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Abstract

A method to predict D tensor in the molecular frame with multiconfigurational

wavefunctions in large active space was proposed, and spin properties of the lowest

triplets of aromatic molecules were examined with full-⇡ active space; such calculations

were challenging because the size of active space grows exponentially with the number

of ⇡ electrons. In the method, the exponential growth of the complexity is resolved

by the density matrix renormalization group (DMRG) algorithm. From the D tensor,

we can directly determine the direction of the magnetic axes and the ZFS parameters,

D- and E-values, of the phenomenological spin Hamiltonian with their signs, which

are not usually obtained in ESR experiments. The method using the DMRG-CASSCF

wavefunction can give correct results even when the sign of D- and E-values are sensitive

to the accuracy of the prediction of the D tensor and existing methods fail to predict

the correct magnetic axes.

1

https://doi.org/10.26434/chemrxiv-2023-rs2xc-v2 ORCID: https://orcid.org/0000-0003-4652-8153 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-rs2xc-v2
https://orcid.org/0000-0003-4652-8153
https://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction

Organic molecules in the lowest triplet state e.g., excited aromatic hydrocarbons, biradicals,

and carbenes etc, are one of the most familiar paramagnetic species in the field of chemistry.

The three spin sublevels are completely degenerate at the non-relativistic level, and the de-

generacy is, albeit often very slightly, lifted by the relativistic effect, i.e., spin-spin coupling

(SSC) and spin-orbit coupling (SOC). This is called zero-field splitting (ZFS) and is not only

a factor in determining the spectrum of magnetic spectroscopy for paramagnetic species but

also an important character for utilizing molecules in quantum information science.1–3 In

fact, photo-induced spin polarization to one of the three spin sublevels is efficiently realized

for many planar aromatic hydrocarbons and for nitrogen-vacancy centers (NV-center) of

synthetic diamond.4 This non-Boltzmann distributed polarization can be exploited in dy-

namic nuclear polarization (DNP)5–10 and MASER11–13 operating under mild conditions.

Also, in systems where a triplet chromophore encounters a radical species, electron spin

polarization in the ground doublet state can be generated through the ZFS-driven mixing

of the states.14–16 The energy gaps between electron spin sublevels, which are described by

so-called ZFS parameters, affect the efficiency of polarization transfer in DNP experiment17

and the operating frequency of MASER. NV-center can maintain spin coherence at room

temperature and is expected to be utilized as a qubit and quantum sensor.18 Considering the

emergence of such application research, it has become important to accurately predict the

ZFS D tensor that represents the splitting of electron spin sublevels by ab initio quantum

chemical calculations. In particular, it is difficult to determine the correspondence between

the principal axis of D tensor and the molecular orientation through experiments, whereas

theoretical calculations can provide it. However, theoretical predictions of ZFS parameters

are challenging due to the small magnitudes of spin interactions and the multiconfigurational

character of the triplet state.

The dominant factor in determining the ZFS of organic, heavy element free, molecules is

the electron SSC and the contribution of SOC is usually negligible. Early studies of electron
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SSC in aromatic molecules were performed using semi-empirical approaches.19–23 However,

the first calculation of ZFS parameters of triplet benzene using the ab initio configuration

interaction (CI) method performed by Langhoff revealed that the comparative agreement

with the experimental values in the semi-empirical calculation was coincidental.24 It was

also pointed out that the calculation of ZFS parameters was technically difficult because

reliable description of spin density required a large number of configurations including in CI

space, which was computationally too demanding that time. Later, larger-scale calculations

became feasible with the advancement of computational technology, and since the 2000s, the

calculations of electron SSC using modern quantum chemical methods, e.g., DFT, MCSCF

and MRCI, has been reported.25–32 It was shown that calculations for aromatic hydrocar-

bons using ROHF and DFT yielded the D-values with large deviation from experimental

measurements,33,34 which was attributed to the insufficient description of electron static cor-

relation inherent in single reference wavefunction. In fact, Sinnecker and co-workers showed

that whereas DFT calculations for oligoacenes resulted in values that were underestimated

by approximately half compared to the experimental data, the CASSCF method gained

some improvement.35 In their calculations, the electron SSC was treated using a mean-field

approximation, on the other hand, Vahtras and Loboda et al. derived the formalism using

the two-particle density matrices, and demonstrated that by using large active space with

