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Supplementary Information

1 Dynamics of the Tb 4-level system

1.1 Wave functions of the crystal field levels

The point group of the Tb ions within the pyrochlore lattice is C5. We refer to the 3-fold rotation axis as the local
z-axis. This symmetry implies that /, modulo 3 (J,mod3) is a good quantum number, that is, the crystal field
levels within the ground state multiplet are superpositions of levels with values J, whose differences are multiples
of 3. Non-degenerate CF levels are formed by the eigenstates with J,mod3 = 0. The eigenstates with J,mod3 =
1,2 form symmetry protected multiplets with their time reversed counterparts (taking values of J, mod 3 with
opposite sign). The two lowest-lying CF eigenstates of Tb in Tb2Ti207 form two such doublets, which we denote
by G (ground) and E (excited). We further refer to the states with fixed J,mod3 as T/, according to the sign of
the expectation value (J,) of the magnetic moment along z.

The diagonalization of the CF Hamiltonian yields the explicit wavefunctions (using the shorthand notation |m) =
|[j = 6,m)) using the coefficients tabulated in table IX of reference [31].

G 1) a;|4) = b1|1) + ¢1]=2) + dy|=5) )
Gy = TIGT) = ai[—=4) + bi|=1) + c1]2) — di[5) (2)

with a; = 0.9116, b; = 0.1186, ¢; = 0.1765, d; = 03519, whereby the time reversal operator acts as T|m) =
(—1)™|—m). The magnetic moment of the ground state doubletis mg; = (G T |/,|G T) = —(G 1 |],|G 1) = 2.657.

For the excited doublet one finds
[ET) = az|5) — by|2) + c;|—1) + dy|—4) (3)
|[ELl) = TIET)=—ay|=5)—by|-2) — c,|1) + d;]|4) (4)

with a, = 0.8910, b, = 0.2320, ¢, = 0.1085, d, = 0.3748, having a larger magnetic moment my =
(ET|LIE ) =—(E L|IE L) = 3.503.

The energy difference between the two doublets is
AE = E; — E; = 1.6meV. 5)

1.2 Matrix elements for the interaction with an applied magnetic field

Let us now study how an external magnetic field couples to this pair of doublets. The magnetic field acts via the
interaction Hamiltonian Hg(t) = —g ],uBﬁ (®) - f , where g; = 3/2 is the Landé¢ factor of the considered Tb” F-
multiplet and pp is the Bohr magneton. Even though we will discuss general pulses, it is useful to consider the
limit of a harmonic driving field g]uBE(t) = §(t) = B,€ exp(—iwt) + H.c., where B, = 1/2B, is a real
amplitude and € the polarization vector. For linearly polarized light € can be chosen to be real, while circularly
polarized light is characterized by a complex € in general. For a general pulse shape, B, — B, (t) is a smoothly
varying envelope function.

The J# operator only has matrix elements between states with equal value of J,mod3 (i.e., between |G, T) and
|E, L), and between |G, 1) and |E, T), while the operators J, = ], + i], are purely off-diagonal in the basis of fixed
J,mod3. With the above wavefunctions one finds the following non-zero (real) matrix elements between ground
and excited doublets

Jz (E,L11G,T) = —(E, T|],|G,{) = 3.029,  (6)

1 1

ji = SETIIC = -FELILGY = 2362 (7)

The action of a magnetic field in this pair of doublets is best understood within a rotating wave approximation
(RWA). The latter is justified for driving close to the resonance frequency, w =~ AE /h and at moderate driving
strength (j, ; By < AE = 1.6meV), where non-resonant intra-doublet and fast-oscillating inter-doublet couplings
can safely be neglected. These conditions are met only approximately by our experimental parameters: the central
frequency of the driving pulse is hw =2.4meV and j,, By = j,, 9;4Bop/2 = 0.03meV using the
experimentally determined magnetic field peak amplitude of By, = 0.25T and approximating j, , with a typical



value of 3. However, the approximation still gives useful insight into the main effect of the driving. Within the
RWA the resulting driving Hamiltonian then reduces to

Hp(t) = Hrwa(t) = —=Boe ™" Y Myg|E,a)G,B| +H.c., (8)
a,fE(M}

where the 2x2 matrix M, is given by

M= ) e ©)

a=x,y,z

with the inter-doublet matrix elements of the magnetic moment operators given by

TfEG _ f oz

x - J107%,

"EG _ ..

y - —UYi, (10)
"EG _ .

z - _l]zo-y-

where the Y are the standard Pauli matrices.

