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Abstract We investigate the effect of the choice of the basis  In this paper we discuss the effect of the basis set on
set on the results @b initio (density functional theory/non- the results ofb initio calculations of the bandgap and near-
equilibrium Green’s function) calculations of the bandgép zero-bias conductance of carbon nanotubes. The near-zero-
semiconducting carbon nanotubes, and near-zero-bias cabias conductance is used to assess the accuracy of the basis
ductance of metallic carbon nanotubes. Both ideal and desets for the simulation of metallic nanotubes which have a
formed carbon nanotubes are studied, as well as nanotubesro-bandgap; and the bandgap is used to assess the accu-
with an adsorbed biomolecule. The results show that theacy of the basis sets for semiconducting tubes which have a
near-zero-bias conductance of armchair nanotubes can bery small near-zero-bias conductaneedsS - nS). We first
calculated accurately with a minimal basis set, with the exstudy several ideal nanotubes with different chiraliti&
ception of the (2,2) tube, where a polarized basis set is nethen study the effect of small displacements in the atomic
essary to accurately predict the metallic behaviour of thipositions on the choice of the basis set. Finally, we study
tube. For zigzag tubes, a double-zeta polarized basis settise effect of the addition of an adsorbed biomolecule on the
in general required for accuracy in bandgap and near-zer@hoice of the basis set. The simulations were performed us-
bias conductance calculations. ing the density functional theory/non-equilibrium Green’
function (DFT/NEGF) approach, within the local density
approximation (LDA) [5], employing the Atomistix [6] pack-
age described in [7].
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1 Introduction

Carbon nanotubes have been the subjeahahitio simu- 2 Simulated Structures

:?;SOEZ;?] 'Snvesggggslr\éjéeti/hc:tt:s;ﬁ 'rgrrfgngs[iizﬁt The simulations are divided into three different sets. The
199 y - first set (SET ) is for perfect nanotubes of different chiral

provide accurate results for small radlu_s nanotu_b@s, (., ties. The second set (SET Il) is for a (10,0) tube with the po-
4]). However, no assessment of the optimal choice of the ba-._. . . . . .

; R . . sitions of its atoms having been displaced due to immersion
sis set inab initio simulations has been presented until now.

. . . in water. The coordinates of the atoms are determined from
In fact, the improper choice of the basis set can lead to erro- . : . .

: : a molecular dynamics (MD) simulation of the nanotube in
neous results, as we demonstrated in an earlier tork

water using the package GROMACS [8]. The third set of

G.B. Abadir- K. Walus- D.L. Pulfrey simulations (SET ll1) is for a (10,0) nanotube with an ad-
The Department of Electrical and Computer Engineering sorbed dimer of the aromatic amino acid tyrosine, with the
The University of British Columbia coordinates of the tube and tyrosine also determined from
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(8,0),(10,0),(11,0), (13,0), (14,0), (16,0), (17,0),,@9%and  molecule. The length in SET Il was chosen to be equal to
(20,0). The central region was sandwiched between two cathat in SET 11l to allow for meaningful comparisons.

bon nanotube electrodes of the same chirality as the central

region. For therg,n) armchair tubes the electrodes consisted . )

each of two periods of the tube (0.4926 nm). For th@) S Resultsand discussion

zigzag tubes the electrodes consisted of only one period %f
the tube (0.4266 nm). In DFT/NEGF simulations, the elec-

trodes are assumed to be repeated infinitely in the transp i o )
direction, and to have bulk-like properties [7]. The Iengtr?ﬂqe energy-dependent transmission coefficietit) of the

of the electrodes was thus chosen to be sufficiently long t 2,2) tube is shown in Fig. 1 for the different basis sets used

. i (E) gives the fraction of the electron wave which is trans-
ensure that there was no interaction between the central re-.

ion and the repeated images of the electrodes. The Simmltted from one electrode to the other [7]. The zero-refeeen
9 h 9 ' of energy is the Fermi level. The SZ basis set predicts a

ulation box itself is also repeated in the dwephons trans.- emiconducting tube with an energy gap of 0.68 eV, the DZ
verse to the transport. The transverse dimensions of the d@ . . .
. asis set predicts an energy gap of 0.1eV, while both the

S . ZP and the DZP basis sets give almost identical results,
significant change in the results was observed. The basf|é ! g ! I y

. . ) c%earl showing a metallic behaviour of the same tube. This
sets used were the single-zeta (SZ), the single-zeta pethri y Showing ! viou . !