RAS, D-values closer to the experimental ones were obtained for oligoacenes.29,30 Later,

Ganyuishin developed the method for calculating larger molecules using the resolution of

the identity approximation.36

As mentioned above, the multi-configuration theories improve the accuracy of D tensor

calculations of aromatic hydrocarbons, but may not reproduce experimental results when

an insufficient number of ⇡ orbitals are included in the active space.37,38 The increase in

active space requires immense computational costs, making it impractical to address large

⇡-conjugated molecules. Density matrix renormalization group (DMRG) methods,39 which

utilizes tensor network technique to reduce the dimension of CI coefficients, can surpass
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this limitation, and yield significant achievements in predicting spin-Hamiltonian parame-

ters, e.g., electron g shift and hyperfine coupling constants, for molecules with large active

space.40–43 Calculating SOC contribution to ZFS tensor with DMRG has been reported,44,45

but as far as we know, calculation of electron SSC using DMRG methods remains unre-

ported. Here, in this work, we have implemented a method to calculate ZFS parameters

from DMRG-CASSCF theory46–49 which can include all valence orbitals in active space,

with the expectation of achieving high accuracy using DMRG methods. Calculated values

were compared with experimental data to assess the accuracy of the method.

Theory

First, we will describe the definition of ZFS parameters of the phenomenological model

Hamiltonian and its relationship with the energy gaps of triplet spin sublevels, and then, we

will explain the equation used to calculate the matrix elements of D tensor contributed from

electron SSC, and lastly, we will discuss our implementation in this work.

The phenomenological model Hamiltonian of ZFS is parameterized by the matrix D and

expressed as

ĤZFS = Ŝ>DŜ, (1)

where S is total spin operator. D is a second-rank symmetric tensor and traceless due to

the anisotropic nature of ZFS. When introducing a coordinate system that diagonalizes D,

this can be rewritten as

ĤZFS = DXX Ŝ
2
X +DY Y Ŝ

2
Y +DZZŜ

2
Z , (2)

where DXX , DY Y , and DZZ are the principal values of D tensor, and the capital letters

XYZ denotes the principal axes. The three principal values are usually reduced to two ZFS
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parameters D and E by using the traceless relation DXX +DY Y +DZZ = 0. By setting

D = DZZ � 1

2
(DXX +DY Y ) ,

E =
1

2
(DXX �DY Y ) ,

(3)

the ZFS Hamiltonian becomes

ĤZFS = D

✓
Ŝ
2
Z � 1

3
Ŝ2

◆
+ E

⇣
Ŝ
2
X � Ŝ

2
Y

⌘
. (4)

In the case of a triplet manifold, therefore, the eigenstates of the ZFS Hamiltonian are written

as

|TXi =
1p
2
(|�1i � |1i) , |TY i =

ip
2
(|�1i+ |1i) , |TZi = |0i , (5)

with the eigenvalues

E(TX) =
D � E

3
, E(TY ) =

D + E

3
, E(TZ) = �2D

3
, (6)

where E(Tµ) (µ 2 {X, Y, Z}) represents the energy level of spin sublevel Tµ. Each state has

zero eigenvalue of the spin projection Ŝµ, which indicates that the spins are in precession

in the plane perpendicular to the µ-axis. From Eq. (6), energy gaps between three spin

sublevels are determined according to ZFS parameters. The sign of the ZFS parameters D

and E depend on the labeling of the principal axes X, Y, Z for each energy level, and thus,

it is common to impose constraints on the range of ZFS parameters

�1

3
 E

D
 0. (7)

It is equivalent to define the energy order of spin sublevels as E(TZ) < E(TY ) < E(TX)

for positive D-value and E(TX) < E(TY ) < E(TZ) for negative D-value. It is sometimes

convenient not to impose constraint (7). In this work, X 0
Y

0
Z

0, and D
0, E 0 are used for the

5

https://doi.org/10.26434/chemrxiv-2023-rs2xc-v2 ORCID: https://orcid.org/0000-0003-4652-8153 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-rs2xc-v2
https://orcid.org/0000-0003-4652-8153
https://creativecommons.org/licenses/by-nc-nd/4.0/


ZFS principal axes that do not necessarily satisfy the constraint, in which the out-of-plane

axis of the aromatic molecules is assigned to Z
0 (Table 3 and SI Figure 3-6).

