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How to characterize topological quantum phases is a fundamental issue in the broad field of topolog-
ical matter. From a dimension reduction approach, we propose the concept of high-order band inversion
surfaces (BISs), which enable the optimal schemes to characterize equilibrium topological phases by
far-from-equilibrium quantum dynamics, and further report the experimental simulation. We show that
characterization of a d-dimensional (dD) topological phase can be reduced to lower-dimensional topolog-
ical invariants in the high-order BISs, of which the nth-order BIS is a (d — n)D interface in momentum
space. In quenching the system from trivial phase to topological regime, we unveil a high-order dynamical
bulk-surface correspondence that the quantum dynamics exhibits nontrivial topological pattern in arbitrary
nth-order BISs, which universally corresponds to and so characterizes the equilibrium topological phase
of the postquench Hamiltonian. This high-order dynamical bulk-surface correspondence provides new
and optimal dynamical schemes with fundamental advantages to simulate and detect topological states,
in which through the highest-order BISs that are of zero dimension, the detection of topological phase
relies on only minimal measurements. We experimentally build up a quantum simulator with spin qubits to
investigate a three-dimensional chiral topological insulator through emulating each momentum one by one
and measure the high-order dynamical bulk-surface correspondence, with the advantages of topological

characterization via highest-order BISs being demonstrated.
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I. INTRODUCTION

The bulk-boundary correspondence (BBC) is a funda-
mental mechanism in topological quantum phases, such
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as in quantum Hall effect, topological insulators, and
topological superconductors, in which the topological
number of the bulk links to the number of the robust gap-
less states on the boundary [1-17]. In consequence, the
BBC is widely utilized to identify the topological quan-
tum states and measure the topological invariants, e.g., by
transport and angle-resolved photoelectron spectroscopy
(ARPES) experiments [18—24]. Recently, a new develop-
ment has been made for topological systems, called the
higher-order topological phases [25-31]. In such quantum
systems, a d-dimensional (dD) bulk has nontrivial topol-
ogy in the presence of a certain spatial symmetry, while the
corresponding gapless modes do not exist on the (d — 1)D
boundary but survive on a lower (d — n)D boundary with
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n > 1, due to spatial symmetry breaking on the former but
preserving on the later. This gives a high-order BBC in the
real space.

While the BBC is well defined in the real space, it
does not seem straightforward to extend such a concept
to the momentum space, since the latter is intrinsically
closed and has no well-defined boundaries. However, a
new method to classify topological states was proposed
recently, showing that the topological number of a dD sys-
tem corresponds to the nontrivial (pseudo)spin texture on
the (d — 1)D momentum subspace, called band inversion
surfaces (BISs) [32—35]. Rather than being the boundary,
the BISs are interfaces in the momentum space, across
which the bulk bands are inverted as the interband cou-
plings are absent. This method is particularly useful in
two aspects. First, it enables characterization of topological
phases by quantum dynamics, which is a topic attract-
ing fast-growing attention recently [36—44]. By suddenly
tuning a system from initially trivial phase to topological
regime, the quench dynamics on (d — 1)D BISs exhibits
nontrivial dynamical patterns, which are related to the dD
bulk topology, rendering a dynamical bulk-surface cor-
respondence (DBSC) in the momentum space [32—35].
The DBSC opens the way to simulate and detect equilib-
rium topological phases by far-from-equilibrium quench
dynamics, and has been recently actively studied in exper-
iment with ultracold atoms [45—48], solid-state spin sys-
tems [49-51], and superconducting curcuits [52]. More-
over, as a momentum-space counterpart of the BBC in real
space, the DBSC expands the ability of simulating topo-
logical phases with the typical quantum simulators like
ultracold atoms where the real-space open boundary is hard
to construct, but the momentum-space information can
be readily measured. The advantages including the high-
precision measurement of the topological phases are also
confirmed in experiments based on DBSC compared with
traditional methods built on equilibrium theories [45—51].

In this work, we propose the concept of high-order BISs
for the dynamical characterization and simulation of topo-
logical quantum phases by extending the DBSC to high
order, and report the experimental observation. The nth-
order BIS is a (d — n)D interface on the (n — 1)th-order
BIS. From a dimension reduction approach, we show that
through quantum quenches the bulk topology of a dD
phase can be uniquely characterized by the dynamical
topology emerging on any high-order BISs, manifesting
the high-order DBSC. The prediction provides the optimal
schemes and considerably expands the freedom for dynam-
ical characterization and simulation of topological phases.
Experimentally, we build up a quantum simulator using
a nitrogen-vacancy center (NVC) to investigate the high-
order DBSC in a three-dimensional (3D) chiral topological
phase through emulating each momentum one by one, with
the great advantages of the minimal measurement strategy
in the simulation being demonstrated.

The paper is organized as follows. In Sec. II, we
introduce the concept of high-order BISs and topological
invariants from dimension reduction. In Secs. III and 1V,
we propose two dynamical schemes for the characteri-
zation and simulation of topological phases. In Sec. V,
we experimentally build up a quantum simulator using
the NVC for the dynamical characterization of topological
phases. Finally, we conclude in Sev. VI with an outlook.
Technical details are provided in appendices.

II. HIGH-ORDER BAND INVERSION SURFACES
AND TOPOLOGICAL CHARACTERIZATION

We start with the dD topological phases classified by
integer invariants in the Altland-Zirnbauer (AZ) symme-
try classes, which are winding numbers in odd dimensions
and Chern numbers in even dimensions [7,53,54]. The
Hamiltonian is described in the form [55,56],

d
H=h(k)')’=Zhi(k)Vis (1)
i=0

where the Clifford algebra matrices y; satisfy the anti-
communication relation, {yi, yj} = 24;7, and has matrix
dimension ny = 24/% (or 2“*1/2) when the spatial dimen-
sion d is even (or odd). For one-dimensional (1D) and
two-dimensional (2D) systems, the y matrices are the Pauli
ones and Eq. (1) describes a two-band model, such as the
Su-Schrieffer-Heeger chain [57] and the Haldane model
of the integer quantum Hall effect [58]. For 3D and four-
dimensional (4D) systems, the y matrices are the Dirac
ones and the corresponding Hamiltonian describes a four-
band model, such as 3D DIII class superconductors and
AlII class topological insulators [53], and 4D quantum
Hall insulators [59]. In general, the y matrices can be
regarded as the spin or pseudospin operators.

