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Abstract

Polarised neutron diffraction experiments conducted at 4.2 K on CszCoCls
crystals have been analysed by using a 4-dimensional model Hilbert space made of ab
initio n-electron wave functions of the CoCli_ molecular ion. Two spin-orbit mixing
coefficients and several configuration interaction coefficients have been optimized by
fitting calculated magnetic structure factors to experimental ones, to obtain the best
ensemble density operator that is representable in the model space. A goodness of
fit, x?, less then 1 has been obtained for the first time for the two experimental
data sets available. In the present article, the optimized density operators are used
to calculate the magnetic field densities that are the genuine observables probed in
neutron diffraction experiments. Density maps of such observables are presented for
the first time and numerical details are provided. The respective contributions of

spin density and orbital current to the magnetic field density are analyzed.
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1 Introduction

A molecule with a non zero spin density, such as an open-shell molecule in a magnetic field,
produces a magnetic field density in space. If in addition there is a significant spin-orbit
coupling in the system, a non zero orbital current density also contributes to the molecular
magnetic field density. Such a density is a bona fide, gauge invariant observable, that deserves
special attention because it is the genuine observable (and not the spin density) probed in

experiments such as polarized neutron diffraction experiments [1].

The purpose of this article is to calculate magnetic field densities and to analyze the re-
spective contributions of the spin density and the orbital current density (essentially the
paramagnetic contribution, the diamagnetic one being negligible) of CoCl;~ molecular ions
embedded in tricaesium cobalt (IT) pentachloride, Cs3CoCls, crystals. An extensive bibliog-
raphy on this system has been provided in previous publication [1,2]. More recent theoretical

studies show that it is still the topics of active research [3,4].

Accurate density operators for the CoCl3~ molecular ions embedded in Cs3CoCl; crystals
have been derived [1] from polarised neutron diffraction (PND) experiments [5]. Two data
sets were collected from PND experiments. The first one, hereafter referred to as the “c-data
set”, was obtained with an applied magnetic field of 4.6 T along the c-axis of the cristal,
which has the I4/mem space group symmetry. This axis corresponds to the main symmetry
axis (hereafter regarded as the z-axis) of the CoCl3~ molecular ions, which have Dy point
group symmetry in the cristal. The second data set, called the “a-data set”, was obtained
with an applied magnetic field of 1.49 T along the cristal a-axis, which is perpendicular
to the c-axis. Correspondingly, two density operators were derived, both of them achieving
a goodness of fit, x?, less then 1 for the difference between calculated and experimental

magnetic structure factors.

In the present study, we use these two density operators to compute magnetic field den-



sities. As far as we are aware, such observables have not been calculated before. So, no
benchmark calculation was available. Therefore, for debugging purposes, the calculations
were performed with two independent approaches which use different formulas and different
computer codes to calculate magnetic field densities in direct space representation. (Note
that in previous works, we have calculated magnetic density points in reciprocal space for
the sake of comparison with experimental structure factors.) The first one is based on an-
alytical expressions employing the first confluent hypergeometric function [6]. It has been
implemented as a Mathematica code [7] and is summarized in Appendix C. The other one
is based on Rys-quadrature and will be detailed in the next section and Appendix B. It has
been implemented in the computer code TONTO [8], and after checking its results against
the first method, it has been used to produce the density maps discussed in Section 3. Our

findings will be summarized in conclusion.

2 Numerical calculation of magnetic field integrals

Notation: the components z, y, z of three-dimensional vectors, v, will be denoted as su-

perscript with greek letters, (v®) . The elements of higher-order tensors such as the

a€{z,y,z}
Kronecker symbol, 0,4, (seen as the identity tensor of rank 2), or the Levi-Civita antisym-
metric tensor of rank 3, £,4+, Will be indexed with subscripts. When using the latter tensors,

Einstein implicit summation convention will be used for repeated indices.
2.1 General expressions of the magnetic field integrals

The magnetic field at point 7 in 3D-space, B [7], coming from a current density, J| 7], is:

_ [y = Jir -
Br:—Vx/qidr’. 1
M= R (1)

The integral can be denoted as ff[ﬂ as it plays the part of a vector potential. The quantity

1 1
[t is the permeability of free space, in atomic units o _ = a?, ¢ speed of light, o >~ —
A 2 137



fine structure constant.