.__resultdemonstrates that the inclusion of polarizatiostmh
(SZP), the double-zeta (DZ), and the double-zeta pOIarlzeé\iasmall—diameter tube (0.2716 nm) is essential to get accept

(DZP)[9,10]. The res_ults using the DZP basis setwere takeQ\ble results. This stems from the fact that polarizationmod
as the reference against which all the other results were co

i . n%Js the mixing of different orbitals such agndd orbitals in
pared: the DZP is the most complete basis set we used, an o :
cdrbon [10], a mixing which becomes more apparent as the

therefore the one that best predicts the ground state of Fqﬁbe diameter gets smaller. Fig. 2 shows contour plots #r th

system [10]. To further ensure the validity of the DZP basi irst transmission eigenstate at an energy of 0.05 eV above

set as a reference, we repeated the simulations for the (2, h : X
e Fermi level of the (2,2) tube, as calculated using both
(3.3), (4,4), (5,5), (4,0), (8,0), (10,0) and (11,0) pettaces the DZ and the DZP basis sets on a plane passing through

with the double-zeta double-polarized (DZDP) basis set. Fo

. . .~ "the tube axis with its normal in the— direction (with the
the armchair tubes and the (4,0) metallic tube the maximu R . N .
. . . ) ransport direction being the- direction). It is clear that
difference in calculating the near-zero-bias conductavase

: T the magnitude and shape of the eigenstate is differentéor th
0.1%for the (2,2) tube. For the semiconducting zigzag tUbeEBZP ar?d DZ cases in(?icating a s?gnificant influence of the
(8,0), (10,0) and (11,0), the difference between the bamdga '

: ixing of d orbitals with th bitals.
calculated from the DZP and the DZDP basis sets was Onlglnlx::ga?jditi(())rn It(? fhvewmixir?g ?);p Ia6r113d orbitals. it is also

about 1-2 meV (although both valence and conduction band . . o :
. . N ; .~ worth noting that Fig. 2 shows that the transmission eigen-

edges shifted in the same direction by a few meV's relative . :
. . . State of the (2,2) tube is asymmetric around the carbon atoms

to the Fermi level in all cases). This assures that no furthe{ . o . .
. o it consists of one lobe pointing to the exterior of the tube, i
improvement to the accuracy of the results is likely to be

achieved for these tubes by using basis sets higher than tﬁddltlon to a smaller lobe pointing to the interior of thedub

e o .
DZP set. Larger systems could not be simulated with theIn other words, ?he tra,nsmlss!on elge.ns.ta.te of the (2’2.3 tub
. o . Shows a strong ‘blend’ of orbitals. This is in contrast with
DZDP basis set due to memory limitations. For Set I, five L . .
. _ the transmission purely due to thmorbitals predicted by the
periods of a (10,0) tube were sandwiched between two nan- - ; . : .
. . tight-binding models, and which applies for tubes with a di-
otube electrodes, each consisting of one period of the tube: X . .
. . ameter larger than 0.7 nm [11]. This suggests that in additio
The coordinates of the central region were calculated from

. . L . fo the p— andd—orbitals mixing, a hybridization between
2 ns MD simulation of the central region immersed in water, . ;
) . . theo andmorbitals also occurs in the (2,2) tube.
The basis sets used in the subsequent DFT/NEGF simula- o .
The calculated transmission coefficients for the (3,3),

tions were the same as in SET I. For SET Ill, again five

periods of a (10,0) tube were sandwiched between two narﬁ’A')’ (5.5), (4’0)’. (8’9)’ (10,0), (11’9)’ (13,0), and (k,0)
_ . fubes are shown in Fig. 3 through Fig. 11. The results for the
otube electrodes, each consisting of one period of the tub

. . . . : . ?16,0), (17,0), (19,0), and the (20,0) tubes are summarized
with the addition of a dimer of the amino acid tyrosine ad-. Fig. 12 and Fig. 13 alongside the other semiconducting

sorbed on the surface of the central region to simulate the ef .
fect of an analyte in a carbon-nanotube-sensor applicatior%Igzagl tubes.