Next, we will briefly explain the method for calculating the D tensor by ab initio calcu-

lations. The electron SSC term of the Breit-Pauli Hamiltonian is

ĤSSC =
g
2
eµ

2
B↵

2

2

X

i 6=j


ŝ(i) · ŝ(j)

r
3
ij

� 3(ŝ(i) · rij)(ŝ(j) · rij)
r
5
ij

�
, (8)

where ge is electron g-factor, µB is Bohr magneton, ↵ is fine structure constant, ŝ(i) is

spin operator of electron i and rij is a distance between electron i and j. In the following,

atomic units will be used, where the Bohr magneton µB is 1/2. In the quasi-degenerate

perturbation theory (QDPT), SSC contributes D tensor in the first-order and the element of

the effective Hamiltonian is represented by h SM
0 |ĤSSC| SM 0

0 i, where subscript 0 indicates

zeroth-order wavefunction. D tensor can be determined by assuming that the element of

effective Hamiltonian is equal to that of the ZFS Hamiltonian hSM |ĤZFS|SM 0i. Using the

Wigner-Eckart theorem, the spin part of SSC Hamiltonian is transformed into the zeroth

component of the second-rank spherical tensor, and the element of D tensor is expressed as

D
SSC
kl =

g
2
e↵

2

4S(2S � 1)
h SS

0 |
X

i 6=j

r
2
ij�ij � 3(rij)k(rij)l

r
5
ij

⇥ [2ŝz(i)ŝz(j)� ŝx(i)ŝx(j)� ŝy(i)ŝy(j)] | SS
0 i , (9)

where subscript k, l 2 {x, y, z}. In the second quantization formalism, Eq. (9) becomes

D
SSC
kl =

g
2
e↵

2

4S(2S � 1)

X

pqrs

d
kl
pqrsqpqrs, (10)

where the indices pqrs represent molecular orbitals, d
kl
pqrs is the two-electron, and qpqrs is
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constructed by two-body reduced density matrices

d
kl
pqrs =

ZZ
�p (r1)�r (r2)

r
2
12�kl � 3(r12)k(r12)l

r
5
12

�q (r1)�s (r2) dr1dr2, (11)

qpqrs =
1

4
h |Epq�sr � S

z
psS

z
rq +

1

2

�
S
z
pqS

z
rs � EpqErs

�
| i . (12)

Once the D tensor is calculated and diagonalized, the ZFS parameters and principal axes

are obtained by Eq. (3).

Lastly, we will discuss the implementation aspect of this work. The zeroth order wave-

funtions used for D-tensor calculation were obtained from DMRG-CASSCF method, which

was carried out using PySCF and BLOCK2 program packages.50–53 For the calculation of

the integral dklpqrs, RI approximation reported by Ganyushin et al. was used36 to accelerate

the integral transformation of large molecular systems. With the Coulomb metric, dklpqrs can

be decomposed to

d
kl
pqrs =

X

PQRS

g
pq
P

�
V

�1
�
PQ

hQ|ĥkl|Ri
�
V

�1
�
RS

g
rs
S , (13)

where the indices PQRS represent auxiliary basis, gpqP = hpq|1/r12|P i, VPQ = hP |1/r12|Qi

and ĥkl =
r212�kl�3(r12)k(r12)l

r512
. gpqP and VPQ are the term that appeared in the standard calcula-

tion of the electron repulsion integral with the RI approximation, and are obtained directly

from Libcint package.50 The remaining two-center two-electron integral can be transformed

as

hP |ĥkl|Qi =
ZZ

�P (r1)


@
2

@(r2)k@(r1)l

1

r12

�
�Q(r2)dr1dr2. (14)

As is well known, 1/r12 has a singularity at the origin and the second derivative yields the

term proportional to the delta function. The form of this term resembles the Fermi-contact

isotropic interaction and does not contribute to a D tensor for the traceless condition, and
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thus it can be neglected. Here, using the translational invariance relation,


