F_is^+_i s^+_j − R_{ijj} s^+_i s^+_j ,

TERM 4 : e^{−S} [s^+_i s^z_j , X^e]e^S = P_j s^+_i s^+_j , TERM 5 : e^{−S} [s^−_i s^z_j , X^e]e^S = −2P_j F_is^+_j s^z_i − P_j G_{ii}s^+_i s^+_j − P_j F^2_i s^+_j s^+_i − 2P_is^z_i s^z_j − 2P_iF_j s^+_j s^z_i −2P_iF_is^+_i s^z_j − 2P_iG_{ij} s^+_i s^+_j − 2P_iF_iF_j s^+_i s^+_j − 2Q_{ij} s^+_j s^z_i −2Q_{ij} F_is^+_i s^+_j − Q_{ii}s^+_i s^z_j − Q_{ii}F_j s^+_i s^+_j − R_{iij} s^+_i s^+_j , TERM 6 : e^{−S} [s^+_i s^−_j , X^e]e^S = −2P_j s^+_i s^z_j − Q_{jj} s^+_i s^+_j − 2P_j F_j s^+_i s^+_j , TERM 7 : e^{−S} [s^−_i s^+_j , X^e]e^S = −2P_is^+_j s^z_i − Q_{ii}s^+_i s^+_j − 2P_iF_is^+_i s^+_j , TERM 8 : e^{−S} [s^+_i s^+_j , X^e]e^S = 0 , TERM 9 : e^{−S} [s^−_i s^−_j , X^e]e^S = 4P_iF_j s^z_i s^z_j + 4P_iG_{ij} s^+_i s^z_j + 2P_iG_{jj} s^+_j s^z_i + 2P_iM_{ijj} s^+_i s^+_j +4P_iF_iF_j s^+_i s^z_j + 4P_iF_j G_{ij} s^+_i s^+_j + 2P_iF_iG_{jj} s^+_i s^+_j + 2P_iF_iF^2_j s^+_i s^+_j +2P_iF^2_j s^+_j s^z_i + 2Q_{ii}F_j s^+_i s^z_j + Q_{ii}G_{jj} s^+_i s^+_j + Q_{ii}F^2_j s^+_i s^+_j +4Q_{ij} s^z_i s^z_j + 4Q_{ij} F_j s^+_j s^z_i + 4Q_{ij} F_is^+_i s^z_j + 4Q_{ij} G_{ij} s^+_i s^+_j +4Q_{ij} F_iF_j s^+_i s^+_j + 2R_{iij} s^+_i s^z_j + 2R_{iij} F_j s^+_i s^+_j + 2R_{ijj} s^+_j s^z_i +2R_{ijj} F_is^+_i s^+_j + T_{iijj} s^+_i s^+_j + 4P_j G_{ij} s^+_j s^z_i + 2P_j M_{iij} s^+_i s^+_j +4P_j F_is^z_i s^z_j + 4P_j F_iF_j s^+_j s^z_i + 2P_j G_{ii}s^+_i s^z_j + 2P_j G_{ii}F_j s^+_i s^+_j +2P_j F^2_i s^+_i s^z_j + 2P_j F^2_i F_j s^+_i s^+_j + 4P_j F_iG_{ij} s^+_i s^+_j + 2Q_{jj} F_is^+_j s^z_i +Q_{jj} G_{ii}s^+_i s^+_j + Q_{jj} F^2_i s^+_i s^+_j , TERM 10 : e^{−S} [s^z_i , X^e]e^S = P_is^+_i , TERM 11 : e^{−S} [s^−_i , X^e]e^S = −2P_is^z_i − Q_{ii}s^+_i − 2P_iF_is^+_i , TERM 12 : e^{−S} [(s^z_i )^2, X^e]e^S = 2P_is^+_i s^z_i + Q_{ii}(s^+_i )^2 + P_i(s^+_i )^2 + 2P_iF_i(s^+_i )^2 , TERM 13 : e^{−S} [s^+_i , X^e]e^S = 0 (32)

