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S1 Derivation of Time-Resolved Circular Dichroism

The electronic dynamics driven by the pump pulse is simulated by the evolution of wave
function. Here we derive the TRCD signal induced by the probe pulse.

A Gaussian enveloped wave with amplitude Am, central frequency w. and duration
o, W(t) = Am 6_%(6*”& + ewet) can be expanded by frequency components W (t) =
L [ dwle W, (w) + e @TW_(w)], where

~ oo . (t— )2 . v 0-2

Wi (w) =Am f dtete™ 52 ¢t = \/2rg [e7i(wwe)T o= (wmwe)?] (S1)
~ oo . (t— )2 . ' 0-2

W-w) =Am / dtette™ 57 emirt =\ [l g~ ()] (52)

The vector potential of Gaussian enveloped probe pulse with unit vector of polarization

vector € can be written as

1 oo ~ A - A
A(r,t) “or /:oo dw(W_(w)ee’ &= L 11, (w)e*e tkr—e1)

= f: dw(A™ (w,r,t) + A (w,r,t)) (S3)

where A~ (w,r,t) = LW_(w)eeier+1) and A*(w,r,t) = =W, (w)eeilkrwi),

With rotating wave approximation, the signal at photon frequency w; is
2 .
S(w1) === 1m [ drdt (7 (r,t) - A* (wy, 1, 1)) (S4)

To first order, from Fig. S1, with rotating wave approximation, we have first order ex-
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Figure S1. Ladder diagram of X-ray TRXCD. We only consider the excited
state absorption contribution.

pression

S(l)(wl):—%[m/drdt/drldtldwg(—%(j‘(r,t)~A+(w1,r,t)j+(r1,t1)-A‘(wg,rl,tl)))

(55)

change from Heisenberg picture to Schrodinger picture,

S(l)(wl):—%fm f drdr’ f drdr, f de(—%) (S6)

(UT(T)j (r) - At (wi,r, 7+ THU(7)j (r1) - A~ (wq,11,7)) (S7)

expand with electronic states, the bracket expression can be expressed as

S(l)(wl)=—%]m[d¢d7’fdrdr1fdwg(—%) S aly(r)aa(r) (DU ()| D)

ACD
(Dlj(x) - €!]0) W (wr)e e (CIU ()] C) (CLiF (1) - el A) W (wy )7k
:—%]m/deT'/dWQ(—%)W+(W1)W—(w2)

x 3 ap(r)aa(r)ipo(k) - € ji (k) - ee'FoFerenr il (58)
ACD
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where k = “2¢,. Multiplying by damping factor to account for core states (index C)

decay, and integrate 7,7/,

2 ) R . +00 +o00 ,
S(l)(wl)z—gfm(—%) S jpe(k) €l il (-k) -efdw2f0 deO dr

ACD

W ()W (w2)ap (7)aa(r)e i amnrei (BB T (59)

To account for dephasing of the excited state coherences, we multiply pure dephasing factor
exp[-I'1 pa7] for the coherence of excited state A — D, and factor exp[-I'y pc7’] for the

valence-core state dephasing,

2 ) . . +o00 +00 ,
S (wy) zﬁlmz > JDC(k)-eTJTCA(—k) -efo dTA dr" Am

ACD
W+(w1)6_72+T2,27(721;;a2(w1*wc)) a*D(T)aA(T)e_rl,DATei(ED_EC'H’Ul)Tle_(F+F2,DC)T,
2 mi Y Gpe(k) € il (k) e @' [ dr am
h? ACD e Ep - Ec+w +i(I'+ T2 pe) Jo

~ 72 T2—27‘(T io‘2(w —we))
Wow)e ™ a2 e TeaTag(r)aa(r)

9 (k) - et it (=k) - +00
[y el i e ey,
h2 ACDED_EC"’WI"'Z(F"'FQ,DC) 0

_ 7‘2+T2727‘(T+io'2 (wy1-we))

W, (w)e 252 e‘FlvDATaB(T)aA(T)} (S10)

where E4 and Ep are the energy of ground state and valence excited states, F¢ is the
energy of core excited states. The integral of 7 is a numerical integration since a},(7)aa(7)
is given by the electronic dynamics.

