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First Round of Reviewer Comments

Reviewer: 1
Comments to the Author

Mitra et al. present a benchmark of their Periodic Density Matrix Embedding implementation on a well-
known, prototypical system for the study of surface adsorption, namely CO@MgO.

The details of the method are presented and the results are properly benchmarked against full periodic
calculations, showing internal consistency and documenting the cluster size needed for a converged
result in this particular case.

| believe that the work is sound and suitable for publication, but at the same time | find the paper quite
technical and | do not think that the findings are potentially of interest to a broad community, also
considered that the system itself is more than well known (which is good for benchmarks). | therefore
consider the article more suitable for other journals such as. JPCC or JCTC.

I have a number of more detailed comments.

- The use of pseudopotentials is mentioned only in passing. Do the authors believe that their findings
would change in the case of an all-electron calculation? Why or why not?

- The Density Fitting equations (4,5,6) are rather standard molecular density fitting. | wonder whether
there is a truly added value in reporting them explicitly rather than just citing the relevant references.

- | believe that reformulation of the MP2 or CCSD equations so to never reconstruct the full 4-index ERI
is common practice in Density Fitting algorithms, so | might be missing the novelty of the author's
approach.

- It is mentioned that calculations are performed on a 32-core processor, but it is not clear whether the
code is parallelized, and according to what scheme (memory shared, replicated, ...). This is critical in
understanding the data reported on memory usage.

-The memory requirements are reported in a rather empirical way, mentioning which calculation
manages to 'get through' if a certain amount of Gigabytes is granted (e.g. Figure S2). It would be much
more interesting to know the actual memory occupation for each of the quantities involved.



- The authors use the term "performance" in a rather broad way, referring from time to time to either
quality of the result or need for memory resources. On the other hand the time required for a
calculation is never mentioned.

Author's Response to Peer Review Comments:
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Replies to reviewer comments and list of changes

We appreciate the reviewer’s careful reading and thank them for their insightful comments.
The point-to-point responses are listed below. The reviewer comments are listed in blue, our
responses in black, and changes in the Letter in red.

Reviewer 1

Mitra et al. present a benchmark of their Periodic Density Matrix Embedding implemen-
tation on a well-known, prototypical system for the study of surface adsorption, namely
CO@MgO. The details of the method are presented and the results are properly bench-
marked against full periodic calculations, showing internal consistency and documenting the
cluster size needed for a converged result in this particular case. I believe that the work is
sound and suitable for publication, but at the same time I find the paper quite technical
and I do not think that the findings are potentially of interest to a broad community, also
considered that the system itself is more than well known (which is good for benchmarks).

I therefore consider the article more suitable for other journals such as. JPCC or JCTC.



Response:

We thank the reviewer for their summary and comments.

In the following we explain why we think that this paper may be of interest to the JPC
Letters audience. It is true that the adsorption of CO on a MgO surface is a well known
phenomenon. However, it is a prototypical example of chemical situations in which van
der Waals (vdW) interactions play a major role and quantum chemical modeling of these
interaction may be challenging. On one hand, many local and semi-local Kohn-Sham density
functionals are often inaccurate, ™ thereby requiring an extensive testing of DFT functionals
and the incorporation of dispersion corrections. Size-consistent correlated wave-function
based ab initio methods, on the other hand, can accurately describe vDW interactions,® but
are expensive. In this study we show that quantum embedding methods based on periodic
DMET can accurately describe the binding of CO to a MgO surface when compared to
correlated wave-function based ab initio methods at a significantly cheaper cost, which makes
these methods appealing for future applications. Thus, given the potential of wave-function
based methods for extended systems and phenomena like catalysis, this paper will interest
the JPC Letters audience of theorists, modelers and experimentalits.

(1) The use of pseudopotentials is mentioned only in passing. Do the authors believe that
their findings would change in the case of an all-electron calculation? Why or why not?
Response:

The findings should not change since the adsorption energy primarily depends on valence
electrons and orbitals and the pDMET algorithm is agnostic to the choice of basis set and
model Hamiltonian. In this respect, pPDMET should be considered in the same way other
electronic structure methods.

We have made the following changes in Page 6 so that this point is clear to the audience.
Our approach is agnostic to whether we use pseudopotentials or an all-electron basis sets
since surface adsorption primarily depends on valence electrons and orbitals.

