Supplementary Information

Floquet Theory and Average Hamiltonian Theory Revisited:
Equivalence, Convergence and Applications to NMR

S1 Simulation of spectra

This section provides details on how the NMR spectra are calculated. This can be done
both for stroboscopic measurements (time increment 7 = 7') and for additional intra-
stroboscopic measurements, i.e., 7 = T/a with a € N.

For simplicity, U(t) := U(to + t,to) is set, the detection operator is denoted by S, and
the initial density operator by p := p(tg). The time-dependent measurement of S is
the quantum mechanical average, i.e., S(t) := (S(t)), which is given for general time
increment 7 by

S(nt) = Te{U(n7)pU' (n7)S}, n € Z. (S1)

The smaller 7, the wider is the corresponding spectrum, which is defined by

S == 3 emrsm) we -1 7). (52)
n=0

The line shapes are normalized such that the maximum absolute value of the exact spec-
trum is one.

S1.1 Time increment 7 =T

The Floquet theorem implies that the propagator fulfills U(nT) = (U(T))"™ with n € Z. Let
{l7*)}; be the orthonormalized eigenstates of U(T") with corresponding eigenvalues {x;};.
The latter are directly connected to the eigenvalues {\;}; of the effective Hamiltonian
F via r; = e"7T. The eigenvectors {|j)}; of F are given by |j) = et?Ao)|j4) The
eigenvalue equation can be used to re-write S(nT)

S(nT) =y e WL plk) (k*[S]5*) . (S3)

Jik
This relation is inserted into Eq. . The following step includes a continuation to the
imaginary plane by w — w + in with > 0, which ensures convergence of the infinite sum,

S(O‘)) = zk:<] |p|k ><k |S’j >1 _ e_nTei(wf)‘j"’)‘k)T Y w 6 [ T’ T) N
]7

(S4)

This exponential line broadening smoothes Delta-shaped resonances into well-displayable
Lorentzian line shapes, which have a full width at half maximum of 2n in angular frequen-
cies.



S1.2 Time increment 7 =T/«

The spectrum in Eq. (S2)) for non-stroboscopic measurements can be re-written as

oo a—1

Z > TS (T + k). (S5)
n=0 k=0

The stroboscopic and intra-stroboscopic dynamics can be split up via
UnT +kr)=Ukr)(UT)",neN k=0,1,...,n—1 (S6)

because U(t,t") = U(t + T,t' + T) holds for periodic Hamiltonians. The time-dependent
expectation value of S then simplifies to

S(nT +kr) = Y e NG U (kr) ) (14U (k) [m*) (5| pl1) (m"|S]i*) . (ST)
i,5,L,m
For convenience, we define the w-dependent factor

a—1

Wijim = é Y e U (k)] (11U (k) [m*) (S8)

k=0

and provide an expression for S(w) similar to the one found for stroboscopic observations

u m 1 am T
= > i IS G ol - @ € g ) (89)

ijlm

S2 Additional material on the Bloch—Siegert shift

Supplementarily to the explorations on the Bloch—Siegert shift in our work, Figs. [ST|and
provide the detection signals in the y- and z-direction.

S3 Reduced Wigner rotation matrix elements

We follow the zyz convention for Wigner rotations as it is common in NMR |2, [3]. Note
that there are also different rotation conventions in use and, thus, their interim results may
look different. The corresponding reduced Wigner rotation matrix elements can be found
in Tab.[SI] The full Wigner rotation matrix elements for rank-2 tensors are then given by

D?n’m(aaﬁvfy) =e - ad2 (ﬁ)e_imv‘ (SlO)

mm

S4 Remarks on the powder average

For a two-spin crystallite under magic-angle spinning, the powder average over the angles 3
and + is sufficient, i.e., & = 0 can be set without loss of generality. Starting from the MAS
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Fig. S1: The Bloch—Siegert shift [I] of a single-spin system under a linear-polarized resonant
radiofrequency (rf) field. Results according to AHT and FVV with and without kick
operator A are compared to the numerically exact outcome. The detection operator is
S = 5Y, and the initial density operator is p = S?. The amplitude of the rf field is set to
w1/(2m) = 0.5 MHz, and the resonance frequency wy is varied. The broadening parameter
is n/(2m) = 0.4kHz in a)-d), and 7/(27) = 8kHz in e). An overview of the spectrum is
displayed in e). In a)-d), excerpts highlighting the actual Bloch—Siegert shift for different
ratios wg/wjy are shown. The purple dashed line corresponds to the peak predicted by FVV.
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Fig. S2: Bloch—Siegert shift [I] of a single-spin system under a linear-polarized resonant
radiofrequency (rf) field. Results according to AHT and FVV with and without kick
operator A are compared to the numerically exact outcome. The detection operator is
S = 5%, and the initial density operator is p = S%. The amplitude of the rf field is
set to w1/(2w) = 0.5 MHz, and the resonance frequency wy is varied. The broadening
parameter is 7/(2r) = 0.4kHz in a)-d), and n/(27) = 8kHz in e). An overview of the
spectrum is displayed in e). In a)-d), excerpts highlighting the actual Bloch—Siegert shift
for different ratios wp/w; are shown. The purple dashed line corresponds to the peak
predicted through FVV.



Table S1: Reduced Wigner rotation matrix elements dfn:,Qm(ﬁ) in the zyz convention for
rank-2 tensors, adapted from Refs. 2] [3].

m
m’ -2 -1 0 1 2

p p
92 (1+02086> 1+cosﬁ sinﬂ %SIHQ 5 1702056 sinﬁ <1fc205,8>
1| B gin B cos? g 1P \/gs n(28) P cos?p LB gin

0 \/gsim2 B —\[sm (28) % \/gsin(QB) \/gsin2 B

1 —71_(:208[3 sin 3 71“2056 —cos? \/%sm@ﬁ) cos® 3 — 1_62055 1+C2°S’B sin 3
2 2
2 (1702056> _17c2056 Sinﬁ \/%SIHQ B _1+c2056 sinﬂ <1+c205,8>

NMR Hamiltonian in our work, this can be seen if

HIPS = @{35 S;— 555} (Slla)
122 —
2
Hi3'® = )" D2 o(—wit, —0m,0) Z D2, (e, B,7)Dj (0, 012 = 0, —¢12 = 0) Hiy'
m/'=—2 m=-—2
(S11b)
2
= Z ~0m; 0) D (v, B, 7) Hiz™> (Sllc)
= Z met g2 o(—Om)e0d3 L (B)e” M T HRS . (S11d)

Here, §12 is the anisotropy of the dipolar coupling, the Wigner rotation matrix D2 .
given in Eq. - ), 0, is the magic angle, and the rotation frequency is denoted by wy.