1.3 Temporal evolution in the rotating frame
We seek the solution to the time-dependent Schrodinger equation i0,Y) = [Hep + Hgya(t) ] in the form

YO = ) lea®IF, @e 2 + g (0)]G, aye™Fo'] (an

where at the level of the RWA and for resonant driving w = AE /h, the coefficients ey, g, obey the Schrodinger
equation in the rotating frame,

i0,6q(t) = =By ) Magdp(0),
B

10,94(t) = —BOZMZBeB(t). (12)
7

Taking a second derivative, one finds a closed differential equation for the ground state amplitude vector g = (gl)

alone,
—0¢g(t) = BiM'Mg(1), (13)
using matrix notation.

1.4 Splitting of the four-level systems into effective two-level systems
The Hermitian matrix MM is positive definite and diagonalizable. We call ¢, » its orthonormal eigenvectors, and
d?, the corresponding eigenvalues. The explicit form of the matrix M ™ is

MM = A+%-6 (14)
where

A = Jpf

v, = —2Re(bjb,),

v, = 2Re(byb)),

v, = 2Im(beby), (15)

and we have used the notation b, = e,j,, by, = e,,j,. From this, one finds that ¢, , are the eigenvectors of ¥ - G
with eigenvalue +|¥|. The associated magnetic moments are, respectively,

di = A x|Vl (16)

For linear polarization, the b, are real, and the magnetic moments evaluate to

dip = bzl £ 1b.l = [lezjz| £ lejill,  (17)



with b, =,/bZ + bj,and e, = e +e;.

Note that ¢b; only couples to one excited state, 1;. Therefore, {¢p;, ¥} and {¢,, P, } form two independent
effective two-level systems. The 1; span an orthonormal basis of the excited doublet space, being the
eigenvectors of MM, for which one finds

MM' = o*(A—7v-0d)d*. (18)
Up to phases its eigenvectors are thus 1, , X 6%¢, ;.

1.5 Driven dynamics of the effective two-level systems
In the basis {¢;, ;}, the full driving Hamiltonian takes the form

0 -B®d, 0 0
[-Bwd,  aE 0 0

Hres={ 0 0 —BM®)d, |’ (19)
0 0 —B@)d, AE

where we dropped the non-resonant intra doublet couplings. d; can be seen as the effective magnetic moment of
the two-level systems and Qz; = B,d;/# is the associated instantaneous Rabi frequency. The 2 x 2 Hamiltonian
governing the effective TLS generates the unitary, non-dissipative part of the dynamics for the ensemble
averaged density matrix p = [P ()P (t)|, 0.p = —i/h[H, s p] of Egs. (3, 4) in the main text. Defining the
resonance frequency w, = AE /h and the occupation difference An(t) = pyo(t) — p11(t), we obtain:

din(t) _ 2idB(t)

dt —(P10(®) = pio(®)); (20)
dpo(t) dB(t)
“dcr —lwopo(t) + i 5 An(t). 1)

Recalling that B(t) = g;upB(t) yields the non-dissipative part of equations (3-4) of the main text, where |d| ~
Jeyp = 3 interpolates between the transverse and longitudinal transition matrix elements, j,, j,.

Given the modest excitation level, one may approximate An(t) in (22) by An,,, which yields the coherence:

t 1

i —iwg—
p1o(t) = EAne’qdf dt’ B(t') e( T

et (22)

which is proportional to the occupation difference before excitation An,g.

Note that in the low temperature state (below the Curie-Weiss temperature |@.,,| = 13 K), the interactions
induce correlations and entanglement among the different Tb ions. However, since we focus on relatively short
times as compared to the inverse interaction strength and since we consider only a moderate level of excitation,
we neglect those correlations and describe the driving at the level of the single site density matrix. In the main
text, the interaction with neighboring sites are summarily accounted for by including a relaxation and dephasing
rate (of the order of the Tb-Tb interaction strength) in the evolution equation for the single site density matrix.

1.6 Unitary dynamics within RWA approximation

We now return to the RWA ansatz (11), where only the resonant frequency component at w = t+w, of B(t) is

retained. In a thermal ensemble at temperature kzT < hw,, the initial wavefunction Y (0) restricted to a given
Tb site is a random state within the ground doublet, e, (t = —o0) = 0. Within the RWA the general solution of
the resonantly driven Schrédinger equation reads

g(t)
e(t)

C; cos(le(t)) ¢, +C, cos(sz(t)) b5,

iCy sin(d,F () ¥y + iCy sin(dyF (1)) s, *)

where



F(t) = ft dt'By(t").