(2) The density fitting equations (4,5,6) are rather standard molecular density fitting. I



wonder whether there is a truly added value in reporting them explicitly rather than just
citing the relevant references.

(3) I believe that reformulation of the MP2 or CCSD equations so to never reconstruct the
full 4-index ERI is common practice in Density Fitting algorithms, so I might be missing
the novelty of the author’s approach.

Response:

We agree with the reviewer that the density fitting equations are standard.

However, they are needed for the discussion following eq (6) (i.e., the paragraph beginning
with “In the previous implementations of periodic DMET ...” on page 6). The citations to
the relevant references are included.

The reviewer is correct that the algebraic substitution of the density-fitting equations into
the programmable equations is standard practice. The novelty here is that previous imple-
mentations of periodic DMET did not fully exploit this practice because the Cholesky vectors
were only directly visible to the whole-system, low-level Hartree-Fock layer. In the current
implementation, the Cholesky vectors are used directly in both layers of the calculation.
Equations 4, 5 and 6 explain this point, together with the description of their use in the
paragraph beginning with “In the previous implementations of periodic DMET ...” on page
6. The previous implementations in Refs. 5 and 6 required storage of O(Ny,,) two-electron
integrals and passed these integrals to the high-level solvers. The strategy implemented here
requires storage of only the O(NawN3,,) decomposed intermediates.

(4) It is mentioned that calculations are performed on a 32-core processor, but it is not clear
whether the code is parallelized, and according to what scheme (memory shared, replicated,
...). This is critical in understanding the data reported on memory usage.

Response: Our calculations use multithreading (i.e., shared memory) only and no mul-
tiprocessing. As the reviewer recommends, we clarify this point by making the following
changes in Page 11.

All the calculations use multithreading (i.e., shared memory) only; there is no multiprocess-



ing.

(5) The memory requirements are reported in a rather empirical way, mentioning which
calculation manages to ‘get through’ if a certain amount of Gigabytes is granted (e.g. Figure
S2). It would be much more interesting to know the actual memory occupation for each of
the quantities involved.

”

Response: In the paragraph “In the previous implementations ...” in Page 6, the memory
occupation for Figure S2 has been discussed. In short, the objective of the paragraph is
to show that the formal memory cost scaling of our approach is O(N,., /N2, )as compared

imp
to (’)(N{fnp). Using the example as in Figure S2, we show that in practice, this scaling is
favorable for our applications. To make Section S04 (and therefore Figure S2) on Page 5 of
the SI self contained, we add the following lines in the SI.

As discussed in the manuscript, this is because the new implementation requires storage
of O(NauxNZ,,) Cholesky vector elements whereas the previous implementation in Refs. 5
and 6 required storage of O(Nj,,) two-electron integrals. Ny, is the number of impurity
fragment orbitals and N,uy is the number of auxiliary density-fitting orbitals. For large
impurity fragments, N;‘:np > N.ux and the storage saving becomes significant.

(6) The authors use the term “performance” in a rather broad way, referring from time to
time to either quality of the result or need for memory resources. On the other hand, the
time required for a calculation is never mentioned.

Response:

The DF integrals implementation does not provide a formal speedup in terms of time required
for a calculation. The only advantage it provides is a reduced memory requirement as has
been mentioned in the manuscript. To highlight this point, we have made the following
changes on Page 11 so that the effect of our new algorithm on the time taken for a calculation
is understood. The time taken by the particular examples is also mentioned.

The current algorithm does not involve a speedup in terms of time required for a particular

calculation. In this specific example, the 4c-2e calculation requires a wall-time of two hours



and twenty one minutes whereas the DF integrals calculation requires a wall-time of one
hour and fifty five minutes.

The formal cost scaling due to quantum embedding has been discussed in Page 11 in the
second to last paragraph of the manuscript.

The reviewer expresses concern over the use of the word “performance” in specific cases. We
have reworded two occurrences (out of three) of the word “performance” and replaced them
with the specific property involved. The reason for including the only occurrence of the word

is explained below.

We have replaced the sentence on Page 9 as:

ag- DMET on the other hand

reproduces the binding energy (to within 1.5 kcal/mol) that is predicted by the reference.
We have reworded an occurrence in Page 12 as:

We have investigated the-performanee-of two widely used quantum chemical solvers, CCSD
and MP2, as high-level methods.

We have however retained the use of the word “performance” in the Introduction section of

Page 3 (Modeling the adsorption of ... ) since this is a general statement.
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