The electronic current density of a molecule is composed of an “orbital” part and a “spin”

part:

T = Jof + . (2)

In terms of an orbital basis set, (xx)x, the a-component of the spin current density, js[F] =

ge,ueﬁ x S [7], (ge, gyromagnetic factor of the electron, j, = —32

5 au, Bohr magneton), is

expressed as,

o 0S7|r Xz, 7]
Jo[r] = geueeammp = JeleSapy D :

ki,pska,v

o 10 OXs [T]
5 Xk 7 X 715 5 | (S D Dl

(3)

)

where (S7),,, denotes the matrix element of the spin operator y-component, and D,g’y;kl’ ”

the one-electron reduced density matrix.

The paramagnetic contribution to the orbital current density is expressed as:

TR = 3 (I )k Dy, (4)

k1,k2

where the current density matrix element is,

i * an‘Q [ﬂ o 8XZ1[

! 2l T, )

(Jo [T ky by =

and the matrix, D,(C?k .+ 1s the one-electron reduced density matrix traced over spin variables,

1 1
D1(<32?k1 = Z DIE:Q)vu;klvll" (6)
I



Correspondingly, the magnetic field is comprised of two different origins,

B[] = B[] + B[], (7)
with,
_ 1~ T
&r:—Vx/ ) U ) 8
[7] 2 e 7 — 7] (8)
. 1 A
&r:va/AT—ﬂw. 9

However, the computation of both contributions boils down to evaluating the same function,

9 O, 1] 1 5
0 A = / 2 = dr’ 1
Sl = g o X1 AEEE e 1o
since,
Eanp 0 Jﬁ[ﬁ} -

BO[ — / _‘O d /
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k1#k2

(introducing in the last step, the imaginary part I'm|z] of a complex number z, and using

Capy = _50%3)7 and,
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(introducing the real part, Re[z], of a complex number, z, using the identity c,g,€p.\ =

504)\5’)%

— darbx and replacing the Bohr magneton by its value in atomic units). Note that

the restriction 7 # « in the summation is not necessary, for the term v = a would be zero

anyway.

If the orbital basis functions are real, the I}’

the real or imaginary parts in Eqgs.(11) and (12),
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[7"] are also real, and can be extracted from

(14)

Recall that the spin matrices can be represented as one half of the Pauli matrices, the above

equations give for the z-components,
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In the following section we work out some simplifications of the calculation of the I, ,;"ﬁz 7]

integrals when the orbitals are gaussian functions.

2.2 Case of Gaussian basis functions

We now consider primitive Gaussian basis functions, (“Gaussians” in short) of the form,

xelil = [I (*—=RY)™ Bap[—G (r* — R’ (17)

ac{z,y,z}

A partial derivative of such a Gaussian function is just a linear combination of two different
Gaussians, with the same exponential part but different prefactors,

Oxlr] ( Ly

ore r® — Ry

9 (e - Ri:)) ol (18)

Let us define a function f of two integer triplets M; := (MZ, MY, M?), i € {1,2} and three
vectors of R®, R; := (R*, RY, R?), i € {1,2}, 7 := (r*,r¥,r%), by:

f [§17M17R»27M27Fi| = H (ra _Rla)Mza (19>
sy

(eq.(7) of [6] with a misprint corrected). Denoting by €, the unit vector of R? in direction

«, the integrals, [,?1’5% [7], can be expressed as,

. O [ (ruils ¢ 5 g s 2 o2 o2 -
NG W/Rs (L8,f [Brys Liy, Riy Ly — €ay77] = 2Gi, f [Bry, Lty By, Ly + 8o, 7))
— — — — 1 -
Brp [~ 7" = B, |2 = Gl = B 2] - —=——-dr”, (20)

[ =]