/IS

The ZCW scheme [4, 5], that we employ for the orientational average, is summarized
as follows: The goal is to find a set of p angular triples {a;,8;,v:} that is tailored to
approximate an average of a function f by replacing it through a sum

27 ™ 2 p . . A
/0 /0 i f(O;TBQ,V) sin 8 dadfBdy ~ Z W . (S12)
i=1

According to the algorithm, an integer M > 2 is chosen, and for |z| being the floor
function, the fractional part of the real number z is defined by {z} := x — |z] € [0,1). For
an average over two angles, i.e., a; = 0V, the remaining angular pairs are computed by

Jo=8,1i=13, fixo=fir1+ [i,2<i< M, (S13a)
Bj = arccos <2{ SRR, } - 1) € [0,m), (S13b)
frge
7]-:27r{ J }E[O,QW),OSijM+21. (S13c)
fate

Consequently, the number of orientations is fjs12 in this case. This rule cannot be extended
including the third angle « as well. For the powder average over three angles, we used the
optimum vector resulting from the Zaremba [6] method for 1154 samples, which is given
in [4].



S5 Mathematica calculations to check AHT expressions

To check the validity of our expressions for the average Hamiltonian, we compared the
results generated by the integral form of the first four orders of AHT (Egs. 17a,c,e and
B3) with the outcome for the Fourier series expressions (Egs. 31la-f and B4) for a dipolar-
coupled two-spin system under MAS. All four orders of the average Hamiltonian give the
same results. The Mathematica code used for the validations is included here.



AHT Calculation for a dipolar-coupled two-
spin system with chemical shifts

Load package for analytical spin-operator calculations

in[1:= << NMR11/StartUpNMR.m

NMR with Mathematica

Version 1.1
Marlies Brinksma

Email: mabi@solidmr.kun.nl
© 1998, Marlies Brinksma, Matthias Ernst and Beat Meier, Department of Physical Chemistry, University of Nijmegen, The Netherlands

/Applications/Wolfram.app/Contents/AddOns/Applications/NMR11l/Spinsystem.m loaded...
== NormalForm : $Pre is set to: CheckTimes
/Applications/Wolfram.app/Contents/AddOns/Applications/NMR11/NormalForm.m loaded...
/Applications/Wolfram.app/Contents/AddOns/Applications/NMR11/SOFunctions.m loaded...
+++/ SetDelayed : Tag SquareMatrixQ in SquareMatrixQ [mat _?MatrixQ ] is Protected.

+++/ SetDelayed : Tag SquareMatrixQ in SquareMatrixQ [expr _] is Protected.
/Applications/Wolfram.app/Contents/AddOns/Applications/NMR11/SpinMatrix.m loaded...

/Applications/Wolfram.app/Contents/AddOns/Applications/NMR11/QMFunctions.m loaded...

/Applications/Wolfram.app/Contents/AddOns/Applications/NMR11/NMRFunctions.m loaded...

Set up the time-dependent Hamiltonian

nl2l= Ham[t_] := Q; S[1, z] + @, S[2, z] + Sum[w;,[n] EXp[I nw, t]
(2S[1, z] ©S[2, z] -S[1, x] ©S[2, x] -S[1, y] ©S[2, ¥]), {n, {-2, -1, 1, 2}}]

++= Spinsystem : Spin 1 has been registered...

+= Spinsystem : Spin 2 has been registered...

In[3]:= Ham[tl]

Out[3]= Sl,z Q + Sz}z Qo + G_Zitl “r (7Sl,x S2,x - Sl,y S2’y + 2 Sl,z SZ,Z) W12 [*2] +
et (=S1,x S2,x = S1,y S2,y +2S1,2 52,2) wi2[-1] +
e T (S) Sy~ S1,ySa,y +2851,252,2) wia[1] +

e? o (=S1,xS2,x = S1,y S2,y +2S1,2 S2,2) w12[2]
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Calculate the integral form of the first four orders of AHT

Oout[6]=

n[7]:=

Oout[8]=

n[9]:=

Out[13]=

Hl1 = w,/ (2 7) Integrate[Ham[t1l], {t1l, O, 27/ w,}]

S1,7 +S2,,

H2 = -Tw,/ (47) Integrate]

Integrate[Commutator [Ham[t2], Ham[t1]], {t1, O, t2}], {t2, 0, 27/ w, }]};
FullSimplify[H2]
1 (S1,y Sa,x = S1,x Sa,y) (Qu - Q) (W12[-2] +2win[-1] -2 w2 [1] -w12[2])

2 we

H3 = -1w,/ (12 ) Integrate[
Integrate[Integrate[Commutator [Ham[t3], Commutator [Ham[t2], Ham[t1]]] +
Commutator [Commutator [Ham[t3], Ham[t2]], Ham[t1]],
{t1, 0, t2}1, {t2, 0, t3}], {t3, 0, 27/ w}];
FullSimplify[H3]
1

o2 (Q1 - Q) (4 Si,x S2,x (Q1-Q2) (w12[-2] +4 (w12[-1] +w12[1]) +w12[2]) +
wr

4S1,ySo,y (R -) (W12[-2] +4 (wW12[-1] +w12[1]) + w12 [2]) +
(S1,2-S2,2) (012[-21%2 +4 w12 [-11% + 4 wia[-2] (w12[-1] - w12[1] - w12[2]) +
(w12 [1] +w12[2])? - 4w [-1] (4w (1] +w12[2])))