. _ For the (3,3) tube, the DZ basis set shows a small dip
The coordinates of the atoms of the central region and the

. : : I T(E) at the Fermi level that is not evident with the other
atoms of the dimer were taken from an MD simulation of,__ . . .
la';ass sets. Though the SZ basis set gives a result closer to

duration 2 ns. The length of the central region was increase, . ; .
. the polarized sets than the DZ set, it poorly predicts the
compared to SET | in order to accommodate the adsorbed - - : X .
transmission coefficient at higher energies, which, for low

1SETI



bias levels should not contribute to the current. The neadifferent from its value with the polarized ones. For exam-
zero-bias conductanéeis calculated according to the equa- ple, at the Fermi levell (E) is equal to 5 with the DZ ba-

tion [12]: sis set, compared to 3 with the polarized basis sets. The
o o 3f same problem occurs with the SZ basis set at an energy just
G= % / (_d_E)T(E)dE (1) 20meV below the Fermi level. Since the conduction in such
u

a metallic tube is due to the electrons with energies within a
whereq is the electronic chargg is the Fermi level of the fewkT's of the Fermi level (wherkT is the thermal energy),
contact with the higher potential, is the Fermi-Dirac dis- this difference in the value of the transmission coefficient
tribution function, ancE is the energy. For near zero-bias hot acceptable, and the inclusion of polarization in thesdbas
calculationsy is taken to be zero, anB(E) is assumed not  Setis necessary. Even the SZP basis set predicts a near-zero
to vary Considerab|y from the calculations at equ”ibrium_bias conductance that is about 11% less than that calculated
The values ofs are shown in Table 1. from the DZP basis set. Therefore, a minimum of a DZP ba-

sis set is required to accurately describe the near-ze®-bi

conductance of the (4,0) tube.

It has to be noted that the metallic behaviour exhibited
by the (4,0) tube is in contradiction to the semiconducting

Table 1 near-zero-bias conductance for the metallic tubes in wifits
S. The subscript 065 designates the corresponding tube.

G G G G G . . . . L .
(2,2 (3.3 (4.4) (5,5 (4.0 _

57 30058 7 35 E 7765 E 77055 1 1 1652 behaviour pred|_ct.ed _by simple tight blndllng mod(_als. This i
S7p 14964 | 77565 | 77665 | 77165 | 93265 | due to the hybridization of the and7_Torb|taIs (which was

DZ 231e5 | 7.6265 | 7.76e-5 | 7.76e-5 | 1.35e-4 | alsoobservedforthe (2,2) tube as discussed above). This hy
DZP 1.49e-4 | 7.75e-5 | 7.76e-5 | 7.76e-5 | 1.05e-4 | bridization becomes significant in small-radius tubes [11]

and can lead to the observed metallic behaviour of the (4,0)
tube [13]. It is important to emphasize that this hybridiza-
It can be seen from Table 1 that for the armchair tubestion is not the same as the mixing of tipeandd orbitals

with the exception of the (2,2) tube, all the basis sets givenentioned above since tle and T orbitals arise from the
almost identical values d&&. From the corresponding trans- hybridization of thes and p orbitals in carbon. In general,
mission coefficient figures, we can see that all the basis setight-binding m—bond models have been previously shown
predict a metallic (zero-gap) tube except for the (2,2) tubeto fail for tubes with a diameter smaller than that of the
For the (2,2) tube, the SZP and DZP give the same valugl0,0) tube [1,11].
of G which is much higher than those predicted from the The T(E) of the (8,0) tube shows an energy gap indi-
SZ and DZ calculations. This suggests that the use of evegating a semiconducting tube. The SZP overestimates the
a minimal SZ basis can be adequate for the simulations @§andgap by 31 meV compared to the bandgap predicted by
armchair tubes with the exception of the (2,2) tube. Table Zhe DZP basis set. The DZ and SZ basis sets give values for
shows the computational resources required for the simulahe gap of 786 meV and 987 meV compared to the 543 meV
tions of the (4,4) tube (160 atoms). calculated by the DZP set. The results again suggest the ne-

cessity of using the DZP basis set, and the importance of the

Table2 Computational resources for both the DZ and DZP basis setgmxIng of pandd orbitals in this tube.