Using the identity,

Exp |—C||F — R1|)? — G|7 — REHﬂ = Exp [C:iz IR — }?1”2] Ezxp [ (G +&)|7- W
(21)

|



and introducing the function

- - 2 —
g [}?1,1\21,}?2,]\7[2@1,(27?] 2=;%/R3f[ﬁ1,1\711,ﬁ27]\227ﬁ] x Exp [(ClJrCz) ﬁiCl}ZiZRQ ] H;ﬁqﬁ”, (22)
we have
198 [ = Bap | =27, — Bol2| (1097 (B, Ty, Bos T — € =
kl,kg[f]_ Tp C1+C2H 2 = 1” k}gg 1, L1, £12, 2—6a,C1,C2,T
~2(1, 9" [Rhil,ész+5a,C1,C27FD- (23)

So, to obtain [l?fﬁ@ [7], it suffices to compute the function, ¢° {ﬁl, M, Ry, Mo, (1, CQ,F}, for
non-negative integer triplets, (MF, M}, M?), i € {1,2}, as in [6]. In fact, that is just the
derivative of a “Coulomb potential” type of integral with Gaussian basis functions, which
is easy to evaluate numerically according to known techniques such as Rys quadrature [11].
In Appendix B, we demonstrate that these integrals are actually amenable to an exact
calculation with Rys quadrature method, and provide details on how to derive practical

formulas using a double quadrature method.

3 Application to CoCl3~

The formulas of the previous section and Appendix B have been implemented in the code
TONTO [8] and applied to the density operators optimized in [1] for CoCl;~ in Cs3CoCls
crystals in order to calculate the current and spin density magnetic field at different grid
points. The numerical accuracy of the formulas has been checked thoroughly against ana-
lytical formulas, see ref. [6] and Appendix C. The results are displayed in Figs. 1 and 2 and

are analyzed below.

We have concentrated our attention on the components of the magnetic field that have been
probed in PND experiments and so have served to optimize our density operators. That is to
say, the z-component in connection with the c-data set and the x-component in connection
with the a-data set. The 2D grids represented in this study correspond to the so-called “small

angle plane” and “large angle plane” used in previous studies, that is to say, they are planes



containing the cobalt atom and two chlorines forming a ClCoCl angle of either 107.22°0r
110.61°. However, other planes have been used for plots not represented in this article. These

plots will be commented on in the text.

Note first that comparing spike height can be misleading. For example, in Fig. 1, the maxi-
mum value of the z-component of By, in the small angle plane that is about 0.000341 au,
with that of B,., equal to about 0.000197, one find a very large ratio, that is B,,, would
appear to be more than 50% of Bgp,. In fact if one integrates over all 2D-grid points one

find a ratio of about 30%. We anticipate that integrating over 3D-space and not just a single

plane, would give an orbital versus spin bulk ratio, E]i;:i , of the order of 20%, that is similar
to the orbital versus spin contribution found for the g-value obtained in ESR experiments
[10] of 2.42, this number being also very close to the g-value obtained from our optimized

density matrix for the c-data set [1], g = 2.46.

Let us start with the magnetic field z-component of the density operator optimized with
the c-data set. In Fig. 1, the upper panels show that the orbital current magnetic field z-
component is essentially centered on the cobalt atom, slightly stretched along the z-direction
that is along the CoCl3~ tetrahedron elongation. This is easily rationalized from the orbital
current density, displayed on Fig. 3 or in [1]. There is no trace of the chlorine contributions to
the orbital magnetic field at this scale, whereas the spin density magnetic field z-component
displays some small features at their locations at the same scale. In fact, the top of the
chlorine spin magnetic field feature is about 15 times higher than that of the orbital one.
The orbital current around the chlorine centers appear to be somewhat quenched in the

CoCl3™ molecular ion.

In contrast with the orbital magnetic field, the spin magnetic field (4 lower panels of Fig.
1) displays very different features in the small and large angle planes. Although the spin
densities look similar in the two planes with four spikes in the interaxis areas (see Fig. 4),
only for the large angle plane does the spin magnetic field show 4 spikes. This has to do with
the special role of the z-axis with respect to the z-component of the magnetic field. In fact,

the same feature is observed for the B, component in the (z,y = —z)-plane in the case of



the a-data set (plot not shown in the article). Also, contrary to the orbital contribution, the
spin one has significant negative features, in particular in the small angle plane. They are
however much smaller than the positive ones, as can be seen by comparing the scales of the

middle and lower panels.