The bulk topology defined in the whole Brillouin zone
(BZ) is quantified by a dD invariant, and can be reduced
to the lower-dimensional topology on the (d — 1)D BIS,
which is obtained by choosing one component, e.g., the
ioth component of h(k) to satisfy 4;,(k) =0, with i, €
{0 ~ d}, and is a (d — 1)D closed surface in the BZ [32].
Here we name it as the first-order BIS, 1BIS = {k €
BZ|h;,(k) = 0}, which can be interpreted in a physically
transparent way as follow. We take that the 4;, term char-
acterizes the energy dispersions of the bulk bands, while
the remaining terms of the Hamiltonian, denoted by h") =
{hi,, hiy, ..., hy,}, characterize the coupling (pseudospin-
orbit coupling) between different bands. Then the 1BIS is
simply a momentum subspace, across which the energy of
the half of these bulk bands is inverted with respect to that
of the other half before taking into account the interband
couplings. The interband coupling term h‘" opens a gap
on the BIS, leading to the gapped topological phase, and
moreover, the vector field h!") exhibits nontrivial topology
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on the 1BIS, which is captured by a (d — 1)D topolog-
ical invariant (winding or Chern number) on the 1BIS.
This renders the bulk-surface duality of the free-fermion
topological phases with integer invariants [32].

The central concept we propose here is the high-order
BIS, which can be introduced based on a dimension
reduction method. A key observation is that the inter-
band coupling term h) can be further treated as a (d —
1)D gapped Hamiltonian with integer invariant defined on
the 1BIS. Correspondingly, we can define a higher-order
(second-order) BIS on the 1BIS via another component 4;,
of h¥, namely 2BIS = {k € 1BIS|A;, (k) = 0}, which is
equal to {k € BZ|h;,(k) = h; (k) =0} and is a (d — 2)D
closed surface. In a similar process we can show that the
bulk topology is reduced to the (d — 2)D invariant of the
(d — 1)D vector field hR® = {h;,, h;,, ..., h;,} on the 2BIS
(see details in Appendix A). Repeating this dimension
reduction we obtain the nth-order BIS by

nBIS = {k € BZ|h;, (k) = 0;0 =0,1,...,n—1}, (2)

where #4;,’s are n components of h. Obviously, the #BIS
is a (d — n)D closed surface and formed by the % points
satisfying Za:l'\«(nfl) |hia (k)| = 0. Across the nBIS the
band energies switch sign in the absence of h®™ =
{hipshi,ys- - - hiy}. With the above process the bulk topol-
ogy then reduces to the (d — n)D invariant obtained by h®
on the nBIS that

Toz[h] = Tumis[h™], 3)

where Ty [f] = (T[(m + 1)/2]/27"D/2y A /m)) |, f(k)
[df(K)]" is the topological invariant of the vector field f
on the mD manifold M (see details of proof in Appendix
A) and characterizes the integer times that f covers over
the corresponding spherical surface $” when k runs over
M. Equation (3) shows a correspondence that maps the
classification of bulk topology to the characterization on
the nBIS. This correspondence is valid for any high-order
BISs. In addition, two points are worthwhile to mention
for the dimension reduction process. Firstly, the config-
urations of the high-order BISs are sharply different if
choosing different components (%;) of the Hamiltonian for
the definition in Eq. (2), with two typical cases being
illustrated in Figs. 1(a) and 1(b), respectively, where we
particularly sketch the dimension reduction from 3D to 0D
in the last three steps. Secondly, whenever the BIS of any
certain order does not exist in the BZ, the corresponding
system is topologically trivial.

The highest-order dBIS is of zero dimension and is
obtained for n = d, and consists of a finite number of
momentum points. Thus the corresponding topological
invariant Typs[h;,] only depends on a finite number of

Brillouin zone [d] i
First-order BIS [d-1] # *
(d-3)th: (d-2)th: (d- 1)1
| ' | I
LV

FIG. 1. Sketch of high-order BISs. A dD BZ goes through
d-dimension reductions and finally becomes a zero-dimensional
(0OD) BIS. Black lines and the number in square brackets corre-
spond to the dimension of the BZ or the BIS. Two insets with (a)
green and (b) orange backgrounds illustrate two different kinds of
dimension reduction processes of the BIS from three dimensions
to zero dimension.

dth-
BIS [0]

(b

momentum points

1
2 Z [sgn (hia,) — sgn (hir))], (4

dBIS;

Typis[hi,] =

where j corresponds to different sectors of the dBIS. The
subscripts L; and R; are the left- and right-hand points of
the jth sector, respectively. They appear in pairs due to
the fermion doubling theorem [60]. The /eft and the right
depend on the direction of the integral path on the 1D
(d — 1BIS. This formula is similar to the Brouwer degree
of the map h(k) from k space to h space [61] and it maps
the classification of bulk topology to the characterization in
zero dimension. In this case, the computation of the topo-
logical invariant can be greatly optimized. In the following
we further apply the dimension reduction based on high-
order BISs to the dynamical characterization of topological
phases.