@

@(r2)k
+

@

@(RP )k

� Z
�P (r1)

1

r12
dr1 = 0, (15)


@

@(r1)l
+

@

@(RQ)l

� Z
1

r12
�Q(r2)dr2 = 0, (16)

equation (14) becomes

hP |ĥkl|Qi = @
2

@(RP )k@(RQ)l
hP | 1

r12
|Qi . (17)

The right-hand side is the derivative of the 2-center electron repulsion integral along the

coordination of auxiliary basis �P and �Q, and was calculated from Libcint package. For

the calculation of the quintet density qpqrs, we used the spin-dependent two-electron reduced

density matrices of the DMRG-CASSCF wavefunction.

Results and discussion

Figure 1: Structures of aromatic molecules which were selected for the calculation.

Sixteen aromatic molecules, of which experimental ZFS parameters in the triplet ex-
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Figure 2: Scatter plot of calculated and experimental values of ZFS parameters for the
selected organic molecules in triplet states.

cited state have been reported, were chosen as targets for benchmark (Figure 1). These in-

clude thirteen all-benzenoid polycyclic aromatic hydrocarbons (PAHs) and three porphyrins.

Geometry optimizations of T1 state were conducted at CASPT2(12,12)/cc-pVTZ(-f) level

for oligoacenes and at the time-dependent density functional theory (TD-DFT) with LC-

BLYP/def2-TZVP for other molecules. The TD-DFT calculations were carried out using

ORCA5.0.3 program package and the range-separation parameter µ of the functional was

set to 0.15. For each molecule, natural orbitals obtained from the diagonalization of MP2

density matrix or atomic valence active space (AVAS) module in PySCF, which automati-

cally construct active space, were used for extracting valence ⇡ orbitals. As usual in DMRG

method, all valence ⇡ orbitals were localized and manually ordered (SI Figure 1). Then,

DMRG-CASSCF calculations with cc-pVDZ basis set were carried out with bond dimen-

sion M = 1024 and cc-pVDZ-jk-fit auxiliary basis sets.54 Subsequent calculations of ZFS

parameters implemented in this work were carried out using cc-pVQZ-jk-fit auxiliary basis,

which should be sufficient to disregard the errors from the RI approximation. As the jk-fit

basis for Mg and Zn atoms cc-pVQZ-RIFIT auxiliary basis sets54 were used for both. The

results of the calculated ZFS parameters are summarized in Table 1 and Figure 2. In the
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table, ⌘ = |E/D| and the sign of D-values from experiment are listed to be all positive. In

the figure, the color of the dots represent the sign of D-value theoretically predicted (blue

indicates positive and orange indicates negative).

Table 1: The ZFS paramters of T1 state of the ⇡ conjugated molecules by the DMRG-
CASSCF theory with full-⇡ active space and bond dimension M=1024. In the calculation of
RMSD and MAPE, it was assumed that the sign of the experimental D-values are the same
as the predicted ones.

Theoretical Experimental

No. Molecule D /cm�1
E /cm�1

⌘ |D| /cm�1 |E| /cm�1
⌘ Ref.

1 Anthracene 0.0634 �0.0118 0.19 0.0702 0.0081 0.12 [55]

2 Phenanthrene �0.1250 0.0144 0.12 0.121 0.027 0.22 [22]

3 Tetracene 0.0502 �0.0065 0.13 0.0573 0.0043 0.08 [56]

4 1,2-BA 0.0694 �0.0186 0.27 0.079 0.014 0.18 [22]

5 Chrysene �0.0813 0.0224 0.28 0.095 0.025 0.26 [22]

6 Triphenylene 0.0861 �0.0038 0.04 0.1367 0.0026 0.02 [57]

7 Pyrene �0.0888 0.0092 0.10 0.081 0.017 0.21 [22]

8 Pentacene 0.0386 �0.0002 0.01 0.0467 0.0018 0.04 [58]

9 1,2,5,6-DBA �0.0933 0.0143 0.15 0.090 0.025 0.28 [22]

10 Picene �0.1019 0.0128 0.13 0.1016 0.0286 0.28 [59]

11 1,2-BP �0.0948 0.0105 0.11 0.091 0.023 0.26 [60]