H4 = I w,./ (24 7r) Integrate[Integrate[Integrate[Integrate]|
Commutator [Ham[t4], Commutator [Ham[t3], Commutator [Ham[tl1], Ham[t2]]]],
{t4, 0, t3}], {t3, 0, t2}], {t2, 0, t1}], {t1, 0, 27/ w }];

H4 = H4 + T w,/ (24 ) Integrate[Integrate[Integrate[Integrate[Commutator[Ham[t1],
Commutator [Ham[t4], Commutator [Ham[t3], Ham[t2]]]], {t4, 0, t3}],
{t3, 0, t2}], {t2, 0, t1}], {t1, 0, 27/ w }];
H4 = H4 + T w,/ (24 ) Integrate[Integrate[Integrate[Integrate[Commutator[Ham[t1l],
Commutator [Ham[t2], Commutator [Ham[t3], Ham[t4]]]], {t4, 0, t3}],
{t3, 0, t2}], {t2, 0, t1}], {t1, 0, 27/ w }];
H4 = H4 + I w,/ (24 ) Integrate[Integrate[Integrate[Integrate[Commutator [Ham[t2],
Commutator [Ham[t3], Commutator [Ham[t4], Ham[t1]]]], {t4, 0, t3}],
{t3, 0, t2}], {t2, 0, t1}], {t1, 0, 27/ w}];
FullSimplify[H4]
l .
G L (S1,y S2,x = S1,x S2,y) (Q1 - Q)
48 wy

(w12[-21% + 6 w1 [-2]% w1 [-1] + 12 w12 [-2] w1 [-1]% + B wia [-1]° -
6wia[-2]% wia[1] - 48 w1y [-2] wia[-1] wio[1] -T2 wia[-1]% wip[1] +
T2w12[-1] w12[1]% -8 w12 [11° +6QF (w12[-2] +8wia[-1] - 8wy [1] - wi2[2]) -
12Q; Q (w12[-2] +8 win[-1] -8 wip[1] ~w12[2]) +
605 (w12[-2] +8wia[-1] -8wip[1] -~ w12[2]) -
3 (w12[-2] - 2w12[1]) (Bwia[-2] +8wia[-1] -2 w12 [1]) wip[2] +
3 (Bwia[-2] +2wia[-1] - 2w [1]) w12[2]% - w12[2]3)
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Calculate the commutator form of the first four orders
of AHT

inf14:= HamC = Ham[t] //. { Exp[-2Itw,] » xr*-2,
Exp[-1Itw,] » xr*-1, ExXp[l1Itw,] » xr*1l, Exp[2TItw,] » Xr*2}

Qut[14]=
(=S1,x S2,x = S1,y S2,y +2 51,2 S2,2) wi2[-2]
Sl,z Ql+SZ,Z Q2+ +
Xr2

(=S1,x S2,x = S1,y S2,y + 251,72 S2,2) wi2[-1]

+Xr (=S1,xS2,x = S1,y S2,y +251,2S2,2) w2 [1] +
Xr

xr? (=S1,x S2,x = S1,y S2,y +2S1,2 S2,7) w12[2]

in(151:= Fcoeff = CoefficientList[HamC % xr*2, {xr}]
out[15]=
{(=S1,xS2,x = S1,y S2,y +2 51,7 S2,7) w12 [-21,
(=S1,x S2,x = S1,y S2,y +251,2 52,2) w12[-1], S1,2 91+ S2,2 2,
(=S1,xS2,x = S1,y S2,y + 251, S2,2) w12[1], (=S1,xS2,x = S1,y S2,y +2 51,7 S2,7) w12[2]}

nfiel:= Hn = Table[0, {n, -10, 10}]

Out[16]=

{e,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0}

in171:= For[k =-2, k<2, k=k+1, Hn[k] = Fcoeff[k + 3]]

mf1gl:= H1S = Hn[O]
out[18]=
S1, 0 +52,, %0

inf19]:= H2S = 0;
For[k=-2, k<2, k=k+1,

If(k#0,

H2S = H2S + 1/ 2 x Commutator [Hn[k], Hn[-k]] / (k*w,) }

H2S = H2S + Commutator [Hn[0], Hn[k]] / (k*w.)

15
1

* Part : The expression NormalForm ' Private ' TempTimes [=1, 3] cannot be used as a part specification.
* Part : The expression NormalForm ' Private " TempTimes [=1, 3] cannot be used as a part specification.
* Part : The expression NormalForm ' Private ' TempTimes [=1, 3] cannot be used as a part specification.

« General : Further output of Part::pkspec1 will be suppressed during this calculation.

inf211:= FUllSimplify[H2S]

out[21]=
i (S1,y S2,x = S1,x S2,y) (Q1-Q) (wW12[-2] +2wi2[-1] -2 w2 (1] ~w12[2])

2 wy
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In[22]:=

In[27]:=

out[27]=

H3S = 0;
For[kl=-2, kl <2, kl=kL+1,
If[kl+#0,

H3S = H3S + 2/ 3 % Commutator [Hn[kl], Commutator [Hn[O], Hn[-k1]]1] / (Kl *w,) *2;
1
]
For[kl=-2, kl<2, ki=kl+1,
For[k2=-2,k2<2,k2=k2+1,
If[kl# 0 &% k2 # 0 && Abs[kl - k2] < 2,
H3S = H3S+1 /3%
Commutator [Hn[kl], Commutator [Hn[k2 - k1], Hn[-k2]]]1 / (k1 * k2 *w, *w,)
1
]
1
For[kl=-2, ki<2, ki=kl+1,
For[k2 =-2, k2 <2, k2 =k2+1,
If[kl+0 && k2 # 0,
H3S = H3S +
1/2 xCommutator [Hn[k2], Commutator [Hn[-k1], Hn[k1]]] / (kl* k2 xw, *w,) }
]
1
1
For[kl=-2, k1 <2, kl=kl+1,
For[k2 =-2, k2 <2, k2=k2+1,
If[k2 # 0 && k2 # -k1,
H3S =
H3S + Commutator [Hn[k1l], Commutator [Hn[k2], Hn[OT]] / ((k1l + k2) * k2 *w, *w,)
]
1
]

FullSimplify[H3S]