III. DYNAMICAL CHARACTERIZATION AND
SIMULATION: SCHEME 1

We turn to dynamical characterization of topological
phases by showing the high-order DBSC and present
quantum simulation with concrete models. The quan-
tum dynamics are induced by quenching an initially
fully polarized trivial phase to topological regime. The
pre- and postquench Hamiltonians are Hye = Hy + dm; y;
with 8m; > ||Hy| and Hyose = Hy, respectively, where j
denotes the quench axis. Hence, the initial phase is the triv-
ial ground state of dm; y;. The spin precesses with respect
to the vector field h of Hyo after quenching. The char-
acterization is captured by three main steps: (i) Choose a
certain direction to perform a deep quench and measure the
spin polarization along the same direction. Then the 1BIS
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is formed by the momenta with vanishing time-averaged
spin polarization (TASP), given by

(i) (k) =

1 iHyt ., —iH]
Jim T /O diTr [ p; (0) ™'y,e” "], (5)
where i and j correspond to the spin polarization and
quench axes, respectively, and p; (0) is the density matrix
of the initial state at the time ¢ = 0. Eq. (5) can be sim-

plified as (y;); = —hih ] Y4, h, and the 1BIS is deter-
mined by (yj) = 0, which corresponds to #; = 0. On the

1BIS the vector field hV is perpendicular to the initial
spin polarization, leading to a spin precession within the
plane perpendicular to h"). (ii) Repeating the quench pro-
cess with respect to a new axis y;/, one measures another

IBIS defined by (yj/)j, = 0. The intersection between the
two 1BISs gives the 2BIS. With this process we can per-
form sequential dimension reduction of the BISs, and
determine the nBIS by nBIS = {k|{yo)p = (y1); = --- =
(Yn—1),—1 = 0}, where without losing generality we set
the quench directions i = 0 to » — 1 in turn, and in each
quench only the ith spin component needs to be measured.
Note that to determine the j BIS, the spin dynamics need
to be measured only on the subspace of (j — 1)BIS, so
the number of momentum points that need to be mea-
sured decreases rapidly. (iii) One can verify that at the
momentum k away from BISs the TASP is finite. Measure
spin polarizations along the remaining d —n + 1 direc-
tions near the #nBIS to obtain a dynamical spin texture
(DST) on the nBIS. Its components are given by

i a()/Tn—l
Tx 0dkg

g™ (k) = , I=nmn+1,....d (6

Here Y is a normalization factor and %k, denotes the
momentum perpendicular to the nBIS within the (n —
)BIS and pointing to 4,_; > 0. Physically, the DST
describes the variation of the remaining TASP components
(1), across the nBIS. On the nBIS we further find that
the DST g"™(k) = h® (k), which is a key result implying
that the topology on nBIS is captured by the DST. Then the
topological invariant is intuitively described by the cover-
age of the DST g""(k) over the corresponding (d — n)D
spherical surface S9 formed by the unit vector h® (k)
when k runs over the #nBIS. In particular, for n = d we

2 Za’BIS [sgn (gazdt{1 ) — sgn (ggtg )]
We present the quantum simulation with two realistic
models to show explicitly how the high-order DBSC can
provide dynamical characterization of topological phases
based on dimension reduction. First we consider a 2D
quantum anomalous Hall system with Hamiltonian

obtain Tygis[g] =

Hyp = ho, + ]’lyO'y + h,o., (7)

with i, = my + £y sinky, hy, = m, + tgo sinky,, h, = m, —
fo cos ky — fo cosk,, and fgp = m, = to. This model has
been widely realized in experiments [45,46,62,63].

We first deeply quench the £, axis from a large m, to 0
with m, = 0, and measure TASP {0y, in the whole BZ.
Then the 1BIS with (o,), = 0 can be obtained, which are
two lines, k&, = 0 and 7, as shown in Fig. 2(al). On the
IBIS we further set m, = 0, deeply quench the 4, axis,

and measure (ay> Then the 2BIS, which is formed by four

momentum points, can be obtained by 2BIS = {k| (ox)x =
0, (o*y) = 0}, and is marked in Fig. 2(b1). With the same

quench we could measure the TASP (az) around the four
k points and calculate the correspondlng DST [defined in
Eq. (6)] on the 2BIS, as shown in Fig. 2(b2). We can see
that the DSTs are antiparallel on k., = 0, while they are
parallel on k. = w. Accordingly, the former is nontriv-
ial and the latter is trivial. On the whole, the 2D system
is topologically nontrivial with the topological invariant
Tysis = 1. In order to verify the correctness of the above
result of the high-order BIS, we also investigate the DSTs
on the 1BIS, as presented in Fig. 2(a2). While the DST
exhibits a nonzero 1D winding along &, = 0, there is no
winding along k, = 7. The total nonzero winding number

@) T e
il ; |l -
<" of ‘ E ’ I_]0 <70
ol ! DR
L | -,
=3k : -3
-3 -2 -1 0 1 2 3 -0 =05 00-02 -0.1 00
7 - k, 7 - _— <0">‘ (k,=0) (O_,\>‘ (k,=7)
(kaz)0 > N
* ;', + ! ] ‘S;i 4 )
Z R i

»
= o
L=

EEITLLLCTE—
+
T

05 00 05

(. ~0) (), (k, =)

FIG. 2. (al) TASP (o,), in the BZ after a quench from a large
m, to 0. The 1BIS is marked by red dashed lines (k, = 0 and
7). (a2) DSTs g™, g™, and g™ along the %, direction on

the 1BIS. (bl) (ay>y on the 1BIS after a quench from a large
my, to 0. The 2BIS is marked by four black points (k,k,) =

{(0,0),(0,7),(mw,0), (7, m)}. (b2) (0,), on the IBIS after a
quench from a large m, to 0. Black arrows represent the DSTs
g*ond on the 2BIS. Here (and in the following figures) red and
blue arrows correspond to the dimension reduction (DR) of BIS
and the calculation of DSTSs, respectively.
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(a1): (b1)*

.
(32) UU” it
‘ ’\ ns| / : + (grm t}
- ; qﬂﬂﬂﬂl i
FIG. 3. (al) TASP (o), in the BZ after a quench from a large

my to 0. The 1BIS is marked by a red dashed closed loop. (a2)

DSTs g™, g, and g™ on the 1BIS. (bl) (oy), and (b2) {oy),
on the 1BIS after a quench from a large m, to 0. Black points and
arrows represent the 2BIS and DSTs g*®", respectively.

that characterizes the topologically nontrivial phase is
consistent with that on the 0D 2BIS.