12 3,4-BP �0.0668 0.0092 0.14 0.068 0.018 0.26 [61]

13 Coronene 0.0582 �0.0064 0.11 0.0967 0.0030 0.03 [62]

14 Porphyrin 0.0330 �0.0108 0.33 0.044 0.007 0.16 [63]

15 Mg porphyrin �0.0330 0.0094 0.29 0.0333 0.0099 0.30 [64]

16 Zn porphyrin 0.0306 �0.0088 0.29 0.036 0.009 0.25 [65]

RMSD 0.0172 0.0075 0.10

MAPE 12.9% 46.4% 68.0%

To evaluate the deviation from the experimental results, root mean square deviation

(RMSD) and mean absolute percentage error (MAPE) were calculated under the assump-

tion that the signs of the experimental are identical to the calculated values. The RMSD
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(MAPE) are 0.0172 cm�1(12.9%), 0.0075 cm�1(46.4%) for D-value and E-value ,respec-

tively. Because the absolute value of E-value is smaller than D-value, RMSD of E-value

is smaller than that of D-value and MAPE of E-value was larger than that of D-value.

For comparison with existing methods, the calculations of ZFS parameters were performed

at LC-BLYP(µ=0.15)/cc-pVDZ level and CASSCF(12,12)/cc-pVDZ level. With the former

approach, the deviation was 0.0422 cm�1(44.0%), 0.0119 cm�1(76.5%), and with the lat-

ter approach, the deviation was 0.0284 cm�1(28.1%), 0.0091 cm�1(51.5%) for D-value and

E-value respectively (SI Table 1). Therefore, compared to DFT and CASSCF with small

active spaces, DMRG-CASSCF with full-⇡ active space predicted the ZFS parameters more

accurately. The improvement in accuracy was particularly significant for the D-value while

the improvement in the E-value was relatively smaller, which indicated the difficulty of pre-

dicting E-values and suggested that further increase in computational level may be necessary

for accurate predictions.

Next, we will discuss the trends of the error. For all the aromatic molecules calculated,

the out-of-plane direction is one of the principal axes, and the energetically lowest sublevel in

all cases, i.e. it is assigned to Z-axis for the molecules with D > 0 and X-axis for those with

D < 0. To analyze the trend of the error based on the molecular structure, we therefore

labeled the out-of-plane axis as Z
0 and in-plane axes as X

0 and Y
0, and defined the ZFS

parameters as

D
0 =

E(TY 0) + E(TX0)

2
� E(TZ0),

E
0 =

E(TY 0)� E(TX0)

2
,

(18)

instead of imposing the constraint Eq (6). Theoretical predictions of |D0| tended to underes-

timate the experimental values, while those of |E 0| tended to overestimate them with some

exceptions (SI Figure 3 and 4). E 0 of chrysene (5) deviates from the trend, but the absolute

value of the deviation is small. Relatively large deviation in D
0-values were found in triph-

enylene (6) and coronene (13). Triphenylene and coronene have the symmetry axes with

11

https://doi.org/10.26434/chemrxiv-2023-rs2xc-v2 ORCID: https://orcid.org/0000-0003-4652-8153 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-rs2xc-v2
https://orcid.org/0000-0003-4652-8153
https://creativecommons.org/licenses/by-nc-nd/4.0/


more than three-fold rotation and have orbitally degenerated low-lying triplet states. The

coupling of electronic states between quasi-degenerate states, e.g, SOC and spin-vibronic

coupling, could affect D-tensor.34 This type of error is also possible in some porphyrins,

where T1 and T2 states are nearly degenerated. Also, according to the report by Gastel, it

was pointed out that ZFS parameters of aromatic molecules are influenced by � � ⇡ polar-

ization.66 This discrepancy could potentially decreased by incorporating dynamical electron

correlation, which is one of the future challenges. Several trends were observed in the re-

lationship between molecular structures and ZFS parameters. Conventionally, it has been

known that by assuming the classical point dipole approximation and the appropriate axis,

ZFS parameters arising from SSC can be expressed as follows.

D =
3µ0

16⇡h
(geµB)

2 hr
2 � 3z2

r5
i ,

E =
3µ0

16⇡h
(geµB)

2 hy
2 � x

2

r5
i .