1

6.2 (Q1 - Q) (4 Si,x So,x (Q -Q) (Wi2[-2] +4 (w12 [-1] +w12[1]) +w12[2]) +
wr‘

4S1,ySa,y (Q1-9) (012[-2] +4 (w12[-1] +w12[1]) +w12[2]) +
(S1,2 - S2,2) (w12[-2]% +4 w1 [-11% + 4 w1 [-2] (wi2[-1] - wip[1] - w12 [2]) +
(2w12[1] +w12[21)? - 4wy [-1] (Awia[l] +w12[2])))



Check_AHT_Fourier_3_for_paper.nb | 5

In[28]:= W3 = Wy * Wy * Wy
H4S = 0;
For[kl=-2, kl<2, k1=kl+1,
If[kl#0,
For[k2 = -2, k2 <2, k2=k2+1,
If[k2#0 &kl +k2+0,
For[k3=-2, k3<2, k3=k3+1,
If[k3 #0&& k3 +k2+kl#0,
H4S = H4S + Commutator [Commutator [Hn[kl], Hn[k2]],
Commutator [Hn[k3], Hn[-kl - k2 - k3]11] / (24 = (
k1 + k2 + k3) * (k1 + k2) » K1 * w3)
+ Commutator [Hn[k1l], Commutator [Hn[k2],
Commutator [Hn[k3], Hn[-k1 - k2 - k3[1111 / (24 * k1l * k2 * k3 » w3)
+ Commutator [Hn[-k1 - k2 - k3], Commutator [Hn[k3],
Commutator [Hn[kl], Hn[k2[11] 7/ (6 * k1l » (k1 + k2) » (k1 + k2 + k3) *w3)

1111115

niz1)- For[kl=-2, kl<2, kl=kl+1,
Iffkl1#o0,
For[k2 = -2, k2 <2, k2=k2+1,
If[k2 #0 & &kl +k2 #0,
For[k3 =-6, k3<6, k3=k3+1,
If[k3 #0&&k3-k2-kl#0,
H4S = H4S + Commutator [Hn[0], Commutator [Hn[k1l], Commutator [Hn[k2],
Hn[k3 - k2 - k1]1]1] * (2% k2 -kl) / (6 * k1 * k2 » k3 * (K1 + k2) * w3)
+ Commutator [Hn[k3 - k2 - k1], Commutator [Hn[O],
Commutator [Hn[k1], Hn[k2]11]1/ (4% (k3 - k2 - k1) % (k1 + k2) * k2 * w3)
+ Commutator [Commutator [Hn[k2], Hn[k1]], Commutator [
Hn[k3 - k2 - k1], HN[O]]1] / (4 * k2 % (K1 + k2) » (k3 - k1 - k2) % w3)
+ Commutator [Hn[k1], Commutator [Hn[k3 - k1 - k2],
Commutator [Hn[0], Hn[k2Q1]11] / (6 * k1l x (k3 - k2 - k1) *k2 *w3) ;

1111115

inz2)= For[kl=-2, kl <2, kl=kl+1,

If[kl#0,
For[k2 = -2, k2 <2, k2=k2+1,
Iffk2#0,
For[k3=-2, k3<2, k3=k3+1,
If[k3 #0,

H4S = H4S + Commutator [Hn[k3], Commutator [Hn[k1l],
Commutator [Hn[-kl - k2], Hn[k2]1]1] /7 (3 * k1 * k2 * k3 * w3)

1111115
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inzsl= For[kl=-2, kl<2, ki1=kl+1,

If[kl#0,
For[k2 = -2, k2<2, k2=k2+1,
If[k2+#0,

For[k3=-4, k3 <4, k3=k3+1,
If[k3+0 && k3-k2 ¢ 0,
H4S = H4S + Commutator [Hn[k3 - k2], Commutator [Hn[k2],
Commutator [Hn[k1], Hn[-k1]]1] /7 (4 % (k3 - k2) % k2 * k1 % w3)
+ Commutator [Commutator [Hn[kl], Hn[-k1]],
Commutator [Hn[k2], Hn[k3 - k2]1] / (4 » k1 * k2 * k3 * ws3) }
1111115

inz4]= For[kl=-2, kl<2, k1 =kl+1,

If[kl#0,
For[k2 = -2, k2 <2, k2=k2+1,
If[k2#0,

H4S = H4S + Commutator [Hn[kl], Commutator [Hn[-k1],
Commutator [Hn[-k2], Hn[k2]1]1] *3/ (8 *k2 x k1l x kl » w3) 3

11113

In[35]:=
For[kl=-2, kl<2, ki=kl+1,
If[kl1#0,
For[k2 = -2, k2 <2, k2 =k2+1,
If[k2 #0 &kl +k2 #0,
H4S = H4S + Commutator [Hn[kl], Commutator [Hn[O],
Commutator [Hn[k2], Hn[-k1 - k2]]11] /7 (2 * k1 * k1 % k2 » w3)
+ Commutator [Hn[k1],
Commutator [Hn[-k1 - k2], Commutator [Hn[O] , Hn[k2]1]1] *
(2xkl+k2)/ (6%xklxk2xk2x (k1 +k2) *xws3)
+ Commutator [Commutator [Hn[-k1l - k2], Hn[@] ],
Commutator [Hn[k1l], Hn[k2]]1] / (3 * k1l % (k1 + k2) % (k1 + k2) % w3) ;

1111

inzel= For[kl=-2, kl <2, k1 =kl+1,

Iffk1#0,
For[k2 = -2, k2 <2, k2=k2+1,
If[k2#0,

H4S = H4S + Commutator [Hn[0] , Commutator [Hn[k1l],
Commutator [Hn[k2], Hn[-k1]]]1] * (6 * k1l + k2) / (12 * k1l * k1l * k2 * k2 % w3)
+ Commutator [Commutator [Hn[k1l], Hn[-k1]],
Commutator [Hn[k2], HN[OT 1] / (2 * k1 » k2 » k2 » w3)

+ Commutator [Hn[k2],

Commutator [Hn[k1l], Commutator [Hn[-k1], Hn[O]]1]] / (6 * k2 * k1 » k1 * w3)
+ Commutator [Hn[k1],