The validity of the present scheme can be confirmed
with a different quench order. We first quench the 4, axis
and a new 1D BIS, which is a closed loop, obtained

(a2)

L\ first (k) // 1\\g?rsl (k) //
) Q\J//

&
~Q~
(a1)
-~ Firstrorde BIS

—

B

FIG. 4.

Second-orde BIS

(al) 1BIS with (), = 0 in the BZ. (a2) The DSTs gﬁrSt

through measuring (0.),, as shown in Fig. 3. Then on the
BIS we quench the 4, axis and measure (oy),. A OD BIS is
formed by two & points (B and D) with (o,), = 0. Through
analyzing DSTs on the two BISs, we can conclude that
the system is topologically nontrivial with T,pis = 1, in
agreement with the former result.

We also simulate the dynamical scheme for 3D system
which we study experimentally later. The Hamiltonian

Hsp = hoyo + hiyt + hays + h3ys, (8

with hg = mg — ty ) _;cosk;, hy = m; + tso sink; for i=
1,2,3 (orx,y,z), tso = ty, mo = 1.5ty, mi~3 = 0, and yy~3
are Dirac matrices [64]. We first quench the %y axis from
a large my to my = 1.5¢typ, and measure TASP Wo n
the whole BZ. This determines the 1BIS with (yp), =
0, which is a closed surface, as plotted in Fig. 4(al).
We then quench the 4; axis from a large m; to m; = 0,
and measure (y;);. With this we obtain the 2BIS with
{y1); =0 on the IBIS, as shown in Fig. 4(bl). In the
same way, we continue to quench the /4, axis and mea-
sure (y1), on the 2BIS. The BIS is finally reduced to zero
dimension, 3BIS = {k[{y0)o(K) = (1) (K) = (12),(K) =
0}. It consists of two momentum points (B and D) with
(ky, ky, k:) = (0,0,%27), as marked in Fig. 4(c1). Around

L g (k/
5 &

00 =Y (b2)

:::' ," g ;econd (k) (,?

-0.5 “".‘;'\A\”‘,_('."'
+
-1.0

I
i,
st { gieeomd 1o

) ¢
llm [H m[ﬂﬂ )

gthird ( k)

:
B

, gt ofirst “and gt on the 1BIS. (b1) TASP (1), at the plane of

k. = 0. The 2BIS with (), = 0 is marked by a red dashed closed loop (4-B-C-D-A). (b2) DSTs g5eond, gseeond and gsecond on the
2BIS. (c1) The TASP (},), on the 2BIS. The 3BIS is marked by two black points B and D. (c2) TASP (y3), on the 2BIS. Black arrows

correspond to the DST gthird

of DSTs, respectively.

on the 3BIS. Red and blue arrows correspond to the dimension reduction (DR) of BISs and the calculation
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the two points we measure the TASP (y3), with the same
quench and calculate the corresponding DST ghi®(k) on
the 3BIS. In Fig. 4(c2) one can see that the DSTs are
antiparallel, giving topological invariant of postquench 3D
system T3gis = 1. This result is clearly consistent with
T1s1s (T5B1s) obtained by the spin textures on the 2D 1BIS
(1D 2BIS), as presented in Figs. 4(a2) and 4(b2).

The characterization with high-order DBSC necessitates
far fewer measurements of spin evolutions than that with
low-order DBSC. As pointed out, in determining the infor-
mation of nBIS, measurement is required only on the
(n — 1)BIS, not in the whole BZ. This greatly simplifies
the measurement strategy in real experiments.

IV. DYNAMICAL CHARACTERIZATION AND
SIMULATION: SCHEME 11

We proceed to study the second scheme to implement
the DBSC and quantum simulation. Unlike the above
dynamical scheme, the second one necessitates measure-
ment of fewer or even only a single spin component to
determine the complete topological information of the
system, which further optimizes the experimental studies.

We present the dynamical characterization with two
steps. First, we determine the high-order BISs by mea-
suring only the spin component yy. In particular, we per-
form the quench along the y;, axis and measure (y),,
which vanishes on two types of 1BIS. One is identical

to that determined by (yy), = 0, and another is identical
to that by (y;); = 0, as introduced in the characteriza-
tion scheme I. We keep only the later one. Then we
apply the quench along y, axis and measure (y),, which
also leads to two types of 1BIS, respectively, identical
to (y0)p = 0 and (y»), = 0. We again keep the later one,
which intersects with the 1BIS identical to (y;), and gives
the 2BIS. With this dimension reduction process, we can

obtain the general nth-order BIS by nBIS = {k|(y); =

0,i=1,2,...,n} —{Kk|{y0)y = 0}. Then, we measure the
remaining spin components y; to determine the DST as

" 1 9{y),
g (k) = ——2,
Yy 0k,

I=0,n+1,n+2,....d. (9)
Compared with Eq. (6), it shows qualitatively the same
physics that is the variation of the remaining TASP com-
ponents, including the zeroth one, across the nBIS. With
the results of g""(k) the topological invariant on the
nBIS is simply given by T,gis[g]. In this characteriza-
tion the d — n 4+ 1 components of spin polarization need
to be measured. Similarly, for the case n = d, we deter-
mine the topology by go (k) on the dBIS, Tis[g] =
% > dBIS, [sgn (gél,ﬂij — sgn (ggfgj )], corresponding  to
the coverage of the DST ggth (k) over the 0D spherical sur-
face S, i.e., the 0D &BIS. Only the y, component needs

(a) BISs with (yp); = 0. (b) The 1BIS formed by
two planes k, = 0 and —m. (c) The 2BIS formed by four lines
(ky, k) = {(0,0), (0, —=m), (=7, 0), (=7, —m)}. (d) The 3BIS
formed by eight points with k, , . = 0, —. Blue arrows represent
the DST gihid (k).