(19)

From Eq. (19), it is commonly said that D- and E-value depend on the average distance be-

tween spins and the rhombicity of spin density, respectively. In the series of the oligoacenes,

this is true for the D-values, but not for the E-values because both D and E become small

as the number of rings increases. In particular, the E-value of a pentacene is quite small

comparable to that of triphenylene and coronene which have nearly zero E-values due to

their three-fold or higher rotational symmetry. The decrease in D-value of oligoacenes can

be explained by the delocalization of the spin density with the extention of ⇡ plane, but

the decrease in E-value cannot be explained from the perspective that the E-value is an

indicator of axial symmetry. Bräuchle et al. explained that as the spin distribution spreads

in the x-axis direction, which is the long axis direction of the oligoacene, E-value asymptot-

ically approaches (y2 � x
2) /r5 ! �1/x3, and thus E-value decreases by the elongation of

oligoacenes.60 In other words, the expansion of spin density leads to the larger denominator,

causing the decrease in the E-value. Bräuchle et al. also noted that the magnitude of the

D-value of a PAH is related to the number of Clar’s sextet.67 The Clar’s rule is an empirical
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rule that has been known for decades, stating that among the resonance structures of PAHs,

the structure with the highest number of disjoint benzene-like ⇡ sextets is the most impor-

tant to describe their properties.68 Although whether the Clar’s rule can simply be applied

to the properties in excited states is a matter of debate, it was observed that the molecules

with a larger number of the Clar’s sextets exhibited a larger D-value than other molecules

with the same number of ⇡ orbitals. (SI Figure 8). Oligoacenes have only one Clar’s sextet,

which corresponds to the fact that the D-value is smaller compared to other isomers with

the same number of carbon atoms. Porphyrin shows a smaller D-value than the other all-

benzenoid PAHs, and the ⌘ is close to 1/3. The Fermi level of porphyrins has traditionally

been described by Gouterman’s four-orbital model, where HOMO and HOMO-1, as well as

LUMO and LUMO+1, are nearly degenerate. In the triplet state, the Jahn-Teller effect lifts

the energy degeneracy, resulting in in-plane structural distortion. This distortion leads to

an increase in E-value which characterizes the axitiality.69 It should be noted that the ZFS

parameters are not necessarily accounted for by the distribution of the spin density, which

is a one-body property, because the SSC is a two-body interaction.

Table 2: Convergence behavior of the DMRG-CASSCF energy and ZFS parameters for the
anthracene and the phenanthrene to the large M limit.

256 512 1024 2048 FCI Exp.

Anthracene E(T1) /cm�1 1.4661 0.0567 0.0009 <10�4 0

D /cm�1 0.0586 0.0618 0.0634 0.0642 0.0643 0.0702

E /cm�1 -0.0088 -0.0110 -0.0118 -0.0121 -0.0122 -0.0081

Phenanthrene E(T1) /cm�1 23.7229 1.5722 0.0393 0.0006 0

D /cm�1 -0.1245 -0.1255 -0.1250 -0.1252 -0.1253 -0.121

E /cm�1 0.0108 0.0134 0.0144 0.0150 0.0151 0.027

Next, we will discuss the convergence behavior of ZFS parameters against the bond di-

mension M . Table 2 summarizes the changes in ZFS parameters for anthracene and phenan-

threne when the various bond dimensions from 256 to 2048. The energy values are expressed

relative to the values of CASSCF(14,14). It was found that with increasing the bond di-
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mension, the convergence of the ZFS parameters is slower compared to the convergence of

the energy. On the other hand, the D-value of phenanthrene is coincidentally closer to the

values of FCI with a small bond dimension, and this indicates that the error cancellation

may occur in the calculation of the ZFS parameters using the DMRG-CASSCF method.

There is a possibility to improve the convergence behavior along the bond dimension if the

D tensor is evaluated using non-perturbative manner, which can be achieved by diagonaliz-

ing the Hamiltonian including both non-relativistic term and SSC term in the CASCI space,

like spin-orbit configuration interaction (SOCI) approach.70

Table 3: ZFS parameters for the pentacene at the different calculation levels.