Commutator [Hn[k2], Commutator [Hn[-k1], Hn[ON]1] / (6 * k2 » k1 * kl » w3) }

11115
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in371= For[kl=-2, kl <2, k1 =kl+1,

If[kl#0,
For[k2 = -2, k2<2, k2=k2+1,
If[k2+#0,

H4S = H4S + Commutator [Hn[k1l],
Commutator [Hn[0], Commutator [HN[O], Hn[k2]11] / (4 * k2 » k2 » k1 » w3)
+ Commutator [Commutator [Hn[k2], Hn[0]],
Commutator [Hn[k1l], Hn[0T1] / (4 * k2 x k2 x k1l » w3) }

11115

nizel- For[kl=-2, kl<2, kl =kl+1,
Iffkl1#o0,
For[k2 = -4, k2 <4, k2 =k2+1,
If[k2 #0 && k2 -kl #0,
H4S = H4S +

Commutator [Hn[0] , Commutator [Hn[k1l], Commutator [Hn[0], Hn[k2 - k1]]1]1] *
(4xklxk2-2xklxkl-k2xk2) / (2xklx (k2 -kl) * (k2 -kl) * k2 x k2 * w3)

+ Commutator [Hn[k2 - k1], Commutator [Hn[O],

Commutator [HN[O], Hn[k1]1]]1 / (4 * k1 * k1 % (k2 - k1) * w3)

+ Commutator [Commutator [Hn[kl], Hn[0]],

Commutator [Hn[k2 - k1], HN[O]]] / (4 * k1 x k1l » (k2 - k1) »w3)

11113

inzol= For[kl=-2, kl <2, kl=kl+1,
If[kl# 0,
H4S = H4S + Commutator [Hn[k1l],
Commutator [Hn[0] , Commutator [HN[O], HN[-K1]]]1] * 3/ (4 * K1 % k1 % K1 % w3)
+ Commutator [Commutator [Hn[-k1], Hn[0]],
Commutator [Hn[k1l], Hn[OT1] / (4 * k1l * k1l x k1l » w3) ;
113
infa0)- For[kl=-2, kl <2, ki =kl+1,
If[kl#+0,
H4S = H4S + Commutator [Hn[0O],
Commutator [Hn[0], Commutator [HN[O], HN[k1]]11] / (k1 *» k1l x k1l »x w3)

115
ini411:= FUllSimplify [H4S]

Out[41]=

1

28 07 i (S1,y S2,x = S1,x S2,y) (Q1- Q)
wr

(w12[-21%+ 6 w1 [-2]% w1 [-1] + 12 w12 [-2] w1 [-1]% + B wia [-1]° -
6win[-2]%win[1] ~48 w1 [-2] wia[-1] wip[1] -T2 wia[-1]% wip[1] +
T2w12[-1] w12[1]% -8 w12 [11° +6QF (w12[-2] +8wia[-1] - 8wia[1] - wi2[2]) -
12Q; Q (w12[-2] +8 win[-1] -8 wip[1] ~w12[2]) +
605 (w12[-2] +8wia[-1] -8wip[1] -~ w12[2]) -
3 (w12[-2] - 2w12[1)) (Bwia[-2] +8wia[-1] -2 w12 [1]) wip[2] +
3 (Bwia[-2] +2wia[-1] - 2w1p[1]) w12[2]% - w12[2]°)
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Compare the integral and commutator form of the first
four orders of AHT

inf42):= FUllSimplify[H1S - H1]
out[42]=

0

inf43:= FUllSimplify[H2S - H2]
out[43]=

0

inf44:= FullSimplify[H3S - H3]
out[44]=

0

inf4s:= FUllSimplify [H4S - H4]
Qut[45]=

0



AHT Calculation for a dipolar-coupled three-spin
system with chemical shifts

Set up the time-dependent Hamiltonian

in(1]= Commutator[A_, B] := (A). (B) - (B). (A)

k- Sz = {{112, 0}, {0, -1/2}};
Se {1, 63, {0, 13;

Sx = {{0, 1/2}, {1/2, O};
Sy = {(0’ 'Ilz}a {Ilzy 0});

See = KroneckerProduct[Se, Se, Se];

S1z = KroneckerProduct[Sz, Se, Se]
S2z = KroneckerProduct[Se, Sz, Se];
S3z = KroneckerProduct[Se, Se, Sz];
S12 = 2 KroneckerProduct[Sz, Sz, Se]-
KroneckerProduct[Sx, Sx, Se]-KroneckerProduct[Sy, Sy, Se]
S13 = 2 KroneckerProduct[Sz, Se, Sz]-
KroneckerProduct[Sx, Se, Sx]-KroneckerProduct[Sy, Se, Sy];

outl7l= {{%, 0,0,0,0,0,0, o}, {o, %, 0,0,0,0,0, 0},
{0, 0, % ©,0,0,0,0},{0,0,0, % ©,0,0,0},{0,0,0, 0,—2,0, 0, 0},

{o, 0,0, 0,0, % 0,0},{0,0,0,0,0,0, % o},{0,0,0,0,0,0,0, —%}}

Out[10]=

{{é, ©,0,0,0,0,0,0}{o, % 0,0,0,0,0, 0},

nf12:= Ham[t_] :=
0;S1z + 0, $2Z + 03 S3Z + Sum[wlz[n] Exp[I nw, t] $12 + wq3[Nn] Exp[I nw, t] $13, {n, {-2, -1, 1, 2}}]

in[13:= Ham[t1]
Out[13]=
Q Q Q3 1 i 1 1 . 1 .
{{— A s wia[-2]1+— e’ tlwr wio[-1]+— & L wr wi2[1] + — g2 i tLwr w12[2] +
2 2 2 2 2 2 2