(Note that s^−|Φ⟩ = 0 is again implicitly assumed in equation (32) above.) Again, we now “patternmatch” the C^−_I operators (this time with respect to the fundamental set of the clusters in the excited state) to those relevant terms in the Hamiltonian from equation (28) above in order to form the CCM excited-state equations at a given level of approximation. By contrast to the case for the ground state, we see that the high-order operators of equation (30) are linear in those terms in equation (32). We choose the eigenvalue of the lowest value to be our result, and this method was found to provide good results in regions of the parameter space for which the model state was a good choice. Again we note that we have formed an eigenvalue problem, which is readily solved using a standard eigenvalue solver. However, the computational problem thus formed uses local memory that scales with the number of fundamental clusters used in the excited state, i. e., as N^2_{fe} . Again, this becomes prohibitive computationally for extremely large values of N_{fe} and so we again use direct iteration methods.

I. Direct iteration of the excited-state equations and parallelization

The eigenvalue equations of equation (28) may be iterated directly in order to solve them. We denote the matrix for the eigenvalue problem of equation (28) by B and we denote the eigenvectors by y = (X^e_1 , · · · , X^e_{Nfe} )^T . Hence, we iterate directly the eigenvalue equation given by

By = λy . (33)

This is just the well-known “power iteration” method and the ratios of X^e_I in successive iterations yields the relevant eigenvalue. However, the eigenvalue determined in this manner is the eigenvalue of the largest magnitude, λ_{MAX}, rather than the lowest (generally the one of smallest magnitude λ_{MIN} for our purposes) that we wish to obtain here. Thus, we find the eigenvalue of smallest magnitude by using the “shifted” power iteration method. Once λ_{MAX} has been found, we then solve the following eigenvalue equation by direct iteration:

(B − λ_{MAX}I)y^′ = λ^′y^′ . (34)

This process ought to converge to an eigenvalue λ^′ = λ_{MIN} − λ_{MAX}. Indeed, this was found to be the case for the model studied here at all levels of approximation in those regions where the model state was a “good choice”. Furthermore, we saw that the lowest-valued eigenvalue obtained in this manner agreed perfectly with those results for the eigenvalue of the lowest values obtained via a complete diagonalization of the matrix eigenvalue problem at every level of approximation.

We note that the local memory usage is again far lower for this “power iteration” approach rather than the corresponding “complete diagonalization” of the matrix problem because we need store only the values for the set {X^e_I } at each point. Finally, the direct iterative solution of the CCM excited-state problem may be readily parallelized. Again, we share the problem of finding the left-hand side of equation (33) over all processors for different values of I. We then collect the results together in order to form the right-hand side of equation (33). We iterate to find λ_{MAX}. A similar parallelization process is then used to find λ_{MIN}.

References

1. Majumdar C.K., Ghosh D.K., J. Math. Phys., 1969, 10, 1388; J. Math. Phys., 1969, 10, 1399. 2. Tonegawa T., Harada I., J. Phys. Soc. Japan, 1987, 56, 2153.

3. Nomura K., Okamoto K., Phys. Lett. A, 1992, 169, 433; J. Phys. Soc. Japan, 1993, 62, 1123;

J. Phys. A: Math. Gen., 1994, 27, 5773.

4. Chitra R., Pati S., Krishnamurthy H.R., Sen D., Ramasesha S., Phys. Rev. B, 1995, 52, 6581. 5. White S.R., Affleck I., Phys. Rev. B, 1996, 54, 9862.

6. Mikeska H.-J., Kolezhuk A.K. Quantum Magnetism, Lecture Notes in Physics 645, Schollwöck U., Richter J., Farnell D.J.J., Bishop R.F., eds. Springer-Verlag, Berlin, 2004, p. 1–83.

7. Aligia A.A., Batista C.D., Essler F.H.L., Phys. Rev. B, 2000, 62, 3259. 8. Zinke R., Drechsler S.-L., Richter J., Phys. Rev. B, 2009, 79, 094425. 9. Shastry B.S., Sutherland B., Physica B, 1981, 108, 1069.

10. Richter J., Schulenburg J., Honecker A., Quantum Magnetism, Lecture Notes in Physics 645, Schollwöck U., Richter J., Farnell D.J.J., Bishop R.F., eds. Springer-Verlag, Berlin, 2004, p. 85–183.