Let us now examine the magnetic field x-component of the density operator optimized with
the a-data set. The scales of the drawings in Fig. 2 are enlarged 10 times with respect to the
scales of Fig. 1. The smaller magnetic field obtained for the a-data density operator reflects
the smaller magnetization of the system due to a smaller applied magnetic field and a less
effective splitting of the degenerate electronic energy levels, see Fig.3 of [1]. The ratio %};Z
is remarkably small. It shows that even the orbital current around Co is quenched when the
applied magnetic field is perpendicular to the main symmetry axis. As a matter of fact, the

current density in the lower panel of Fig. 3 has not the circular distribution exhibited in the

upper panel.

The small and large angle planes are fairly equivalent for the x-component of the magnetic
field. Both ressemble the x-component of the spin density (see Fig. 4) which has four spikes
around the cobalt center, the two spikes on the chlorine side being significantly larger then
the two others. This can only be related to the bonding interaction between the cobalt central
nucleus and the chlorine nuclei. The dissymmetry also exists for the c-data density operator
but is less noticeable due to its smaller relative amplitude with respect to spike heights (6

times larger for the c-data spin density).

Finally, we note that there is a negative feature in the spin magnetic field z-component
despite the fact that the spin density z-component is negative everywhere (in other words,
there is no spin polarization). The same was observed for the c-data spin magnetic field
z-component, except that, here, the negative feature has a shape similar to the large angle
plane lower picture of Fig. 1, but a relative magnitude recalling that of the small angle
plane lower picture of Fig. 1. In fact, the 3D shape of the magnetic field is rather complex
and difficult to apprehend. For example, in the xy-plane (picture not presented here), the

c-data spin magnetic field z-component displays two positive spikes almost symmetrical to

10



two negative spikes. The orbital magnetic field in the same plane shows a single spike similar

to those of Fig. 1 but not distorted, that is with a round base shape.

4 Conclusion

We have presented an effective numerical procedure to compute the magnetic field produced
at a given point in space by a molecular orbital current or spin density. The formulas have
been implemented in the TONTO computer code, a copyleft quantum chemistry freeware

[8]. As far as we are aware this observable was not investigated before.

We have studied some selected part of the orbital current and spin density magnetic fields of
the CoCl3~ molecular ions embedded in Cs3CoCls crystals in an external magnetic field. The
two contributions are quite different. The orbital one is found more sensitive to the direction
of the applied magnetic field than the spin one. Conversely, the spin contribution is found

more sensitive to presence of chlorine atoms. Indeed, it can even reveal chemical bonding.

We hope that the present study will trigger interest in this observable, whose calculation has
now been made available to the community for any molecular density matrix expressed in

terms of a Gaussian atomic basis set.

Appendix A: Paramagnetic current and spin density of CoCl3~

The induced molecular magnetic field densities for CoCl5~ presented in this article arise from
the spin densities and orbital current densities depicted in [1]. Here, they are reproduced from
different viewpoints. This is useful to better grasp they shape in 3D-space and makes the

article more self-contained.

Only the orbital current around the cobalt nucleus is significant as can be seen from the
orbital contribution to the magnetic field. So in Fig. 3, we have only displayed the currents

in cubes of length 2 a.u. centered on the Co atom, with a view from the top of applied

11



magnetic field axis. In the case of the c-data set we clearly see that the current follows
circles around Co in the xy-plane, hence the round shaped peak of the orbital contribution
to the molecular magnetic field (top of Fig. 1). In contrast, for the a-data set there are pairs
of small circles superposed to large circles (bottom picture). Hence, the elongated shape of

the peak of the orbital magnetic field (top of Fig. 2) which is actually splitted in two at the

tip.

Note that, the spin density y-component plots were wrong in [1] due to a misprint in a
computer code. They are corrected in Fig. 5. Note also, the abuse of notation for the so-
called “large angle plane” passing through Co, Cl; and Cly of Fig.1 in [1], since the axis
labelled “xz = —2” is in fact approximately “z = —.95952071 x 2”7 because of the distorsion

of the tetrahedron.