1 3 1 1 1 |
Ee'“tlwr w13[—21+5 et thur w13[—l]+; of thwr w13[1]+5 et 13121, 0, 0, 0,0, 0,0, 0},
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0 QO Q03 1 _ 1 1 . 1 .
{0, —_— +— - — + = e_zﬂtl wr wio[-2]+ — e” oy wiz[-1]+ — 3 tlowr wio[1]+ — ezﬂtl wr w12[2]-
2 2 2 2 2 2
1 A 1 . 1 . 1 )
> e 2Tt y31-2) S e 1 wy3-1) S o T w3l S o? "t wi3p2], 0, 0,
1 i 1 1 . 1 i
= 2T g2 — T w1y~ T ) = T w2, 0, 0, 0],
2 2 2 2
Q1 Q Q3 1 . 1 1 1 .
{0, 0, S + 5 g 2L er wlz[—2]—; o Tl w12[—l]—z o ther w12[l]—z o? Tt wio2) +
1 ) 1 . 1 . 1 )
; e 2 Wy 131-2]+ ; e T 3l 1)+ ; e e w31+ E et w1321, 0,
1 i 1 1 . 1 )
S e 2] - = e T -1 — o Y wyp[l]- — e® T T w21, 0, 0, 0}:
2 2 2 2
Q1 Q Q3 1 Y - 1 .
{0) 0, 0, 7 —? - ? _E e 2 W yo1-2]- ; e thuwr w12[—l]—; e T wyoll) -
1 | 1 | 1 . 1 . 1 )
_ eZﬂtl Wy w12[2] __ e—2ntl [ wi3l- 2] __ e—ll tl wr w13l- l] __ eﬂ 11 we w13[1] __ eZﬂtl Wy w13[2]:
2 2 2 2 2
1 | 1 . | 1 )
0, ~— &2 U 2] - — o T Wy 1]- — o T wppl1) - — 02T wpp[2,
2 2 2

1 ] 1 1 . 1 ..
-— e AT 51 2] - — e Oy 1) — o T wpll] - — of T wisp2, 0},
2 2 2 2

1 i 1 . 1 . 1 _
{0, -2 e 9 wigr2- — o w2y - = o T wpary - — 62T w312,
2 2 2 2

1 . . 1 . 1 ..
S e 21T yo1-2] - > e O wyol-1) - > o “HUr wiofl] - > e? Tt wio2), 0,
Q; Q Q03 1 . 1 1 . 1 .
2 =2 e—2ﬂtl wr wis[-2]- — e t1lwe wisl-11- — & t1l we wiofl]- — e2ﬂtl wr w12[2] -
2 2 2 2 2 2
1 . . . .
S e 2 O y31-2]- — o7 TN wysl-11- — & T wis[l]- — 2T YN wi3p2], 0, 0, 0},
1 -2itlw 1 —-itl w itlw 1 2itlw
{07 0,0,-—c¢ Twin[-2]-—e Twipl-11-—¢ Twiz[ll-—e " w12(2], O,
2 2 2 2
Q1 Q Q3 1 . 1 . 1 . 1 .
2= _Z e—2ﬂtl wr wial-2]- — el tl we wiol-1] - — & tl we w1l - — eZﬂtl wr w1o[2] +
2 2 2 2 2 2 2

1 1 1 1
— 2O a2 = e T g 114 — o TN w1y — 2T w02, 0, 0},
2 2 2 2

1 ) 1 1 . 1 )
{0, 0,0, -= e e wr2- = T g2y - = 6wyl - = T w2, 0, 0,
2 2 2 2
Q 03 1 .4, 1 itiw
-— +— +—e T wig[-2]+ — e "
2

2 2 2

1 )
wial-11+ — & 1 wpo[1] ; e T 1512 -
2

. 1 1 . 1 .
e 21T y31-2] - 3 e T wisl-1]- S e THUr wisll) - 3 o? 1t wi3p2], 0},

Q Q 03 1 : 1 . )
{o, 0,0,0,0,0,0, — -—— - — 4= g 2itlwr 1 2]y gt itlwr
2

2 2 2 2

1
w12[-1]+z e w12[1]+

1 ) 1 _ 1 . 1 . 1 _
- 82 itl we w12[2] + — e—2 itl we wy3l-2]+ — o t1 we wi3l-1]+ — & t1l we wi3ll]+ — ¢:)2 itl we ‘U13[2]}}
2 2 2 2
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Calculate the integral form of the first four orders of AHT

4= H1 = wy [(2 ) Integrate[Hamt1], {t1, 0, 2 n/w}|
out[14]=
1 1
{{— Q1+0Q,+03), 0,0, 0,0, 0,0, o}, {0, Z(@+0,-03), 0,0,0,0, 0, o},
2 2

1 1
0) OJ ;(01_02*'03)7 O; @7 0’ 0) O}’ {05 07 OJ ;(01_02_03)7 0; @7 0’ 0}7

1 1
0, 0,0, E(‘Ql+02+03): 0, 0, 0}) {O’ 0,0,0,0, ;(‘Ql"'QZ‘QS): 0, 0},

— — —
(o]
-

1 1
0) O; 07 O; 0’ O; ;(_01_02*'03)7 0 ) {0’ O; O; @7 0’ 0) OJ ;(‘91_02_93)}}

nisi= H2 = -I wr/(4 n)Integrate[Integrate[Commutator[Ham[tz], Ham[tiy, {t1, 0, t2y, {t2, 0, 2nlwr}]

niel- H3 = -1 wy [(12 ) Integrate|

Integrate[Integrate[Commutator[Ham[t3], Commutator[Ham[t2], Ham[t1]]] + Commutator|
Commutator{Ham(t3], Hamt2], Ham(t1y, {t1, 0, t2), {t2, 0, t3), {t3, 0, 2 nlwr}]

in17:= Al = Commutator[Ham[t4], Commutator[Ham[t3], Commutator[Ham[t1l], Ham[t2]]]];
inf1gl= A2 = Commutator[Ham[t1l], Commutator[Ham[t4], Commutator[Ham[t3], Ham[t2]]]];
in19l= A3 = Commutator[Ham[t1l], Commutator[Ham[t2], Commutator[Ham[t3], Ham[t4]]]];
in20= A4 = Commutator[Ham[t2], Commutator[Ham[t3], Commutator[Ham[t4], Ham[t1]]]];
n21= AA = STimpLlify[Al + A2 + A3 + Ad];

n22i- H4 = Twe [ (24 n) Integrate]
Integrate[Integrate[IntegratelAA, {t4, 0, t3}, {t3, 0, t2)], {t2, 0, t1y, {t1, 0, 2 nlwr}]