11. Albrecht M., Mila F., Europhys. Lett., 1996, 34, 145. 12. Weihong Z., Oitmaa J., Hamer C.J., Phys. Rev. B, 2002, 65, 014408. 13. Läuchli A., Wessel S., Sigrist M., Phys. Rev. B, 2002, 66, 014401. 14. Weihong Z., Hamer C.J., Oitmaa J., Phys. Rev. B, 1999, 60, 6608.

15. Müller-Hartmann E., Singh R.R.P, Knetter C., Uhrig G.S., Phys. Rev. Lett., 2000, 84, 1808. 16. Koga A., Kawakami N., Phys. Rev. Lett., 2000, 84, 4461.

17. Al Hajii M., Guihery N., Malrieu J.-P., Bouquillon B., Eur. Phys. J. B, 2004, 41, 11. 18. Chung C.H., Marston J.B., Sachdev S., Phys. Rev. B, 2001, 64, 134407. 19. Miyahara S., Ueda K., J. Phys.: Condens. Matter, 2003, 15, R327. 20. Miyahara S., Ueda K., Phys. Rev. Lett., 1999, 82, 3701. 21. Albrecht M., Mila F., Europhys. Lett., 1996, 34, 145.

22. Kageyama H., Yoshimura K., Stern R., Mushnikov N.V., Onizuka K., Kato M., Kosuge K., Slichter C.P., Goto T., Ueda Y., Phys. Rev. Lett., 1999, 82, 3168.

23. Darradi R., Richter J., Farnell D.J.J., Phys. Rev. B, 2005, 72, 104425. 24. Richter J., Schulenburg J., Honecker A., Schmalfuß D., Phys. Rev. B, 2004, 70, 174454. 25. Misguich G., Sindzingre P., J. Phys.: Condens. Matter, 2007, 19, 145202. 26. Ueda K., Kontani H., Sigrist M., Lee P.A., Phys. Rev. Lett., 1996, 76, 1932. 27. Troyer M., Kontani H., Ueda K., Phys. Rev. Lett., 1996, 76, 3822. 28. Troyer M., Imada M., Ueda K., J. Phys. Soc. Japan, 1997, 66, 2957.

29. Gelfand M.P., Weihong Z., Singh R.R.P., Oitmaa J., Hamer C.J., Phys. Rev. Lett., 1996, 77, 2794. 30. Weihong Z., Gelfand M.P., Singh R.R.P., Oitmaa J., Hamer C.J., Phys. Rev. B, 1997, 55, 11377. 31. Albrecht M., Mila F., Phys. Rev. B, 1996, 53, R2945. 32. Meshkov S.V., Foerster D., J. Phys.: Condens. Matter, 1996, 8, 7917. 33. Singh R.R.P., Gelfand M.P., Huse D.A., Phys. Rev. Lett., 1988, 61, 2484.

34. Ivanov N.B., Krüger S.E., Richter J., Phys. Rev. B, 1996, 53, 2633.

35. Krüger S.E., Richter J., Schulenberg J., Farnell D.J.J., Bishop R.F., Phys. Rev. B, 2000, 61, 14607. 36. Tomczak P., Richter J., J. Phys. A: Math. Gen., 2001, 34, L461. 37. Darradi R., Richter J., Farnell D.J.J., J. Phys.: Condens. Matter, 2005, 17, 341. 38. Wenzel S., Bogacz L., Janke W., Phys. Rev. Lett., 2008, 101, 127202. 39. Coester F., Nucl. Phys., 1960, 7, 421; Coester F., Kümmel H., ibid., 1960 17, 477. 40. Čižek J., J. Chem. Phys., 1996, 45, 4256; Adv. Chem. Phys., 1969, 14, 35. 41. Bishop R.F., Lührmann K.H., Phys. Rev. B, 1978, 17, 3757; ibid., 1982. 26, 5523. 42. Kümmel H., Lührmann K.H., Zabolitzky J.G., Phys Rep., 1978, 36C, 1. 43. Arponen J.S., Ann. Phys., N.Y., 1983, 151, 311. 44. Bishop R.F., Kümmel H., Phys. Today, 1987, 40(3), 52.