(insert Fig. 5 here)

Appendix B: Calculation of Coulomb field integrals using Rys Polynomials

In this appendix, we explain our implementation of a Rys and Gauss-Hermite double quadra-
ture method, for the calculation of the function, ¢” [ﬁl, Ml, EQ, MQ, (1, C2,7:i|, given in Eq.
(34).

Let us first consider its integral part,

— 53 23 2
. _ CGRi+CGRy
hiien il = [ F [ 3, B, ﬁ}.Exp[ il i Lzﬁ (24)
i, MG, Re M2, T Ly L, 2125 252, |77 — 7| ’

that is just a “Coulomb potential” type of integral with Gaussian basis functions, which is

easy to evaluate numerically according to known techniques such as Gaussian quadratures.

More precisely, as a first step, we employ exactly the same algebra used p.13 of Ref. [6] to
transform ¢ [13@1, ]\7[1, ég, MQ, (1, (o, F} That is to say, we Laplace transform

EEk

1 1 oo L =91 dU
M = ﬁ/o Exp [—UHT‘ — 7| } NG (25)

12



make use again of the identity of Eq.(21) and perform three changes of variables to obtain,

1 dy 2 - -
hﬁ17M17C1,ﬁ27M2742[§1 = ﬁ(Q + CQ) 0 N Exp [_VHSH ] /]R?’ ds" Exp [_HS/H ] :
CZ(EI — Rz) I/§ - Cl (EQ — él) I/§ - 1—v "

f C1+ G _\/C1+C2’M1’ G+ G _\/C1+427M27 G+G°

: (26)

where § 1= /(1 + (o — GR1HGRy (Note that, as in [6], we have assumed that the two
VASE XS

integrals could be swapped.) The second integral on s’ can be calculated by Gauss-Hermite

quadrature, whereas the first one suggests the change of variable, v — t2, in order to use the

method of Rys polynomials [12-14]:

2 ' 21 2112 3 112
Mool = gy | B <RI [ a7 Bap[-)712]
R — R 25 - Ry — R 25 - [1—- -
plettiztfe) 08 g ale- k) g, [ 1ota) 1)
G +G VG + G C1+¢ VG + G G+ ¢

So, as a second step, we use Rys quadrature [13] to calculate the first integral in Eq. (27).
Note that we do have a polynomial in #?, as required to obtain an exact Rys quadrature,
since only even degrees in the §'-components give non zero contribution after integration
on Q—components. The minimum number of quadrature points or “roots” to have an exact
quadrature is the smallest integer larger than half the degree of the polynomial in factor of

the Gaussian functions, that is to say, in the present case:

Rys {%:Mﬁ + M]?;

nroots - 2 (28>

(“ceiling” integer value of %%} Mg + Mg).

So, we can rewrite exactly Eq. (27) as a discretized Rys sum (switching back to the 7

variable):

2 Rys - -
hELMLCLRzJVI%CQ M= V(6 + ¢2) Zwk’ys[ﬂ /JR3 ds' Exp [7”sl” } '
k

. GR1 4+ GR+ (G +C2)Uk[ﬂ7?’ Ny By — CR1 4+ GRa+ (G + Cz)uk[ﬂf"]\;['z, s
V(G + )1+ ug[)

@ + )0+l @ + )0+l (29
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where the u[r]’s are related to the roots of the Rys polynomials, the #4[||5]|?]’s, by, ux[F] =

(tell5121)°

T e See Ref. [13], and the w?ys [7]’s are the Rys “weights”.