The circular dichroism is defined as the difference of absorption of left and right circularly
polarized light, Scp = S_ —S,. Define the polarization unit vector of circularly polarized
wave as €,(y) = %(ea +i€g), where ~ is the propagation direction of the wave, o, § and 7
are perpendicular to each other and follow right hand rule. Specially, a wave propagating in

z direction has circular polarization €, (z) = %(ex +1i€,). Here the unit vector of propagation
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direction vector is €., we have relation

peqe-peqe=-ipxqe,

where p and q are arbitrary vectors.

The CD signal can be written as

5 e ik (K

- €. Am
ACD ED _EC + W1 +Z(F+F27D0)

2
SCD(wl) = - ﬁfm{

241227 (T+io? (wy -we))

+00 -
[ dTW,(wy)e” 302 e_Fl*DATCLB(T)(ZA(T)}
0

ipc(k) xjb 4 (k)
— EC +wi + ’L(F + F27D0)

:ﬁRe{W@(wl)A;D o €. Am

+oo _ 7-2+T2—27-(T+1162(w1—wc)) r .
/ dre 202 e LPATan (T)aa(T)
0

2 = ipc(k) *jba(-k)
=— RelW e
h2 e{ +(CL)l)A%:D Ep—-Ec+w +i(I'+ Ty pe) o

+00 (-T2 -
f dre 27 elrwWimwe) e Tunat (1), (7) (S11)
0

To avoid numerical instability, insert the definition of W+(w1) and simplify, we have

2(A e
SCD(wl)_ (hm) Re{ / qoe —i(w1 wc)T #

. .t
jpc(k) xji,(-k) f+°° _(Gor)?
c €k d 2 piT(wi—we) o-T'1,paT %
AicnEp — Ec+w +i(I'+ 9 pe) € 0 Te e € ap(T)aa(r)

Q(Am) N Re{ > jpc(k) x it (k)

ACD ED—EC+w1 +?;(F+F2D0)

.GH

/ dTez(wl wc)(T T)e 2[(TUT) +o'2(w1_OJc) ] Fl DAT * (T)CLA(T)}

(S12)

In this work, the probe wave propagate in z direction. Take zero dephasing approximation,
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where I'y pc = 0 and I'; pa = 0, and normalize by (Am)?, Eq. (S12) become Eq. (3).

section S8 we will compare the effects of different dephasing factors.

S2

Valence and Core Excited States

Table S1. Excited states of Mg-phthalocyanine with nonzero oscillator strength.

The transition electric dipoles (g| p|e) are in atomic unit eag.

state _energy (eV) (glpale) (glpyle) (glp-le)
1E,x  2.26596903 3.2204  0.0000  0.0000
1E,y 2.26596903 0.0000  -3.2204  0.0000
2B, x  3.36094484  -0.4366  0.0000  0.0000
2B,y 3.36094484 0.0000  0.4366  0.0000
3E,x  3.65324515 0.7392  0.0000  0.0000
3Ey  3.65324515 0.0000  0.7392  0.0000
4F,x  3.75545851 1.6162  0.0000  0.0000
4F,y  3.75545851 0.0000 1.6162  0.0000
Ag,  3.88113308 0.0000  0.0000  0.2339
SE,x  3.95713036 1.0779  0.0000  0.0000
SE,y  3.95713036 0.0000 1.0779  0.0000
6E£,x 4.00836971  -3.1249  0.0000  0.0000
6L,y 4.00836971 0.0000  3.1249  0.0000
TE,x 4.49228381 3.3076  0.0000  0.0000
Tk,y  4.49228381 0.0000 -3.3076  0.0000

Table S2. Nitrogen K-edge core excited states of Mg-phthalocyanine. Only spin

singlet states are listed.

state

irreducible representation

energy (eV)

1

o ~I] O Ot = W N
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386.1709
386.1711
386.1711
386.1713
386.2963
386.2966
386.2966
386.2972
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

386.3726
386.3726
386.3726
386.3726
386.4589
386.4589
386.4590
386.4590
388.1611
388.1612
388.1612
388.1615
388.2934
388.2939
388.2939
388.2946
388.3277
388.3280
388.3280
388.3284
388.6100
388.6101
388.6101
388.6103
388.7521
388.7521
388.7521
388.7522
388.8027
388.8028
388.8028
388.8029
389.0340
389.0340
389.0340
389.0340
389.0719
389.0720
389.0720



48
49
20
51
52
53
54
%)
56
o7
28
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

389.0720
389.1107
389.1108
389.1108
389.1108
389.1601
389.1602
389.1602
389.1602
389.6734
389.6735
389.6735
389.6738
389.9651
389.9652
389.9652
389.9655
389.9825
389.9827
389.9827
389.9830
390.0015
390.0015
390.0015
390.0016
390.0205
390.0206
390.0206
390.0208
390.2204
390.2205
390.2205
390.2208
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Figure S2. Population dynamics in the upper panel, pulse in the lower panel.
S3 Population Dynamics

The valence excited state population contributes to the population ring currents. After the

pulse is over, the population is a constant.