FIG. 5.

to be measured in determining the BISs and dynamical
topological invariant in all d times of quenches.

We present dynamical simulation with this approach for
the 3D system described in Eq. (8), with only the y, com-
ponent being measured in each quench. Figure 5(a) shows

the common 1BIS, with (yp), = 0, as well as the other
one identical to (y;); = 0. They emerge in quenching the
hy axis and measuring (y,),. Keeping the latter yields the
1BIS, which are two planes with &, = 0 and 7 [Fig. 5
(b)]. Further, by respectively quenching %, and k3 axes,
and measuring (o), and (yp); in the same way, we even-
tually obtain the 2BIS and 3BIS for the 3D system. The
result shows that the two BISs are, respectively, formed by
four lines and eight points, as plotted in Figs. 5(c) and 5(d).
Finally, from the result of (yy); around the 3BIS we obtain
gihid (k), which explicitly exhibit opposite values only in
one pair of momenta with k; = k, = 0 among the eight
points, giving the topological invariant 73pg [gf)hird] =1
This is in agreement with the results shown in Fig. 4, while
the configurations of the BISs are very different due to the
different quench and measurement sequences.

Advantages of characterization with high-order BISs.—
We make comments on the above dynamical schemes. For
the characterization based on the nth-order BIS, the total
number of measurements is d + 1 to determine the BIS
and corresponding topological invariant in both dynam-
ical schemes. Nevertheless, the measurement strategy is
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largely simplified (optimized) for characterization with
higher-order (highest-order) BISs. We compare the two
extreme cases with n = 1 and n = d. In the former case
one takes a single quench and measurement to determine
IBIS, but measures TASPs for the d different spin compo-
nents near the (d — 1)D 1BIS to obtain the corresponding
DST gfi™{(k). In the latter one takes d times quenches to
determine dBIS, but measures TASPs along a single direc-
tion [within the (d — 1)BIS] near several discrete points
of dBIS, which is much simplified. Moreover essentially,
during the dimension reduction for n = d the number of
momentum points necessitating measurement decreases
very rapidly to extract the high-order BIS information, so
that actual detection is remarkably simplified compared
with that for » = 1. For the second dynamical scheme,
only the yy component along a single direction is measured
for n = d to determine the dynamical topological invari-
ant, which might be useful for real experiments. In general
quantum simulation of the dynamical scheme with dBISs
is optimized.

V. EXPERIMENTAL DEMONSTRATION WITH
QUANTUM SIMULATOR

We present now the experimental study to verify the
advantages of high-order BISs in topological characteri-
zation. As the study is carried out in momentum space, we

can measure the high-order dynamical bulk-surface corre-
spondence by emulating the BZ with one set of parameters
for one momentum. We build the quantum simulator from
solid-state spins of the NVC in diamond [50,65] and sim-
ulate scheme I. A triplet ground state (S = 1) of the elec-
trons around the center and the intrinsic nitrogen-14 (14N)
nuclear spin (/ = 1) form a coupled system [see Fig. 6(a)].
The Hamiltonian reads

HNVC = 2]‘[(0[63‘2 + ﬂegg + an,l:z + ,Bn,lz + )\efng‘z,l:z)a (10)

where 5. and 7. respectively denote electron and nuclear
spin operators. A magnetic field of 446 Gauss is applied
along the nitrogen vacancy’s symmetry axis. It allows
optical nuclear polarization [66] and leads to an elec-
tron Zeeman splitting «, = 1250 MHz and a nuclear
one o, = 137 kHz. Besides, the other parameters g, =
2.87 GHz, B, = —4.95 MHz, and A._, = —2.16 MHz are
the electronic zero-field splitting, the nuclear quadrupo-
lar interaction, and the hyperfine interaction, respectively.
The two-qubit subsystem is formed by the subspace of
{mg =0,—1} ® {m;y = 41,0}, relabeled as {|0),|1)}¢ ®
{|0),|1)};, on which the Pauli operators ¢ and 7 are
defined. We apply a microwave pulse to produce a
driving field of strength wy and obtain an effective
R T, +wycospo, @1 —
wo singo, ® 1) under the rotating-wave approximation,

(a) (d) 0.0
My =+ —m — Y
100  gryC ‘
mg =-1 0 Q}_H,/Zw L D o —04
: ” < = 00
! b 1L —0.6
! — T ] e o o 05
mg=0 :]00) 01) ! : w7 N 0. »
—=U.0 -
””””””””””””” 5 00 0.0
m; =+1 m; =0 my =-1 ) 0.5 -5 -10
¥
(b) Quench | Postquench dynamics E Readout Meas. (e) 0.0 = ‘
h ;ﬁ
| ’ /A /
| 7 f
| % J A #
H g W} N /4 20.10 ~0.05 0.00 0.05 0.10
~ \ f =\ Va 0.5 —
’ !\‘\( 3/ = \ /et i)
e VN | el z
08 | 7 yF ‘ @ 0.0
Yo v, | Yo Y2 | ' Y/ 1t v g
_——‘. — @ ! .
R -1.0 —0.5 B ‘
P 210 -0.5 0.0 05 1.0 1.10 1.05 1.00 0.95 0.90
P(x) P(r)

FIG. 6.

(a) Energy levels of the NVC, the four in the green frame are employed for the experiment and coupled by a microwave

pulse wy. (b) Upper panel: quantum circuit for the dynamical simulation. The operator e~ denotes the evolution by Hypwa, while
the net effect together with two nuclear spin operations RiY renders an evolution under Hg. Lower panel: operations of quench and
readout steps in different directions. (c)—(f) Experimental measurements of TASPs (y;), on the 1BIS, (y,), on the 2BIS, and (y3), near
the 3BISs for my = 1.4¢y and tso = 0.2¢y. ¢ marked in (d) corresponds to the momentum on the 2BIS. Solid red lines in (e) and (f) are
theoretical results for comparison. In the inset of (f), blue arrows represent the DST gthlrd(k) on the 3BIS.
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where ¢ is the phase of the microwave pulse. A 1, rotation
of'angle 6 driven by a radio-frequency pulse transforms the
Hamiltonian into

Ae_n COSO

1 0; Q T, + wo COS YOy

Heff =27 <

. MAe_p SING
Q ]l—a)osm(pcry@)]l-i-TGz@Tx ,
(11)

where the magnitudes of all the coefficients can be rescaled
by an overall factor based on the evolution time (see details
in Appendix B). From the above experimental operations,
we can map the momentum-space parameters k to the
experimental parameters (wy, ¢, #) and successfully emu-
late with Heg the 3D chiral topological insulator given by
the Hamiltonian H;p [Eq. (8)].