used for computing the data in Fig. 4. Parallel calculatiwese con- For the semiconducting zigzag tubes larger than the (8,0)
ducted on a 64-bit, 8-processor (Intel(R) Xeon(TM) 2.66 GERU  tube, the calculated bandgap is shown in Fig. 12. The corre-
each) Dell machine. sponding difference in the calculcated bandgaRd) with
Total Mem- | CPU time | Output file respect to that calculated from the DZP basis &ip¢p)
ory (GB) (h) size (MB) is shown in Fig. 13. This difference depends on the exact
gép 2(7) (1)';16 1534 chirality of the tube and not only on its diameter. For tubes
D7 55 148 147 with n=3p+ 1 wherepis an integer, the DZ basis set over-
DZP 2.0 4.9 375 estimates the gap by about 20 meV for all tubes, while the

SZ basis set underestimates the gap by about 40meV for
the (10,0) tube and then the difference decreases gradually
It can be seen that the DZP requires considerably longeasith increasing the tube diameter to reack20 meV for the
time, more memory size, and a much larger amount of disk19,0) tube. We also notice that the rate of decreaskef
storage than the other basis sets. These requirements cani¢en respect tan decreases with increasimg The SZP ba-
very problematic, and even prohibitive, for longer, and/orsis set shows a similar behaviour to the SZ basis set, though
larger-diameter armchair tubes. the difference in the bandgap with respecEtghp is sys-
For the (4,0) tube, the value df(E) at and near the tematically larger than the that for the SZ basis set. Foegub
Fermi level with the non-polarized basis sets is signifigant with n=3p+ 2, the DZ basis set overestimates the gap com-



pared toEgpzp by 51 meV for the (11,0) tube and the dif-

ference decreases gradually to reach 26 meV for the (20,!

tube. The SZ basis set, on the other hand, overestimates t 35

gap by about 20 meV for the (11,0) tube and then the differ S 3

ence decreases rapidly to about 2 meV for (17,0) and (20,( %

tubes. Again the SZP set shows a similar behaviour to th ~ §29 —s7

SZ set and the difference in the bandgap is larger in th  § 2 Wgép
case of the SZP basis set. A similar phenomenon has be: é 14 -=DZP
obersved in [1] when comparing the bandgap calculated us &

ing the m—bond model and using DFT simulations with a g1

minimal basis set. It is noteworthy from the transmission 05

coefficient graphs that, at energies higher than 750 meV, th ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
non-polarized basis sets always deviate considerably froi S5 1 05 o0 05 1 15 2

the DZP basis set, and that at such energies the SZP b. Energy (¢V)

sis set produces results that most closely match those of tfég. 1 Transmission coefficient vs. energy for the (2,2) tube with d
DZP basis set. Therefore, if these energies are of a paticulferent basis sets.
interest, the use of a polarized basis set appears necessary

The carbon nanotube band structure can be obtained fraarger zigzag tubes, ih = 3p+ 1, a DZP basis set may
that of graphene according to the zone-folding scheme [11ktill be neccessary for DFT/NEGF simulations, whereas if
Therefore, to explain why the results of theQ) tubes de- n=3p+2, the SZ basis set can be sufficient to get an esti-
pend on whethen = 3p+ 1 orn = 3p+2 as mentioned mation of the bandgap of the tube. For the armchair tubes,
above, we simulated the band structure of graphene using minimal basis set may be sufficient for an accurate es-
the SZ, DZ, SZP, and DZP basis sets. The lowest conductioimation of the near-zero-bias conductance, and for a cor-
subband and the top valence subband are shown in Fig. 1ésct qualitative description of the metallic behaviourtadse
We then calculated the difference between the lowest conubes. The exception is the (2,2) tube, which requires a po-
duction subband and the top valence subbdvif) @t differ-  |arized basis set to account for the mixingadndd orbitals,
entk-points. The difference at the high-symmekypoint  which appears to play an important role in the properties of
was zero as expected. According to the zone folding (ZFjhe (2,2) tube.
scheme, only certain values of tlike vector are allowed,
as illustrated by the vertical lines in Fig. 14 for the (10,0)