S4 Mg K-edge TRXCD Spectrum

The TRXCD spectrum of Mg K-edge is displayed in Fig. S3. Due to the large core state line
width of 0.45 eV, different core excited states cannot be resolved in the spectrum. We thus

do not use Mg K-edge for analysis.
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Figure S3. Time-resolved circular dichroism (Eq. 3) of Mg K-edge.
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S5 Peak assignment of the CD spectrum at 10.40 fs

The Nitrogen K-edge X-ray CD spectrum at 10.40 fs is shown in Fig. S4. We assign the

j xjl - .
peaks by evaluating Ipo()xicaCh) 5, Eq. (3).

ED—EC +w+il’

%10

Intensity (arb. units)

382 383 384 385
w (eV)

Figure S4. Nitrogen K-edge CD spectrum at 10.40 fs.

The 7E, — 4F,, coherence causes b peaks. The peaks at 383.6690 eV and 384.4058 eV
correspond to excitation to the degenerate core state 22, 23 from 7F, and 4F, valence state
respectively. The peaks at 383.8017 eV and 384.5385 eV correspond to excitation to core state
25 from states TF, and 4F, respectively. The 382.4157 eV peak represents the excitation
from 4F, to core states 6, 7.

The peaks at 381.6788 eV and 383.6690 eV have contributions from the excitation from
7FE, to degenerate core state 6, 7 and to degenerate core state 22, 23 respectively. Since they
come from the 7FE, population, they are time-independent after the pump pulse.

The 7E, — 6E, coherence contributes to two frequencies. The peak at 381.6788 eV rep-
resents the excitation from 7F, to degenerate core state 6, 7. 382.1627 eV correspond to
excitation from 6F, to degenerate core state 6, 7. Thus, the 382.1627 eV peak is the unique
characteristic of the 7E, — 6, coherence.

The coherence 7E, — 1E, contributes to two frequencies. Peak at 381.6788 eV excitation

S-10



from 7FE, to core state 6, 7. at 383.9051 eV is excitation from 1F, to core state 6, 7. So, the
383.9051 is the characteristic peak of this coherence.

The coherence 7E, — 5F, corresponds to 4 peaks. 383.8017 eV is excitation from 7FE, to
core state 25. 384.3369 €V is from 5F, to core state 25. 383.6690 eV is from 7FE, to core
state 22. 384.2041 eV is from 5F, to core state 22. Thus 384.3369 and 384.2041 eV are the
characteristic peaks of this coherence.

The 7E, — 3E, coherence has two peaks. 381.6788 eV is the excitation from 7FE, to core
state 6, 7. 382.5179 €V is excitation from 3F, to core state 6, 7. Thus, 382.5179 €V is the
characteristic peak.

The 6F, — 1FE, coherence has two peaks. 382.1627 €V, is the excitation from 6F, to core
state 6, 7. 383.9051 €V is from 1FE, to core state 6, 7. They share the same energy range as
other coherence.

The 4F, - 1E, coherence has two peaks. 382.4157 €V is excitation from 4F, to core state
6, 7. 383.9051 eV is excitation from 1F, to core state 6, 7.

The 4F, — 3E, coherence has two peaks. 382.4157 eV is from 4F, to core state 6, 7.
382.5179 €V is from 3F, to core state 6, 7.

Coherence 5FE, — 1E, has two peaks. 382.2140 eV is 5F, to core state 6, 7. 383.9051 eV
is from 1F, to core state 6, 7. So 382.2140 eV is characteristic.

The peak assignment to specific coherences, the oscillation periods and the coherence

frequencies are summarized in Table 2 in the main text.