45. Arponen J.S., Bishop R.F., Pajanne E., Phys. Rev. A, 1987, 36, 2519; ibid., 1987, 36, 2539; – In:

Condensed Matter Theories, Vol. 2, Vashishta P., Kalia R.K., Bishop R.F., eds., Plenum, New York, 1987, p. 357.

46. Bartlett R.J., J. Phys. Chem., 1989, 93, 1697. 47. Bishop R.F., Theor. Chim. Acta, 1991, 80, 95.

48. Roger M., Hetherington J.H., Phys. Rev. B, 1990, 41, 200; Europhys. Lett., 1990, 11, 255. 49. Bishop R.F., Parkinson J.B., Xian Y., Phys. Rev. B, 1991, 44, 9425. 50. Bishop R.F., Parkinson J.B., Xian Y., Phys. Rev. B, 1992, 46, 880. 51. Bishop R.F., Parkinson J.B., Xian Y., J. Phys.: Condens. Matter, 1993, 5, 9169. 52. Farnell D.J.J., Parkinson J.B., J. Phys.: Condens. Matter, 1994, 6, 5521. 53. Bishop R.F., Hale R.G., Xian Y., Phys. Rev. Lett., 1994, 73, 3157. 54. Xian Y., J. Phys.: Condens. Matter, 1994, 6, 5965.

55. Bursill R., Gehring G.A., Farnell D.J.J., Parkinson J.B., Xiang T., Zeng C., J. Phys.: Condens.

Matter, 1995, 7, 8605.

56. Hale R.G., Thesis Ph.D., UMIST, Manchester, United Kingdom, 1995. 57. Bishop R.F., Farnell D.J.J., Parkinson J.B., J. Phys.: Condens. Matter, 1996, 8, 11153. 58. Farnell D.J.J., Krüger S.A., Parkinson J.B., J. Phys.: Condens. Matter, 1997, 9, 7601. 59. Bishop R.F., Xian Y., Zeng C. Condensed Matter Theories, 1996, 11, 91, Ludeña E.V., Vashishta P., Bishop R.F., eds. Nova Science, Commack, New York.

60. Zeng C., Farnell D.J.J., Bishop R.F., J. Stat. Phys., 1998, 90, 327. 61. Bishop R.F., Farnell D.J.J., Parkinson J.B., Phys. Rev. B, 1998, 58, 6394. 62. Bishop R.F. Microscopic Many-Body Theories and Their Applications, Navarro J., Polls A., eds.

Lecture Notes in Physics, Springer-Verlag, Berlin, 1998, 510, 1. 63. Rosenfeld J., Ligterink N.E., Bishop R.F., Phys. Rev. B, 1999, 60, 4030.

64. Bishop R.F., Farnell D.J.J., Krüger S.E., Parkinson J.B., Richter J., Zeng C., J. Phys.: Condens.

Matter, 2000, 12, 6887.

65. Bishop R.F., Farnell D.J.J., Ristig M.L., Int. J. Mod. Phys. B, 2000, 14, 1517. 66. Farnell D.J.J., Bishop R.F., Gernoth K.A., Phys. Rev. B, 2001, 63, 220402R. 67. Farnell D.J.J., Gernoth K.A., Bishop R.F., Phys. Rev. B, 2001, 64, 172409. 68. Krüger S.E., Richter J., Phys. Rev. B, 2001, 64, 024433. 69. Farnell D.J.J., Bishop R.F., Gernoth K.A., J. Stat. Phys., 2002, 108, 401. 70. Ivanov N.B., Richter J., Farnell D.J.J., Phys. Rev. B, 2002, 66, 014421. 71. Farnell D.J.J., Bishop R.F. Preprint arxiv.org/abs/cond-mat/0311126. 72. Krüger S.E., Farnell D.J.J., Richter J., Int. J. Mod. Phys. B, 2003, 17, 5347. 73. For the numerical calculation we use the program package ‘Crystallographic Coupled Cluster Method’ of D.J.J. Farnell and J. Schulenburg, see http://www-e.uni-magdeburg.de/jschulen/ccm/index.html.