Next, for every ug[r] value, we still need to evaluate the integrals,

« — 4e3 _ ol
Nﬁl«M1yC17R2,M2,C27uk[ﬂ[F] .—/Rds Emp[ 5 ]

GRS + (2RS + (C1 + C2)ug[Flre
(€1 +¢2) (A + ug[])

GRY 4+ GRS + (G + Q)ug[rre s’
G+ +wl Y G o) tmi) |
(30)

[e3 «
7M1’R2 -

fa | RY —

where the function f, denotes the factor of the function f corresponding to a-components,
a a pa a .o a a\ M
fo [RY, MY, Ry, M3, r] = H (r* = R (31)
ic{1,2}

In the last step to obtain the hg 17 . 7, 15, [7] function, we use exact Gauss-Hermite

quadratures for these integrals and replace them by the discrete sums:

N L :5 G-Hrpro 4 e .
By T 1 Fia W G (7)) wr T M + M)
l

G Ry 4+ GRS + (C1 + Q)ug[r* sjO M + Mg
Gratul® TG @0t ui |
(32)

CIRY + GRS + (¢1 + C2)ug[Fr®
(€1 + ¢2)(1 + ug[)

fo | RS — s M7, RS —

where the Gauss-Hermite roots, s/*[M{ + M$], and weights, wF B[ M + M), depends on
the minimal number of quadrature points required to have an exact result, that is to say,
upon the degree of the polynomial in s*, hence their dependence upon M{ + Mg In fact,

the number of points required is

MY + MY
gt = | MR (33

Routines to calculate these weights and roots are widely available, see for example [15].

Let us return to the calculation of the function ¢°,

oo oL 2 Ohg g o B el
96[31,M1732,M2,§1,C2,7“}: Rl’Ml’g:;Z’MZ’CQ . (34)

14



It can be regarded as a “Coulomb field” integral type, since it is a derivative of a “Coulomb

1
(|7 =7
and assuming that derivation permutes with the Laplace transform, Eq. (25), we get:

potential” integral. Looking back at Eq.(24), we see that only needs to be differentiated,

aHra_r;/H_l = \/1% /0+OO —20(r? —1"P)Exp [—UH??— f’HQ] dv. (35)
So, there is only an additional factor of —2v(r® — ) to take into account with respect to
the calculation of hy i &, xi, 7). After the successive changes of variables, this factor
becomes —2((; + C2)t2 (Tﬂ — % — mJQf)ﬂﬁ)) This seems to introduce a factor
ﬁ, however, as we have already stated, only even powers of s’® give non zero contributions
to the integral over s, and all other factors s’ in f5 comes with a factor V1 —t2, see Eq.
(27). So, again the function to integrate over ¢ will be a polynomial in ¢* amenable to exact
Rys quadrature. The only thing to pay attention to is that its degree is increased by one
with respect to the case of Coulomb potential integrals, hence the required number of roots
will have to be increased accordingly. (Note however, that the above argument would not to
apply beyond Coulomb potential integral first derivatives.)

For each Rys quadrature point, the extra factor can be expressed as

1810 B4 g8 5 P
_ g s IM{+MY] QR 4RI +(Si+Co)uk[r? . ) _
2(CutCo)uklr] (T V(G G) (tusl) : (C1+22)(1+uk[7*]) . This factor is to be inserted

in the sum of Eq. (32) for a = 3, giving the new function,

=y +]\/1['3 Rﬁ RrP B
s o e —2(41+Cg)uk[ﬂz Y 5,7 M 2] _ QRy + GRy + (G F G2)uglflr
Ry,My,¢1,Ro, My, Co,up [ (1 + C2)(1 + ugl) (€1 +¢2)(1 + ug[7])
1
B B B B B B /B B B
fo | RO - CGLRY + G2Ry + (C1 + C2)ug[f]r P RS~ C1RY + 2Ry + (¢1 + C2)ug[Fr M, s, My + My , (36)
(¢1 4 ¢2)(1 + ug[7]) (€1 4 ¢2) (A + ug[7]) /(€1 F ) (1 + ug[7)

)

the other two sums, for v # /3, remaining unchanged. So, the function ¢” {ﬁl, Ml, 13@, Mg, (1, (o, F’}

is obtained by multiplying these three Gauss-Hermite sums for every Rys quadrature point,

and then, by computing the Rys sum,

gB [Ela Mla E27M27 Cla <27 F} =

2 Rys ﬁ 16%
\/77'((:1 + C2) ; Wk [F]Fﬁhl\%7C1,1§2,M2,C27Uk[7:] [F] l;AIENﬁ1,M17C1ﬁ2,M27C27UkW [F] (37)
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Appendix C: Analytical calculation of magnetic field integrals

We provide here the analytical formulas against which our numerical calculations of magnetic

field density have been checked. They correct some misprints and slight errors of [6] already

noted in [16].