(11,0), (19,0), and (20,0) tubes. The bandgap of tubes with

n= 3p+ 1 is obtained from the lines to the right of the 3.2 SET I

point, whereas the bandgap of tubes with- 3p+ 2 is ob-

tained from the lines to the left of th€-point. We then cal- The calculated transmission coefficient of a (10,0) tubé wit
culated the bandgap corresponding to the different semicomtom coordinates determined from an MD simulation of the
ducting zigzag tubes mentioned above using different basisibe in water is shown in Fig. 16. The maximum displace-
sets, and applying the ZF scheme. The difference betweenent of carbon atoms with respect to the ideal case was
the bandgap calculated according to the ZF scheme usirapout 0.3. First, we note that unlike the perfect tubes, the
the SZ, DZ, and SZP basis sets, and that calculated using thr@nsmission coefficient does not show a step-like behaviou
DZP basis set4Eg,,. ) is shown in Fig. 15. It can be seen This is due to the lack of perfect periodicity in the struetur
from Fig. 15 thatAEg, still exhibits a non-monotonictrend and therefore quantum mechanical reflections may occur at
with respect to the chirality inder similar to that shown the electrode/central region interface, and within theraén

in Fig. 13, especially for the SZ and SZP sets, though theegion itself.

exact values are different. Thus, we opine that the trend in  The calculated bandgap for the DZP, DZ, and SZ basis
bandgap differences between the various basis sets has #sts was exactly the same as calculated for the perfecf)(10,0
origin in the zone-folding scheme used to calculate the bandibe in SET I. The bandgap calculated by the SZP basis set
structure of nanotubes from that of graphene. was 3meV lower than its counterpart in SET I.

From the results of SET I, we conclude that for bandgap Therefore, we conclude that small displacements in the
and near-zero-bias conductance calculations of perfeet cacarbon atom positions need not influence the choice of the
bon nanotubes, the choice of the basis set depends on thasis set, and, in general, a DZP basis set would be rec-
chirality and the diameter of the tube. For zigzag tubeskmalommended for such a simulation unless the system is too
than the (14,0) tube, a DZP basis set is in general necessdarge €.9., a longer tube), in which case memory limitations
for accurate DFT/NEGF simulations. For the (14,0) tube an@nd/or time requirements may dictate the using of a lower
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In this set, we investigate the effect of the existence of-a ph
ysisorbed molecule on the nanotube surface on the choice of

the basis set. A 2 ns MD simulation of a (10,0) tube and dind that the aromatic rings stack over the hexagonal rings
dimer of the amino acid tyrosine in water showed that theof the nanotube. The configuration at the end of the MD
dimer/nanotube-surface separation was 0.265nm. We alsimulation is shown in Fig. 17. The MD simulations are
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necessary to get the relative coordinates of the biomaecuhanotube/biomolecule interactions [15]. The maximum dis-
and the nanotube since DFT optimization alone does not aglacement of the atoms of the tube with respect to the ideal
count for van der Waals forces [14], which are important incase was about 08as in SET Il. The transmission coeffi-
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Fig. 14 The lowest conduction subband and the top valence subband
the E-k band diagram of graphene calculated using diffdyasis sets.
The G, K, and M points are the high-symmetry poifitsK, andM,
respectively. The vertical lines are the cut-lines at whtah bandgap
of the (10,0), (11,0), (19,0), and (20,0) tubes is calcdlaiecording to

