Monte Carlo vs. Two Component DFT

In the course of working with DFT-based software packages, we were forced to circumvent numerous problems arising from the nature of the spatial-wave mismatch with real physical models. For this reason, it is interesting for us to approach the study of the structural features of materials in a new way, as well as the defects that arise in them as a result of different types of interventions. The study of matter by means of annihilation spectroscopy is a relatively well-modeled process, but the exact comparison with the experiment determines a significant deviation from the current models we use. For this reason, we would like to try to model correlation effects of positron-electron wave functions including long-range correlations by using a quantum Monte Carlo approach.
Despite the successes with LDA or GGA functionals, DFT is an insufficient theory for studies of positron annihilation. The correlation functional can accurately predict the lifetime in some systems, while in others it fails. The lifetimes of different functionals in a given system can differ by up to 30 ps. Moreover, there is no a priori means of determining the functional that is most suitable for a given task, but experimental comparative study is necessary; and the construction of a functional may require both higher-level calculations, such as quantum Monte Carlo calculations [1], and fits to experimental data [2]. For a given positron lifetime configuration, the achievable statistical accuracy for a defect-free sample is on the order of 1 ps. DFT typically falls short of this accuracy. Furthermore, local or semilocal correlation functionals are doomed to fail in solid-state systems with large open volumes or surfaces. Thus, it is often not possible to adequately assign the components of the measured lifetime spectra to different microstructures of the sample.
The development of a practical many-particle theory that is accurate and capable of describing complex correlation effects is a long-standing problem in the field of positron physics and its applications. QMC can provide a parameter-free method as a useful alternative to existing methods for modeling positrons in solids [3]. A many-body theory also enables the study of positrons in systems with multideterminantal nature, impossible with current methods but unavoidable with many lattice defects [4]. The calculation of the positron lifetimes in the perfect bulk of materials is the first and most critical test for a comparative assessment of how well electron-positron correlations can be described in inhomogeneous solid-state systems. The next task should be to construct the momentum density of the annihilating pairs. Studies of annihilation in defect systems, such as vacancies, which also have a detailed ionic structure in the presence of a trapped positron, pose a challenge. 
There is can be use variational and diffusion Monte Carlo (VMC and DMC) methods [5, 6] as implemented in the casino code [7, 8]. The fermion-sign problem is treated in DMC by imposing a fixed-node approximation [9] that constrains the nodal surface of the wave function to be that of the VMC-optimized wave function.
The VMC many-body wave functions can be represented as Slater-Jastrow (SJ) or Slater-Jastrow-backflow (SJB) wave functions [10, 11]. The former is a product of single-particle Slater determinants and a Jastrow factor. The determinants fix the nodal surface, and the Jastrow factor is a parametrized function describing the interparticle correlations. The SJB wave function goes beyond the single-particle SJ nodal surface by introducing parametrized shifts into the particle coordinates. Optimizing backflow parameters both increases variational freedom in VMC and reduces the DMC fixed-node error. The trial wave functions can be written for a system with one positron as:

					(1)
				
		
where r↑, r↓ and r+ denote the positions of up- and down-spin electrons and the positron, respectively. N is the number of particles in the system. R is a 3N dimensional vector of the particle coordinates. J(R) and ξ(R) are the Jastrow exponent and backflow displacement, respectively, parametrized with respect to different spin groupings. The φ-functions are single-particle Kohn Sham orbitals [12], computed with DFT using Quantum espresso [13] and our own positron package [14]. We assume that the delocalized positron density does not affect the average electron density and take the zero positron-density limit of the e-p correlation energy functional [15]. The [...]-signs denote Slater determinants over the orbitals. The Perdew-Burke-Ernzerhof [16] GGA and Boroński-Nieminen [17] LDA functionals were used to solve electron and positron orbitals, respectively. The orbitals were in a localized B spline, or blip, basis [18].
Periodic boundary conditions generalize the definition of orbitals in Eq. (1). Each orbital of band j at wave vector k (r) is of the form (r)eik·r, i.e., a lattice periodic function u multiplied by a plane-wave exponential, according to Bloch’s theorem. We use twist averaging, i.e. average results computed in grid of Bloch k-vectors, but the positron orbital is always chosen from the mini mum of the parabolic positron band (k = 0), as we focus on a single thermalized positron in an infinite lattice. The Jastrow factor contains terms representing 1, 2, and 3-body correlations [19], and the backflow function contains 1 and 2-body terms. The Jastrow factor is optimized with a variance minimization method (except when core electrons are included we use energy minimization, see below) [20] and the backflow is optimized together with the Jastrow factor with an energy minimization algorithm [21]
[bookmark: _GoBack]As mentioned above, the task of accurately determining the positron lifetime in a perfect lattice was performed by colleagues K. A. Simula et al. [3], which opens up an opportunity for us to test our capabilities and continue work towards determining the momentum density by the Monte Carlo method. Thus, we formulate the main task of this project: "Theoretical justification of the electron momentum density by calculating positron annihilation by the Monte Carlo method".
This would provide an opportunity to build on what has been achieved so far and create a basis for the next step - adding a part that would cover the calculation of the parameters of positron annihilation in structural defects.
We must first announce that our team is not aware of the progress of our Finnish colleagues' development, and therefore the current goal may be changed depending on their current achievements, as this will be clarified in the course of the upcoming correspondence with them.
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