Calculate the commutator form of the first four orders of
AHT

in23= HamC = Ham[t] /.
{Exp[—ZItwr]a Xrh-2, Exp[—lItwr]a Xrh-1, Exp[lItwr]» Xril, Exp[2Itwr]—> xr2};

4= Fcoeff = CoefficientList[HamC«xr A2, {xr}];
in2s)= Fcoeffx = Fcoeffi. - {0, 0, 0, 0, O};
nel= Fcoeffx[All, All, 1];

n27i- Hn = Table[@ See, {n, -10, 10};

in2el= Forlk =-2, k<2, k=k+1, Hnfk] = Fcoeffx[All, All, k+3]]
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in291:= H1S = HN[O]

Out[29]=

oooooe-%-—z+—,o,{oeoeooo ----- —}}

ini30l= H2S = 03
For[k=-2, k<2, k=k+1,
If[k:@,

H2S
H2S

H2S +1/2 « Commutator[HnLkl, HnI-KI1/ (k * wy) 3
H2S + Commutator[Hn[0], HnIkI]/ (K * wr)}
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in[321= H3S = 0;
For[kl=-2, k1 <2, k1 =kl+1,

Iflk1=o0,
H3S = H3S+2/3+Commutator[Hnikl], Commutator[Hn[O], HnI-K1I]l /(K1 * wy)"2;

]
|

For[kl=-2, k1 <2, k1 =k1+1,
For[k2=-2, k2 <2, k2 =k2+1,
If[kl =0 && k2 = © && Abs[kl-k2] < 2,
H3S = H3S+1/3«Commutator[Hnkl], Commutator[Hn[k2 - k1], Hn[-k2]1] / (K1 * K2 * wy * wy);

|
]
|

For[kl=-2, k1 <2, k1 =k1+1,
For[k2=-2, k2 <2, k2 =k2+1,
If[kl +0 && k220,
H3S = H3S+1/2«Commutator[Hnk2], Commutator[Hn[-k1], HnIk1I] /(K1 * K2 » wp * wy);

|
]
|

For[kl=-2, k1 <2, kl=k1+1,
For[k2=-2, k2 <2, k2 =k2+1,
If[kz + 0 && k2 = -Kk1,
H3S = H3S+Commutator[Hnrkl], Commutator[Hnrk2], HnLOTN / (K1 + K2) * K2 * wy * wy);

|
]
|
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n[37= w3z = W, * Wy * Wy}

H4S =0}
For[k1=—2, ki<2, kl=kl+1,
Iffki=o,

For[k2 = -2, k252, k2=k2+1,
If[k2=0 &&kl+k2 =0,
For[k3=-2, k3 <2, k3=k3+1,
If[k3 +08& & k3+k2+kl =0,
H4S = H4S +
Commutator[Commutator[Hnik1], Hnrk2]], Commutator[Hnrk3], Hn[-k1 - k2 - k3111 / (24 « (
K1+ k2 +k3) (k1 + k2) » k1 » w3)

+ Commutator[Hnfkl1y,
Commutator[Hngk2], Commutator[Hn[k3], Hn[-k1 - k2 - k3]111 / (24 » k1 » k2 * k3 » w3)

+ Commutator[Hn[-k1 - k2 - k3], Commutator[Hn[k3], Commutator[Hn[kl], Hnrk2p] /

(6 + k1 % (k1 + k2)* (k1 + k2 +k3)*ws);

s

niao)= For[kl=-2, k1 <2, kl=k1l+1,
Iffki=o,
For[kz =-2,k2<2,k2=k2+1,
If[k2=0 &&kl+k2=0,
For[k3=-6, k3 <6, k3=k3+1,
If[k3 = 08&&k3-k2-k1 =0,
H4S = H4S + Commutator[Hn[0], Commutator[Hn[kl], Commutator[Hn[k2], Hn[k3 - k2 - k1]]]] *

(2% k2 - K1)/ (6 % K1 x k2 & k3 x (K1 + K2) * w3)

+ Commutator[Hn[k3 - k2 - k1], Commutator[Hn[0], Commutator[Hnrk1l], Hnrk2M)] /
(4 % (k3 - k2 - k1) » (K1 + k2)* K2 » w3)

+ Commutator[Commutator[Hn[k2], Hngk1]],

Commutator[Hnik3 - k2 - k1], Hn[OTIl / (4 * k2 * (K1 + k2) » (k3 - K1 - k2) » w3)

+ Commutator[Hngkl], Commutator[Hn[k3 - k1 - k2], Commutator[Hn[0], Hnk211] /

(6 x k1% (k3-k2-kl)*xk2xws);

s
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nia1- For[kl=-2, k1 <2, kl=k1l+1,

If[k1=0,
For[k2 = -2, k252, k2=k2+1,
Iflk2=0,

For[k3=-2, k3 <2, k3=k3+1,

If[k3 =0,

H4S = H4S + Commutator[Hnrk3],
Commutator[Hnikl], Commutator[Hn[-k1l - k2], Hnfk2M11 / (3 * K1 « kK2 « k3 » w3);

I

Inf42]:= For[kl =-2,kl<2,kl=kl+1,

Iffki=o,
For[k2 = -2, k252, k2=k2+1,
Iflk2=0,

For[k3 =-4,k3<4, k3=k3+1,

If[k3 =0 && k3-k2 =0,

H4S = H4S + Commutator[Hnfk3 - k2],
Commutator[Hnik2], Commutator[Hn[k1], Hn[-k1IM] /(4 * (k3 - k2) « k2 « K1 » w3)

+ Commutator[Commutator[Hnikl], Hn[-k1]],
Commutator[Hnk2], Hnrk3 - k211 / (4 » k1 » k2 « k3 * w3);

s

nias)= For[kl =-2,

Iflki =0,
For[k2 = -2, k252, k2 =k2+1,

k1<2, kl=kl+1,

Iflk2=0,

H4S = H4S + Commutator[Hnrk1],
Commutator[Hn[-k1], Commutator[Hn[-k2], Hngk2pp] » 3 / (8 + k2 » k1 k1 » w3);