We measure the quench dynamics to determine the bulk
topology. The quantum circuit for the simulation experi-
ment is plotted in Fig. 6(b) and simulated parameters are
set as my = 1.47y and tso = 0.27p in Eq. (8). There are
three main steps in the whole experimental procedure. (i)
We prepare an initial state |00) and rotate the polariza-
tion direction to “0” by a unitary control. Then, quench my
and the state evolves under the Hamiltonian H.g, emulat-
ing H3p. Meanwhile, measure the TASP ()/_0)0 in the BZ to
obtain the 1BIS, which is a closed surface [50]. (ii) Repeat
the first step to obtain the 2BIS and the 3BIS through
quenching and measuring along “1”” and “2” directions, but
the measurements are only taken on the 1BIS and the 2BIS,
respectively, much less than whole BZ. In Figs. 6(c)-6(¢)

we can see that the former with (y;), = 0 is a closed loop
in the k&, = 0 plane and the latter with (y,), = 0 includes
only two k points. (iii) The topological invariant is finally
determined by the DST gghird(k) given from the variation
of ()/_3)2 across the two points of the 3BIS [Eq. (6)]. The
experimental results are in good agreement with theoretical
calculations in Fig. 6(f) and the simulated system is topo-
logically nontrivial due to the antiparallel DSTs on the 1D
2BIS. Compared with previous studies where one needs to
measure TASPs for three different spin components near
the 2D 1BIS to obtain the corresponding DST [50,51],
which contains a large number of momentum points, here
one only needs to measure TASPs along a single direc-
tion near two single points of 3BIS. Even though we also
need another step to reduce the dimension of BISs, the total
number of actual measurements is much less and thus the
strategy is greatly simplified.

The above experimental study verifies that the charac-
terization and simulation of topological phases using high-
order BISs are of clear advantages and high efficiency.
While this verification does not reply on the construction
of a real topological band for the single-particle regime,
the spin-qubit simulator can be further applied to inves-
tigate the interacting effects if taking into account more

qubits. The interacting effects on the quench dynamics
can be simulated by simultaneous control of the different
spin qubits during the evolution. The topological charac-
terization based on high-order BISs could provide opti-
mal schemes to explore the correlated topological quench
dynamics in experiment, which shall be considered in our
next work.

VI. CONCLUSION AND OUTLOOK

We propose the concept of high-order BISs, with which
we develop a new dynamical theory to characterize and
simulate topological quantum phases, and experimentally
build up a quantum simulator using spin qubits to ver-
ify the feasibility of the new theory in the dynamical
characterization through emulating different momenta one
by one. Particularly, for the highest-order BIS with zero
dimension, the topological invariants can be determined
with the minimal measurement strategy, showing the opti-
mal scheme with fundamental advantages in characteriz-
ing and simulating topological phases, as verified in our
simulation experiment.

Theoretically, the present dimension reduction through
high-order BISs is performed by reducing the degree of
freedom corresponding to the Clifford algebra space, which
is similar to, but different from, that in typical classifica-
tion theories like K theory [67] for the topological phases.
The dimension reduction in the K theory is performed
directly in the real or momentum space. While so far the
dynamical theory is developed for topological phases with
integer invariants, the dimension reduction approach pro-
posed here shows important insight into the feasibility
of establishing the dynamical classification of the com-
plete set of topological phases [7,53,54] in the AZ tenfold
symmetry classes [68] and further crystalline topological
phases [7], which is stimulating and shall be presented in
our next works.

ACKNOWLEDGMENTS

We thank Wei Sun for helpful discussion. This work
is supported by National Natural Science Foundation
of China (Grants No. 11674152, No. 11825401, No.
11761161003, No. U1801661, and No. 11775209), Guang-
dong Innovative and Entrepreneurial Research Team Pro-
gram (Grant No. 2016ZT06D348), Guangdong Provincial
Key Laboratory (Grant No. 2019B121203002), Science,
Technology, and Innovation Commission of Shenzhen
Municipality (Grant No. JCYJ20190809120203655), the
Open Project of Shenzhen Institute of Quantum Science
and Engineering (Grant No. SIQSE202003), and the Fun-
damental Research Funds for the Central Universities.

020320-8



QUANTUM DYNAMICAL CHARACTERIZATION. ..

PRX QUANTUM 2, 020320 (2021)

APPENDIX A: HIGH-ORDER BULK-SURFACE
DUALITY

Topological invariants of band insulators are usually
defined in the whole or half BZ [4,5,7]. The bulk-surface
duality [32] shows that the integer topological invariant of
a dD topological phase can be generically mapped to the
topological number defined on the (d — 1)D BIS [32]. Here
we propose the concept of high-order BISs by introducing
a dimension reduction approach, and show that the topo-
logical invariant of a dD topological phase can be reduced
to the lower-dimensional topological numbers on arbitrary
high-order BISs, rendering the high-order bulk-surface
duality.