74. Farnell D.J.J., Schulenberg J., Richter J., Gernoth K.A., Phys. Rev. B, 2005, 72 , 172408. 75. Krüger S.E., Darradi R., Richter J., Farnell D.J.J., Phys. Rev. B, 2006, 73, 094404. 76. Schmalfuß D., Darradi R., Richter J., Schulenburg J., Ihle D., Phys. Rev. Lett., 2006, 97, 157201. 77. Farnell D.J.J., Bishop R.F. Preprint arxiv.org/abs/cond-mat/0606060. 78. Richter J., Darradi R., Zinke R., Bishop R.F., Int. J. Mod. Phys. B, 2007, 21, 2273. 79. Zinke R., Schulenburg J., Richter J., Eur. Phys. J. B, 2008, 61, 147. 80. Bishop R.F., Li P.H.Y., Darradi R., Richter J., J. Phys.: Condens. Matt., 2008, 20 255251. 81. Bishop R.F., Li P.H.Y., Darradi R., Schulenburg J., Richter J., Phys. Rev. B, 2008, 78, 054412. 82. Bishop R.F., Li P.H.Y., Darradi R., Richter J., Europhys. Lett., 2008, 83, 47004. 83. Bishop R.F., Li P.H.Y., Darradi R., Richter J., Campbell C.E., J. Phys.: Condens. Matt., 2008, 20, 415213.

84. Darradi R., Derzhko O., Zinke R., Schulenburg J., Krüger S.E., Richter J., Phys. Rev. B, 2008, 78, 214415.

85. Farnell D.J.J., Richter J., Zinke R., Bishop R.F., J. Stat. Phys., 2009, 135, 175. 86. Caspers W.J. Spins Systems, World Scientific, 1989, p. 107.

Розрахунки спонтанного порушення симетрiї у спiн-половина одновимiрнiй J_1–J_2 моделi методом взаємодiючих кластерiв у вищих порядках

Д. Фарнелл

Академiчний вiддiл радiацiйної онкологiї, факультет медичних наук i наук про людину, Унiверситет Манчестера, NHS фундацiя Крiстi, M20 4BX, Манчестер, Великобританiя

Отримано 12 березня 2009 р., в остаточному виглядi 23 квiтня 2009 р.

У цiй статтi ми представляємо новий формалiзм розрахункiв методом взаємодiючих кластерiв (МВК) у вищих порядках для “узагальнених” середнiх значень в основному станi i збуджених станiв квантових магнiтних систем зi спiновим квантовим числом s ⩾ 1/2. Ми використовуємо МВК у вищих наближеннях, щоб продемонструвати спонтанне порушення симетрiї у спiн-половина J_1–J_2 моделi на лiнiйному ланцюжку. Ми показуємо, що можна вiдтворити точно димеризований основний (кет) стан у точцi Маджумдара-Гоша (J_2/J_1 = 1/2), використовуючи як модельний стан стан Нiеля. Ми показуємо, що на встановлення димеризованої фази вказує бiфуркацiя кореляцiйних коефiцiєнтiв для кет- i бра-станiв для модельного стану Нiеля. Ми показуємо, що енергiя основного стану добре узгоджується iз результатами точної дiагоналiзацiї ланцюжкiв скiнченої довжини у цьому всьому режимi (тобто J_1 > 0 i J_2 ⩽ 1/2). Ефекти точки бiфуркацiї також спостерiгаються у намагнiченостi пiдгратки для модельного стану Нiеля. Нарештi ми використовуємо новий формалiзм для збуджених станiв, щоб отримати енергiю збудження як функцiю J_2/J_1 для модельного стану Нiеля, шукаючи розв’язок аж до наближнення рiвня LSUB14. Ми отримуємо екстрапольоване значення для щiлини для енергiї збудження −0.0036 при J_2/J_1 = 0.0 i 0.2310 при J_2/J_1 = 0.5. Ми показуємо, що енергетична щiлина для збудження вiдкривається при J_2/J_1 ≈ 0.24, хоча щiлина стає великою лише при J_2/J_1 ≈ 0.4.

Ключовi слова: метод взаємодiючих кластерiв у вищих порядках, J_1–J_2 модель, димеризацiя

PACS: 75.10.Jm, 75.10.Pq, 75.50.Ee