The orbital paramagnetic current, J_;[ﬂ produced by the complex combination of primitive

Gaussian atomic orbitals

b II 0= RO)M Bap |-G = R +iby [ (= B$)™ Eap [-G(" — R$)?|,
ac{z,y,z} acf{z,y,z}

(38)

(by and by are real coefficients) give rise to a molecular magnetic field, whose y-component

is,

— 1o 0 dr? -
B’Y - _ _ - Jo /
o [7] an EaBy IrB \/R3 7= | o [7”}

—Ho C1¢2
= e g bibyEap | ———2—
ym Eapyb1b2 xp[ a+G

—2¢16° [él7il+€a,§27zz7C1,C27FJ+2C295 [1%17517ﬁ2,52+é'a7417<2»7?]) (39)

| B: — ﬁ2\|2] (Lff‘gﬁ [ﬁ1,f1 —€a,ﬁ2,f27C17C277ﬂ — Lgg” [1:31,&71%2752 - €a7C17C27F]

(correcting a sign error in Eq.(9) of [6], Eq.(8) being correct).

—

After setting [ p—— ci1€{1,2}, §=+/CG + G — C1571 — CQS; and some manipulations,
£/ C1+C2

the ¢” functions can be re-expressed as,

. ay—1 o I &
9° [S1, 01, 8, Mo, 1, G2, 8] = (m(Gr 4 Go) P M) TE Y (+@Ph%<—aﬁwwr[1+§:;]
Ty w47, =M, e

Oglf‘ ,m;" ,n?

r

bS]
i,

-

[2] llll +lg +1 a _ gayn{+ng Mzal aym$ my +m2

(H 5l?+l§‘vor[ 2 (53 =507 7 ] ] farmetar ) 5P
[e3 7

3 Ly
r [2+ng+2
7,

) ; o T %+ g m‘l"]
¢ i,
4 mi Sy mi L5 | 25 @
r

5

- . 5 2: « i

1,0 1, 5 + mi —+ 5
i,

3 5 [
2+§:m$2+§:m?+;«wwﬂ

1,0 i,

(40)

where (52[2) is the Kronecker symbol modulo 2, I'[z] is the gamma function, and ®|a, ¢; 2] is
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the confluent hypergeometric function also denoted by | F},
I'[q] 1 _ e
P -zi/dau_calE 41
la, c; 2] Tl —al Jo v (1 —v) xplvz] (41)

which fulfills the property,

d®|a, c; 2]

=20+ 1,c+1;2], (42)
z C

(the last two equations correct Eqs.(15) and (16) of [6]).

The expression Eq. (39) can be used to compute the expectation value of the magnetic field
density from an orbital current, (B][r])p corresponding to a given density operator D. If
we rewrite the left-hand side of Eq. (39) as (BJ[r]), 4, 4, #o.2y Ln.crc, 20 denote by DW the
one-electron reduced density operator of D represented in some contracted Gaussian basis

set (¢ = bjx I (r®— R Eap[~¢a(r® — RY)?]), we have,
J

ac{z,y,z}

_ (1)
<Bg[r]>D - Z Im[Dkz,u;khM] Z <Bg[T]>bj1,k1 i1 ko By By Ly Loy iy kg Gy <43)
k1<k% J1,J2
#=i§

The matrix element between two real spin-orbitals, ¢; , and ¢o,, (v = i%), of the current

density associated to a spin density,

(T g ns = GetteV X S (d169)[7] (44)

involves the same quantities, ¢; ;25¢;, as the orbital current (see Eq.(3) of [6]), but combined

with a plus sign instead of a minus,

g N 0 d
(SN g1 pinn = +§€a,875M,V <¢1 chz + ¢2W¢1> 71, (45)

(which corrects a sign error in Eq.(19) of [6]). Note that a factor —3 arises from the Bohr
magneton in atomic units, the minus sign being eliminated by swapping two indices in the
Levi-Civita symbol.