the zone-folding scheme. Lines to the left of #epoint correspond  sjs sets. However, one important parameter that can be quite
to (n,0) tubes withn = 3p + 2, and lines to the right of th point  ¢onitive to the basis set is the Mulliken population [16],
correspond tor(,0) tubes wittn = 3p+ 1. . L .
from which the electron density is calculated. Set Il is-par
ticularly prone to such a sensitivity due to the presenceof a
cient resulting from the subsequent DFT/NEGF simulationgdsorbed molecule and the possible orbital overlap between
is shown in Fig. 18. The results are very similar to thosehe nanotube and the biomolecule. The charge transfer be-
of SET Il in the sense that the DZ and DZP sets exhibit gween the tube and the biomolecule is an important factor
rather good agreement in the range of energies within a fewn the nanotube/biomolecule interaction. The charge trans
kT’s above the edge of the lowest conduction subb&g, ( ferred from the amino acid to the tube was calculated to be
and that at higher energies the DZ and DZP results devie.3057 in the case of the DZP basis s€dzp), 0.3306]
ate from each other. At these energies the SZP is in bettém the case of the DZ basis s&@{z), 0.702j in the case
agreement with the DZP basis set, indicating a more signifef the SZP basis seQgp), and 08474 in the case of the
icant effect of the polarization. The calculated bandgap waSZ basis setQs). The difference betwee@pz andQpzp
898 meV for the SZ basis set, 867 meV for the SZP basigs only 00249 compared to 8963 for the difference be-
set, 954 meV for the DZ basis set, and 932 meV for the DZRweenQgp and Qpzp, and 05417 for the difference be-
basis set. Comparing these results with the results shown tweenQs, and Qpzp. The Mulliken population calculated
Fig. 12, it is clear that the physisorbed biomolecule did nofor each carbon atom on the tube showed a maximum dif-
have a significant effect on the calculated bandgap for all ba&erence of less than 1% for the DZ set compared to the DZP

(I)—jig. 16 Transmission coefficient vs. energy for the (10,0) tube afite
MD simulation, and with different basis sets.



basis set. The SZ and SZP basis sets show higher relati
difference compared to the DZ basis set, especially for th
dimer atoms. Although the DZ basis set also shows rela
tively large differences in the Mulliken population for the
dimer atoms (especially in hydrogen atoms where we ohb
served a relative difference of around 20%), these differ
ences did not have a significant impact on the total eleatroni
charge of the amino acid, or on the electronic density in the
tube, or the transmission coefficient of the tube. In genera
a DZP basis set is required for such a simulation, and the S
or the SZP basis sets would not accurately predict the Mul
liken population. The resources required to perform such
simulation using the DZP basis set and the DZ basis set a
shown in Table 3. It is clear that the DZP basis set require.

100
—sz
c & Szp
) i Y4
b -=DZP
[e)
O
c
S
[}
Q0
£
9]
c
g
05

5 0
Energy (eV)

a significantly larger amount of time and memory resources;ig. 18 Transmission coefficient vs. energy for the (10,0) tube with

which may not be available. In such a case, a DZ basis s
may be adequate for the simulation. Another solution coul
be to use different basis sets for different atoires, use a

adsorbed tyrosine dimer after an MD simulation, and wifferént
asis sets.

polarized basis set to describe the atoms of the biomolecufeConclusion
and a lower basis set to describe the atoms of the carbon ) ) ) o
nanotube. However, this should be done very carefully sincé/e Studied the effect of the basis set choiceaminitio

using different basis sets for different atoms can intreduc

the so-called ‘basis set superposition error’ [17].

Fig. 17 Different views for the configuration of the central region o
the srtucture simulated in Set Il following a 2 ns MD simidat The

arrows indicate the aromatic rings of the tyrosine dimer.

DFT/NEGF simulations on the transmission coefficient, near
zero-bias conductance, and bandgap of various carbon nan-
otubes. The results show that for armchair tubes, a minimal
basis set can be sufficient to get an accurate estimation of
the near-zero-bias conductance, with the exception of the
(2,2) tube, for which polarization should be included to get
the near-zero-bias conductance and to capture the metallic
behaviour of this tube. For zigzag tubes, we find that the
choice of the basis set depends on both the diameter and the
chirality of the tube. We found that small displacements in
the atomic positions do not affect the choice of the basis set
and that for systems containing both a nanotube and a ph-
ysisorbed biomolecule, a double-zeta polarized basissset i
recommended for an accurate Mulliken population analysis.
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Table 3 Computational resources for both the DZ and DZP basis sets

used for computing the data in Fig. 18. Parallel calculaimere con-
ducted on a 64-bit, 8-processor (Intel(R) Xeon(TM) 2.66 GERU

each) Dell machine.

Basis set Total Mem- | CPU time | Output file
ory (GB) (h) size (MB)

Dz 16 132.97 22

DzP 24 259.02 56
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