Observables pertaining to the subensemble of Tb ions with equally oriented local z-axis have to be averaged with
the prescription C:C] =6;;/2,and TC] =0.

1.7 Time-evolving magnetization
The time-evolving magnetic moment of the Tb wavefunction is obtained as

me(t) = 9iusW O (@)
= gjhsbasImeg'()o?g(t) + mgel (t)o?e(t)]
+2g,upRe[e’ e’ (O)F° g ()], 24)

Note that once the driving field is switched off, the wavefunctions in the rotating frame, e(t), g(t) do not evolve
further and would stay constant in the absence of interactions with other degrees of freedom. The first line in (24)
captures the static, time-independent magnetization induced by the driving pulse B(t), while the second
contribution to the magnetization oscillates with the frequency w, and reflects the coherence of the wavefunction,
being a superposition of components in the excited and ground state doublet. Interactions with neighboring Tb
ions eventually induce dephasing, which degrades the oscillatory term, and relaxation, which makes the static part
of the induced magnetization decay.

1.8 Oscillatory magnetization induced by linearly polarized light

For linearly polarized light the static part of the magnetization vanishes since the magnetic moments of the light-
selected TLS vanish, (¢;|J?|¢p;)~(¢;|0%|¢;) = + -2 = 0 and likewise for (y;|J*|1);)

Il

The vector ¥ in (15) is proportional to (—e,, e,, 0). The eigenvectors associated to the effective magnetic moments
dy, = |b, F b,| are explicitly

$12 = \/% (i(ex * iey) / el). (25)

and

_ 1 +1
Y1, = sgn(b, + bZ)\/_E(_(ex +_iey) / el) . (26)

In this basis, the off-diagonal matrix elements of the magnetic moment operator JE¢ evaluate to

; :’b;G jiex /ey
V12 56 ¢1, =sgn(b, Tb,)| Jrey/eL |. (27)
5 +iz

The oscillatory part of the magnetization results from Eq. (27) as

mgs(t) = gyus2Re[et®otet (£)ES g(0)] (28)
_ jl ex,y .
= 9;iB ?Z sin (wot)
X (Sin [Z(jJ_eJ_ +jzez)F(t)] + sin [Z(jlel _jzez)F(t)])'
and
mgse(t) = gyks2Releote (D] g(1)] (29)

Jz .
= 9iis 2 sin (wot)
X (Sin [ZUJ_eJ_ +jzez)F(t)] — sin [z(jJ_eJ_ _jzez)F(t)D-



To include dephasing, we switch to the density matrix formulation, approximating the subspaces of the two light-
selected TLS (¢;,;);=1, as uncoupled. Let us discuss here the case of relatively weak or short pulses with
Frax < 1, as used in the experiment. For the ensemble averaged magnetic moment one finds

3

=501 Y 2RelWIE 6], (30)

i=1,2

whereby the off-diagonal term of the densrcy matrix of the TLS i, po1 , satisfies Eq. (21) with d = d;. Resorting to

the resonant approximation, writing B(t) = By€ exp(—iwyt) + H.c. and retaining only the positive frequency
component, one finds the contributions of the two TLS to add up to yield

gs ) W G,

i=1,2

me(t)

t
xRe[iexp(—iwot)f dt' B,y (t")e~E=t)/7c]

t
2gyttpizeasin (@ot) [ de'By(De %, (31)

where we used the notation j, = j,, = j,. Note that in this regime, where the excitation level remains modest, the
time dependence of the contributions from the different TLS is the same, and is well captured by a single
representative TLS, as was done in the main text.

For a weak pulse and upon neglecting dephasing (setting 7, — o0) this indeed coincides with the linearization of
the results (28, 29),

mosc (t)

Q

t
ex_y(g],qul)zsin(a)ot) f dt'By(t'),

mgse(t)

Q

cx(grmwisintood) [ deB@), (G2)
where By (t) = 2B, (t)/g;up is the time-dependent linearly polarized magnetic field envelope of the pulse.

1.9 Inducing quasi-static magnetization by circularly polarized light

With circularly polarized pulses a quasi-static magnetization can be induced. Using the general solution (20) and
(21), the ensemble average of the non-oscillatory magnetization (described by the first line in (24)) can be
evaluated as

Mt (6)/ g hs 70 (#1107 d1)cos 2(dyF (1)) + ($2|07|¢)cos *(doF (6)]

+Z - =[]0 [1)sin 2(d, F () + (2|07 [2)sin 2(d,F ()]
mg —

= T fcos *(dyF (6)) — cos *(d;F (1)), (33)

where we used (19). This quasi-static magnetization settles to F(t) = F,,,, after the pulse.