D
0 /cm�1

E
0 /cm�1

⌘ E(T1) /Eh

DFT 0.0286 0.0025 0.09

CASSCF(4,4) 0.0286 0.0059 0.21 -841.317403

CASSCF(8,8) 0.0307 0.0080 0.26 -841.383524

CASSCF(12,12) 0.0354 0.0050 0.14 -841.416827

CASSCF(14,14) 0.0371 -0.0021 0.06 -841.442815

CASSCF(16,16) 0.0402 -0.0029 0.07 -841.476852

DMRG-CASSCF(18,18)a 0.0374 0.0037 0.10 -841.505719

DMRG-CASSCF(22,22)b 0.0386 -0.0002 0.01 -841.577315

DMRG-CASSCF(22,22)c 0.0398 -0.0009 0.02 -841.577315

Exp.d 0.0467 -0.0018 0.04
a
M = 2048; b

M = 1024; c
M = 1536; d Ref[58];

The values of ZFS parameters obtained for pentacene with different active space are

shown in Table 3. D
0 and E

0 are defined by Eq (18) where X
0, Y

0 and Z
0 correspond

to the long axis, short axis, and out-of-plane axis of the pentacene, respectively. As the

size of the active space increases, the predicted D
0-values also increase to be close to the

experimental value. It can be seen that the contribution of the ⇡ orbitals away from the

Fermi level is also important for describing the two-electron SSC. Also, D0-value of DMRG-

CASSCF(22,22) does not obey the tendency, which may be caused from the lack of bond
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dimension. With increasing the active space further, the sign of the predicted E
0-values

changed from plus to minus, which corresponds to the energy reversal of two spin sublevels

at in-plane from TX0 < TY 0 to TY 0 < TX0 . The experiments showed that the highest energy

of the sublevels is in the long-axis direction, so the result of full-⇡ active space correctly

predicts the experimental energy ordering. The same behavior is also observed in the DMRG-

CASSCF(22,22) with respect to the increase in the bond dimension. Thus, small active space

or insufficient bond dimension can provide qualitatively incorrect energy order of the spin

sublevels when E is very small. Comparing the results of DFT and DMRG-CASSCF with

the full-pi active space, DFT failed to predict the sign of E-value for the molecules with the

small E, e.g. tetracene, triphenylene, pentacene, and coronene (Figure 5S and 6S), and the

sign of D-value for the molecules with ⌘ ⇡ 1/3, e.g. free-base, Mg, and Zn porphyrins and

chrysene. In such conditions, the sign of ZFS parameters are quite sensitive to the accuracy

of the predicted D-tensor.

Conclusion

In this work, the method for the accurate prediction of the ZFS parameters using the DMRG-

CASSCF theory was proposed and examined for the aromatic molecules in the lowest triplet

states with the valence full-⇡ active space. The accuracy of the prediction of D tensor

increases as increasing the size of the active space. The DMRG-CASSCF calculations with

the large active space yielded closer values to the experimental results than the DFT or

CASSCF calculations with small active space. In fact, in particular for the systems where

E is small or ⌘ close to 1/3, the signs of the ZFS parameters D and E were sensitive to

the accuracy of the prediction of the D tensor, and the DFT and CASSCF with the small

active space faild to predict the correct sign for the ZFS parameters, e.g. the E values of

the oligoacenes and the D values of the porphyrins and chrysene. For those systems, the

DMRG-CASSCF method is required to achieve reliable prediction for the ZFS parameters.
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In the DMRG-CASSCF calculations, it was observed that the larger bond dimension

was required to obtain sufficiently converged results for the ZFS parameters as compared to

the energy expectation value of the non-relativistic Hamiltonian. That could be because the

DMRG-CASSCF wavefunctions are not optimized to describe the SSC, which is absent in the

non-relativistic Hamiltonian, and the convergence can be improved if the SSC Hamiltonian

is incorporated into the DMRG algorithm.

As a future work, the developed method can be applied to metal complex systems, where

DMRG-CASSCF exhibits its power due to the ability to treat large active space. It is known

that the contribution of SSC is small but not negligible compared to SOC in metal complex

systems.71 We believe that the ability to accurately predict ZFS parameters and principal

axes with the method developed in this work will aid in the practical application of quantum

technology.
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