We start from a general dD gapped phase within the Z
classification. Its corresponding Hamiltonian is given in
Eq. (1). Here, for the convenience of following description,
we choose any component of the Hamiltonian as /g (k)
and the other components can be regarded as a spin-orbit
field hso; (k) withi = 1 ~ d. As is well known, the topol-
ogy of a system remains unchanged under any continuous
deformation that does not close the energy gap. Thus, we
can perform a general analysis and only consider the spin-
orbit field near the BIS with zero field in the other region.
For this purpose, we transform the Hamiltonian into such
a form,

d
HE =W o) y=) h®y
i=0
d

= sin oy )p + cos o Z hso. (K) v;,
=1

(AT)

where 5o, (K) = hso; (K) /\/3¢_, 3o, (k) makes the
Hamiltonian be normalized and oy is a step function, as
illustrated in Fig. 7(a). ax = /2, —m/2, and 0, when &
points are inside, outside, and on the BIS, respectively.

For the Z classification, when the system is odd (even)
dimensional, the corresponding topological invariant, uni-
formly defined as 7,, is winding number (Chern num-
ber) [7,56,69]. Before performing a continuous dimension
reduction of the BIS, we first investigate and calculate the
topological invariants in general odd and even systems,
respectively.

For a (2n + 1)D system, its topological invariant is the
winding number, defined as

(=1D)"n!
271" 2n + 1)!

Tony1 =

/ Tr[yH(dH)*"],
BZ
(A2)

where the Hamiltonian has a chiral symmetry y =

" T yiand
Tr [y H (dH)*"']
2n+1 —
— 1(_ni\nt1 01+ (2n+1) g/ /
2n + 1)!(=2i) Z(; & h,/\lzo dh).
(A3)
—2n+1 . .
Here N\, dhj=dhyA---Ndh),, , with [#i The

winding number can be simplified as

2n+1

n! i01--Q2n+1) 7/ el
Tor = —5 /B ) § 0:8 m\,_, dh. (A4
=

(a) A general d-dimensional system /4, + hsoy + hsoy + Hsos + Pggy oo hyoy + hgoy
© VLl

BIS O Firstorder BIS [d-1] By + hsoy + hsop + By wooeeeees hso g+ hsos

% —— A

E 0 ’5 Second-order BIS [d-2] By + Mgy, + Bggy oooeeeees TS

1= _ ay [

_________________ (b) Third-order BIS [d-3] /iy + By oo Bsous+ Bsous
% W T L
cosq, % i I

0 —= % ) l l

(d-1)th-order BIS [1] hy + hg

I sina Determination of
Brillouin zone &
=l tOpOlOgy Topological patterns
BIS BIS on the dth-order BIS [0]
FIG. 7. (a) Sketch of the step function ay in the BZ. (b) The functions sin o (red) and cos ok (blue) along the dashed line in (a).

(c) Schematic diagram of the dimension reduction. The number in the square bracket is the dimensionality of the corresponding BIS.
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Substitute the above deformed Hamiltonian Eq. (A1) into
the wedge product term,

2n+1

i01---(2n+1) ’
€ h; dh
[, 2L
-3
:/ cos?" @y, dOy | Z/

BIS;
2n+1 2n+1

x Yy (_1)iilSO,i/\l=1
i=1

where k£, denotes the momentum perpendicular to the BIS,
j corresponds to different sectors of the BIS, and

dhso., (AS)

g

-3 @n— !
‘/; COS ®de®kL = _2”—}/1!7[

2

Finally, the winding number of the (2n 4 1)D system,
defined on the 2nD BIS, reads

2n—D!
Topy1 = v p——
2n —22n
X Z/ 28101“.(2@}150,,‘/\1 Odhs(),]. (A6)
BIS; ,— 0 =

We change the range of the index i from 1 ~2n+ 1 to
0 ~ 2n. One can see that the integrated area of the winding
number is changed from the (2n 4+ 1)D BZ to the 2xnD BIS.
It manifests a bulk-surface correspondence.

For a 2nD system, its topological invariant is the nth-
order Chern number, defined as

1 1/i)"
Ty =———(— Tr[H (dH)*"], A7
2 22"+1n!<27r> /BZ t[HET], (A7)

where

2n —22n
@ml(=2iy" Y OO N\ dh,

i=0

Tr[H(dH)"] =

(A8)
Substitute Eq. (A8) into Eq. (A7),

_@n—1n oL 2n ,
ST /Z 01--@ >h/\ dh).  (A9)

The Chern number can be calculated in the same way as
the winding number. We can obtain
2n—1

Tzn——(n_l)' XZ/ 28101 @n=Djeo

BIS; im0

T2n =

—2n—1

X /\l=0 dils(),l.

(A10)

Similarly, its integrated area is also changed from the 2nD
BZ to the (2n — 1)D BIS with reducing one dimension.

Interestingly, through comparing the right-hand sides of
Egs. (A6) and (A9), which are, respectively, the winding
number defined on the BIS of the (2n + 1)D system and
the Chern number defined in the BZ of the 2uD system, we
find that they have a similar form. (i) Both of them have
the same constant factor. (ii) In the former the summa-
tion over i includes 2n + 1 components of the (2n + 1)D
system, while in the latter it includes all the components
of the 21D system. It is important that the number of the
components is equal to each other. (iii) In the former the
integrated area is the BIS, which are 2nD, while in the lat-
ter it is the BZ, which is also 2unD. Therefore, when the BIS
of the (2n + 1)D system is regarded as the BZ of a new
2nD system, the two equations are completely equivalent.

Similarly, we compare Eq. (A10) and the winding num-
ber of a generic (2n — 1)D system, which can be obtained
from Eq. (A4) and reads

2n—1 2n—1
i01---(2n— l)h/ d],’\l/
1.
s [, oA

(A1)

We can see that they are also equivalent.

Based on the above analysis and calculations of general
systems, a continuous dimension reduction of the BIS can
be performed, as illustrated in Fig. 7(c). In each process
of the dimension reduction, we regard the obtained BIS
as a new BZ for next dimension reduction. Repeating this
process, the BIS can be reduced to (d — n) dimensions for
a dD system. It is called the nth-order BIS, defined as

nBIS = {k € BZ|h;, (k) = 0,a = 0,1,...,n— 1},
(A12)

where h;,’s are n arbitrary components chosen as /4y during
the dimension reduction. The corresponding topological
invariant, which is equal to the original invariant Ty, is
given as

T[(d—n+1)/2] 1
2@t (d — p)!