As an example, we consider a CP pulse propagating along the local z-axis of one type of ions, with B, = iB, =
iB, B, = 0. The matrix M takes the form M = j, B(c* + 1), from which one extracts ¢, = (1,0), d, = 2j, =
4.724; ¢, = (0,1), d, = 0 and p, = 1. This results in the induced static magnetization

mg —mg
Hy——— (cos 2(dyF (1)) — cos 2(doF (1))

mg—m
= ———sin ?(2j, F (1))

0.423sin 2(4.724F (t)). (34)

mi“"’" ®)/ 9,148

Q



On average, half of these ions are in the state ¢, which undergoes Rabi oscillations, a full population conversion
leading to a change of magnetization by my — mg

For the three differently oriented ions, one finds two non-trivial effective TLS, with effective magnetic moments
di = 4.493 and dj = 2.919, respectively, and magnetizations of the associated TLS basis vectors u, =
(¢p1]l0%|¢,) = —0.637. Injecting this in the above formulae one finds the induced quasi-static magnetization along
the ions’ respective local z-axes to evaluate to

m T () 9 b (35)
mg

= 1, T [cos (3 F (6) — cos 2(dF (1))

= 0.2696(cos 2(4.493F (t)) — cos 2(2.919F(¢t))). (36)

The moments of three different non-aligned ions sum up to a magnetization pointing along —é,, and having a

magnitude m3t0heTs (1),

In TTO a cell of volume V = (10.34)3 / 4 contains four Tb ions, one of each orientation, that we treat as
uncorrelated. The total quasistatic magnetic moment induced in such a cell by a CP pulse of action F,,,,, oriented
along the axis of one of the ions points along the propagation direction of the pulse and has a magnitude

mtotstat /gy = [0.423sin ?(4.724F0) 37
—0.2696(cos 2(4.493F,,,,) — cos 2(2.919E,,,.))]-

For short/weak pulses, the final magnetic moment behaves as m*ts°¥(t) /g, up ~ 11.01F2,,. The average
internal field resulting from this magnetization density follows as

mtot,stat

Bine = SHo—— (38)

which can reach of the order of 20mT in Tb2Ti207.

Due to interactions between the ions, the magnetization will, however, decay back to zero (thermal equilibrium)
over a time scale of the order of t via diffusion of the excitations. On the other hand the global excitation level

(total energy) of the ions relaxes much more slowly, necessitating coupling to the phonon bath.



Supplementary Data

Supplementary Figure 1. Experimental geometry. The THz pulses (yellow) were generated outside the
chamber and passed through a window into the vacuum chamber. They were focused with a 2” focal distance
parabolic mirror in vacuum onto the sample and overlapped with the x-ray probe pulses (dark blue) on the
sample. The THz electromagnetic field was characterized by electrooptic sampling (EOS) using 800nm pulses
(red) outside the chamber. Part of this Figure has been reproduced from reference [42].
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Supplementary Figure 2. Temperature dependence of the intensity change signal of the structural and
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resonant peaks. Intensity changes induced by the same THz excitation are shown at different temperatures for

the resonant (028) peak (left side) and the structurally allowed (-137) peak.



Supplementary Table 1. Summary of the 4 unique Tb ion positions and local quantization axis, as well as the
induced magnetic moment m, by the excitation on each site i with: m, , =

(gymgi . -)?sin(wot) f_too dt'B(t")e~(*=t)/7c_The last column denotes their phase factors for the (hkl) =

(028) peak.
Tb | Position xyz Xiocali Viocali Zipcal i Local magnetic moment m;, on Tb site i e2milhxtky+lz)
my my
1] ,0,0) [-10] |[11-2] |[111] (5. -20) 1
my my
2l amumny | piio |y | | - -%0) -1
0.58m, 0.82m, 058m, 082m, 116m, 082m,
sl amaym | o) o) |y | (-5 -2 2 T T 200 1
0.58m; 0.82m, 0.58m 0.82m, 1.16m; 0.82m;,
41 (1/2,3/4,1/4) [110] [1-1 2] [1-1-1] ( 5 3 ' V6 B Ve 3 ) -1




Supplementary Table 2. Parameters used for the simulation of the time-dependent diffraction intensities of the
structural (137) and resonant (028) Bragg peaks.

as in %/(MV /cm) | as,in %/(MV /cm) | a,, in% voinTHz | t.inps | Ttinps | 4An
1.04 +0.08 -1.8+0.1 1744+56 | 0454002 | 244+04 | = 1

eq