S6 The Induced Magnetic Field

The induced magnetic field created by ring current can indicate the direction and strength of
ring current. We use Biot-Savart law to caclculate the induced magnetic field at the center
of the molecule (on Mg atom) as a function of time. Assume the molecule is in the plane

of paper, z direction is pointing out of the paper to the reader, a counter-clockwise current
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Figure S5. Time-resolved induced magnetic field. Panel a is the total induced

magnetic field. Panel b is the contribution from the population ring current. After

the pump pulse finish, their contribution becomes constant at -0.01144 T. Panel

c is the contribution from the coherent ring current from the coherence between

excited states.
will create induced magnetic field pointing into the paper, which is negative valued while the
clockwise current create positive valued induced magnetic field pointing out of the paper.

The time evolution of induced magnetic field by ring current is displayed in Fig. S5.

The total induced magnetic field include the contribution from population ring current,
g-ex coherent current and ex-ex coherence between states with different energy. The fast
oscillation in panel a is contributed by g-ex coherence due to their relatively large energy

separation. The contribution from the population ring current is displayed in panel b. After

the pulse, their contribution become a constant at -0.01144 T. The contribution from the
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ex-ex coherent ring current is displayed in panel c.

S7 Decomposition of Induced Magnetic Field

We decompose the ex-ex coherent ring current into individual coherence pair in Fig. S6.
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Figure S6. Contribution of the excited states coherence to the induced magnetic
field.
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S8 TRXCD Spectrum with Pure Dephasing

In Eq. (S12), the effect of dephasing is added as pure dephasing to describe the decoherence
induced by the interaction between the molecular system with bath. The factor e7T1.047 gives
rise to the decoherence of valence-valence state coherence, where index D, A run over ground
and valence excited states. As will be shown in the result, the ground state-valence excited
state coherence does not contribute to any change, since the coherence between ground state
and valence state has a shorter oscillation period than the pulse duration, thus not observable
in the time-resolved spectra. The parameter I'; po give rise to the decoherence of valence-
core state coherence. TRXCD spectra and their Fourier transformed spectra with different
pure dephasing strength are displayed in Fig. S7. For I'y p4 and I's pe equal to 1/100 fs=!,
the results are similar to no dephasing results. As the dephasing parameter increase, the
TRXCD signal decay with time. Larger dephasing corresponds to earlier decay. As a result,
in Fourier transformed spectra, as the dephasing parameters increase, the strength of the
peaks decrease, so does the peak resolution in frequency axis (hw’). Aside from that, as
in Eq. (S12), I'y pc in the denominator will broaden the peak in energy domain. Since the
value of dephasing parameter is smaller than the life time decay I' of core excited states, this

broadening is not significant.

S9 Calculation of Local Ring Current

Local ring currents are calculated by numerically integrating the current density at a plane,
I=[,dSn-j, where j is the current density, A is the plane, n is the normal vector of the
plane. As depicted in Fig. S8, different plane and normal vectors are chosen for different
zones. Mg atom is at the origin, with x and y axis shown in Fig. S8.

For ring «, the plane is chosen as half plane in xz plane, with boundary going through
the center of benzene ring o and perpendicular to xy plane. The normal vector is the unit

vector in —y direction. The integration of current density in this plane gives the current
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going in —y direction through this plane, i.e., the current I of ring «, see top panel of Fig.
4. Similarly, the integration plane of ring ~ is the half plane in xz plane, with its boundary
going through the center of benzene ring 7, with normal vecor in +y. Positively valued I(«),
I(~v) indicates clockwise ring currents in ring «, 7.

The integration plane for ring S and ¢ are half plane in yz plane, with their boundary
going through the center of benzene ring § and J respectively. The normal vectors of 3 is in
—x direction while the normal vector for ¢ is in +z. Positively valued I(() and 1(¢) indicates
clockwise ring currents in ring 5 and J respectively.

The integration plane for ring current around Mg atom (CT) is in xz plane between the
Mg nucleus and the middle point of Mg and N, as the black line in Fig. S8. The normal vector
is in —y. Positive I(CT) indicates clockwise CT ring current. Similar to CT, the integration
plane for outer ring (OT) current is in xz plane between z = 3.4 A and the middle point of
Mg and N (the orange line in Fig. S8). The normal vector is in —y. Positive I(OT) indicates

clockwise OT ring current.
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Figure S7. Dephasing parameters I'1 pa and I's pc both set to 1/100 fs~1, 1/20
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Figure S8. The integration planes for calculating the local ring currents in
different zones of the molecule.
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