JIE

In[44]:= For[k1=—2, kl1<2, kl=kl+1,

Iffk1 =0,
For[k2 = -2, k252, k2=k2+1,
If[k2=0 &&kl+k2 =0,

H4S + Commutator[Hnfk1],
Commutator[Hn[0], Commutator[Hnrk2], Hn[- k1 - k21111 / (2 * k1 » K1 * k2 * w3)

+ Commutator[Hnfkl], Commutator[Hn[-k1 - k2], Commutator[Hn[0], Hnik2]]] *

H4S

(2+k1l+k2)/(6*KkLxk2xk2x(kl+k2)xws)
+ Commutator[Commutator[Hn[-k1 - k2], Hn[oT],
Commutator[Hnk1], HnLk211 / (3 » K1 » (K1 + k2) » (K1 + k2) » w3);

JIE
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nias)- For[kl=-2, k1 <2, kl=k1+1,

If[k1=0,
For[k2 = -2, k252, k2=k2+1,
Iflk2=0,

H4S + Commutator[Hn[0], Commutator[Hn[kl], Commutator[Hn[k2], Hn[- k1] *
(6+kl+k2) /(12 k1 xklxk2xk2x*w;3)

H4S

.
Commutator[Commutator[Hnik1], Hn[-k1]], Commutator[Hnk2], HnIOIN / (2 » K1 « K2 » K2 » w3)

+

Commutator[Hnrk2], Commutator[Hnikl], Commutator[Hn[-k1], HnLOT] / (6 *» k2 * k1 » K1 * w3)

+ Commutator[Hnfk1],
Commutator[Hnfk2], Commutator[Hn[-k1], HnO / (6 K2 » k1 » K1 » w3);

JIE

nias)- For[kl=-2, k1 <2, kl=k1+1,
Iffki=o,

For[k2

Iflk2=0,

H4S H4S +
Commutator[Hn[kl], Commutator[Hn[0], Commutator[Hn[0], HnIk211] / (4 » k2 « k2 « k1 * w3)

-2,k2<2,k2=k2+1,

+

Commutator[Commutator[Hn[k2], Hn[OT], Commutator[Hnrkl], HNIOTN / (4 » k2 » k2 » k1 » w3);

JIE

In[47]:= For[kl =-2,kl<2,kl=kl+1,
Iffk1 =0,
For[k2 = -4, k254, k2=k2+1,

If[k2 =0 &&k2-kl=0,
= H4S + Commutator[Hn[0], Commutator[Hnfkl], Commutator[Hn[O], Hn[k2 - k1] =

H4S
(4+xKLlxk2-2xklxkl-k2xk2)/(2+k1lx(k2-kl)*(k2-Kkl)*k2xk2xw;)

+ Commutator[Hnfk2 - k1],
Commutator[Hn[0], Commutator[Hn[O], HnIK1Ml /(4 » K1 x k1 « (k2 - k1) * w3)

+ Commutator[Commutator[Hnfkl], HnfO]],
Commutator[Hn[k2 - k1], HnIOM] / (4 » k1 » k1 * (k2 - k1)  w3);

JIE

niag)= For[kl=-2, k1 <2, kl=k1l+1,
Iffki =0,

H4S = H4S +
Commutator[Hnrkl], Commutator[Hn[O], Commutator[Hn[0], Hn[-K1IM]* 3 /(4 » k1 » K1 » k1 » w3)

+ Commutator[Commutator[Hn[-k1], HnI@T], Commutator[Hnik1l], HNIOIN / (4 » K1 » K1 » k1 » w3);

IE



Check_AHT Fourier_3_Matrix_3spinb.nb | 9

niao)- For[kl=-2, k1 <2, kl=k1+1,
If[kl +0,

H4S =
H4S + Commutator[Hn[0], Commutator[Hn[0], Commutator[Hn[O], HnIk1M / (K1 » K1 « K1 » w3);

Compare the integral and commutator form of the first
four orders of AHT

in50:= FullSimplify[H1S - H1]
Out[50]=
(¢, 0,0,0,0,0,0,0,{,0,0,0,0,0, 0, 0},

{9, 0, 6, 0, 0, 0, 0, 03, {0, 0, 0, 0, 0, 0, O, 6}, {6, 0, 0, O, O, O, O, 0O},
{9, 0, 6, 0, 0, 0, 0, 03, {0, 0, 0, 6, 0, 0, O, 0}, {6, O, 0, O, O, O, O, O}
in[s1:= FullSimpldify[H2S - H2]
out[51]=
{9, 0,0,0,0,0,0,0,{,0,0,0,0,0,0, 0},
{G’ 0, 0’ 0’ O’ 0) O) O}’ {G’ 0, 0’ 0’ O’ 0) O) O}’ {G’ 0, 0’ ’O’ J )O}’
9, 0, 60, 0, 0, 0, 0, 6, (0, 0, 0, 6, 0, 0, 0, O}, {0, 0, O, O, O, O, O, O}
inf521= FullSimpldify[H3S - H3]
Oout[52]=
{0, 0, 0, 0, 0, 0, 0, 0, {6, 0, 0, 0, 0, 06, 0, 0},
{O) O’ 0) O’ 07 O) 07 0)7 {0) O’ 0) O’ 07 O) 07 0)7 {0) O’ ) 3 ) I 70)7
{0) O’ O! O’ 07 O, 07 0)7 {0) O’ O! O’ 07 O, 07 0)7 {0) O’ ) 3 ) I 70)}
ins3= FUullSimplify[H4S - H4]
Out[53]=
{9, 0, 0, 0, 0, 0, 0, 03, {0, ©, O, O, O, O, O, O},
{07 0’ G) 0? 0) 0’ 0’ 0}) {07 0’ G) 0? 0) 0’ 0’ 0}) {07 0’ 3 ) b ) ’0})
{O) 0’ G) 09 0) O, 0’ O}) {O) 0’ G) 09 0) O, 0’ O}) {O) 0’ ) 3 ) ) ’O}}
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