As a consequence, the spin magnetic field density, whose matrix elements, for uncontracted
Gaussian functions ¢; and ¢9, are expressed in terms of the same g-functions,
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— 1o Is] dr -
(BS My, 1y 1 i LIPSy (. L
s b1,b2,R1,Ra,L1,L2,01,82,1,v 4 1Y ord s 17— 77| s [ ]

= —é]::() b1b25a,375'y6wsg,yEl’p {—%HR} — R‘2||2i| (Lfgé [hal - 55,]%2,52,(1,C2,7’_"] + ng(S [El,il,RQ,EQ — Eﬂ,{l,CQ,F]
1+¢2
~2¢1¢° [Ry, L1 + €5, Ra, L2, C1, Co, 7] — 2029° [Ra, L1, Ra, Lo + €5, C1, G2, 7] ) (46)

is, in some sense, dual to the orbital magnetic field density, as it “probes” the real part of

spin-diagonal density matrix elements instead of their imaginary part,

_ (1)
<BZ[T]>D - Z DkQ’Wkl““ Z <BZ[T]>bj1»k1’bj1wk2’ﬁk1 ’ﬁk27Ek1 ’EkZ’levkl’CijkQ’/”"V

k1,k2 J1.J2
py==+3
2 ()
= Re | D), | S (B s R LI 47
kgk 1 + 5k1 k2 k2,l/,k1“u JZJ< s [ ]>bj1,k17bj1,k2yRk17Rk27Lk1 7Lk27Cj1,k1 7<j2,k2 sV ( )
1=R2 ’ 1,72
pr==3

Of course, in addition, it also involve the spin-non diagonal matrix elements because of the
presence of S* and SY in Eq.(46). So, it is important to study both the orbital and spin
magnetic densities, which support complementary informations about a molecular electronic

state.

Remark: In our notation, (BJ[r]), ;. 7 #, ). I».ci.c, d€n0tes the expectation value over the
complex Gaussian orbital of Eq.(38), whereas (B][r]),, 1, 7, #, Iy n.c1.co . d€DOtES the matrix

element between two real Gaussian spin-orbitals.
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Figures

Fig. 1. Component aligned with neutron polarization of the magnetic field density in the case of
an applied magnetic field along the Cs3CoCls crystal c-axis (all quantities are in atomic units).
Top two figures show the contribution due to the paramagnetic current of CoCli_, the four figures
below them, that due to its spin density. The right-hand side figures correspond to the ClCoCl
large angle plane defined by Cly, Co and Cly in Fig.1 of [1], the left-hand side figures to the small

angle plane defined by Cla, Co and Cls.
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Fig. 2. Component aligned with neutron polarization of the magnetic field density in the case of
an applied magnetic field along the Cs3CoCls crystal a-axis (all quantities are in atomic units).
Top two figures show the contribution due to the paramagnetic current of COCLQ[, the four figures
below them, that due to its spin density. The right-hand side figures correspond to the ClCoCl
large angle plane defined by Cl;, Co and Cly in Fig.1 of [1], the left-hand side figures to the small
angle plane defined by Cly, Co and Cls.
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(c-data optimized density operator)

A FO

(a-data optimized density operator)

Fig. 3. Paramagnetic current around the Co nucleus in atomic units. The cubes are centered on the
cobalt nucleus, their edges are 2 a.u. long. The currents are seen from above the applied magnetic

field axis.
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(c-data, C1CoCl small angle plane) (c-data, ClCoCl large angle plane)
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(a-data, C1CoCl small angle plane) (a-data, C1CoCl large angle plane)

Fig. 4. Component aligned with neutron polarization of the spin density of CoClZ* in atomic units.

See Fig. 1 for the definition of the planes.
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(c-data, ClCoCl small angle plane)
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(c-data, ClCoCl large angle plane)

Fig. 5. y-component of the spin density of CoCl?f from optimized density operators. The figures
on the left-hand side correspond to the density operator optimized on the experimental a-data set
with an applied magnetic field along the Cs3CoCls crystal a-axis. The figures on the right-hand
side correspond to the density operator optimized on the experimental c-data set with an applied

magnetic field along the CszCoCls crystal c-axis. See Fig. 1 for the definition of the planes.
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