Typis = / hso (dhso)? ™",
nBIS

(A13)

where I'(a) is the T" function with I'(a + 1) = al'(a),
I'(3) =/, and T'(1) = 1. Finally, the BIS can be
reduced to zero dimension and only consists of several
k points. The corresponding topological invariant is also
greatly simplified [Eq. (4)]. Obviously, the dBIS is formed
by the cross points of d components of h (k). They satisfy
Dom i |, (K)| = 0, where #; is the only component that is
not chosen as 4 in Fig. 7(c).
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APPENDIX B: EXPERIMENTAL SIMULATION

1. Quench process and postquench dynamics

In our quantum simulator built up from the dia-
mond NVC, we choose the subspace of {mg =0, -1} ®
{m; = +1, 0} to perform the quantum simulation. The
subspace Hamiltonian is in a diagonal form,

Q 0 0 0
B 0 2 0 0

m=w| o ¢ o o | (B1)
0 0 0

where Q) =a,+ By, Q0 =0, Q=—a,+ B+ a,+
By — Ae_n, and Q4 = —at, + Be.

To simulate y; and y, terms in Hip [Eq. (8)], a
microwave pulse of frequency wy = —ot, + Be — Ae—p/2 1S
applied to couple basis states, including |00) <> |10) and

Then we transform the total Hamiltonian H,y, = Hy + Hin
to the rotating frame defined by the microwave field. Under
proper rotating-wave approximation the system Hamilto-
nian can be written as

e—n

Hrwa =27 (Tozrz + wy cos o,

® 1 — wpsingo, ® 1) . (B3)

We further apply a rotation Uy, = e ?%/2 to the system
Hamiltonian, and then obtain the effective Hamiltonian
Eq. (11). At the same time, we imply 6 = arctan(hs/hy),
and define the effective time as a rescale of the simula-
tion time ¢, i.e., te¢ = kt. Our purpose is to reproduce the
same effect as Usp = e~ 30" with the simulated evolution
U. = e Hetteit, Thus, Hyp = k Her. The parameters satisfy

|01) <> |11). Its corresponding interacting Hamiltonian
reads 2

K = —,/h2 +h2,
T hen V0

1
— h2 h2’
@0 2k V! +

(B4)

Hipe = 2w wq cos (wot + @) (B2)

S = OO
—_ o O O
SO O~
SO = O

@ = —arctan (hy/hy) .

®) o) — @ — — @, —
e~ — u H e
) o) 7, e—szt s PLM | n, § |0) Idle PLM | m,
N N q )
0T — 0 \ —
e~ : B Zaw e — g
oy | % e Mot ||y, PLM | iy o) Idle PLM | 1,
14N — H N
— ) J — = _/ \ J
|0> ) T ) —\ |O> Vs ~ —
e- — H e
) |0_ 7, e—szl i 7, PLM | n.¢ y & Idle PLM | n4
N D 2 G .rf ) N _ ) .MW
0 M ) ) () [0) ~ N )
€™ . B Taw e — Toniw
o) | 7 e ot |1y, PLM | Papgy £ |0) Idle PLM |7,
14N H Toog 14N — Jatd

FIG. 8. (a) Quantum circuit for postquench dynamics on the left-hand side. R’ represents rotation of nuclear spin about =y axis
by an angle 6. e~ corresponds to evolution of the system under the rotating-wave approximation for a time duration of .. The net
effect is equivalent to the evolution under H3p for a duration of # on the right-hand side. (b)—<(c) Sequences to measure populations.
The operation labeled y; (pink) is a deep quench along i direction, which requires unitary operations to transform the state |00 >
to an eigenstate of the prequench Hamiltonian. e=30’ (purple) corresponds to the postquench dynamical evolution, whose detailed
quantum circuit is plotted in (a). The operation y; (azure) corresponds to measurement of the y; component, which requires an operation
to transform y; to the z basis. mvw and my, respectively, represent the microwave and ratio-frequency pulses, which are applied to
rotate spins. PLM (green) corresponds to a photoluminescence measurement. Idle corresponds to a waiting time equal to the total time
of the y;, H3p and y; steps.
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To show the mapping relation between the momentum space parameters and experimental ones, we substitute /g 123 in

the above equations with momentum space parameters, giving

|tso sin k|

6 = arctan

mqy — ty (cos k, + cosk, + cosk.)’

£ (sin’k; + sin’k, )

4 [mo —t (cos ky + cosk, + cos /’cz)]2 + téosinzkz ’

(B3)

|Ae—nl
woy) =
sink,
¢ = arctan — ,
sin k,
leff =

For a given set of momentum space parameters in Hip,
we can obtain corresponding experimental parameters to
emulate the same system evolution over time ..

In the quantum simulation experiment the initial state
of the system is an eigenstate of 3y = 0,1, |00), which is
obtained by applying a green laser pulse. It corresponds
to a deep quench along yy. Deep quenches along other
axes are realized by either applying a microwave or radio-
frequency pulse to prepare the system onto the eigenstates
of y123, as illustrated in Fig. 6(b). For postquench evo-
lution, we plot the corresponding experimental circuit in
Fig. 8(a). There are three steps in the postquench oper-
ations: (i) Rotate the nuclear spin along —y axis for an
angle 6. (ii)) Apply a microwave pulse with a driving
strength of w( and a phase of ¢ during the evolution time
of t. (ii1) Rotate back the nuclear spin along y axis for
the same angle 6. The net effect of this whole process is
identical to the evolution of the system under Hsp during
an evolution time of .

2. Time-averaged spin polarization

In the experiment all spin polarizations are finally mea-
sured in z basis of electron and nuclear spins, where
a population measurement p;;y with i,j =0,1 can be
obtained through the optical readout. For the case of yy =
0,7, which is already in the z basis, the corresponding
spin polarization is essentially pjoo) — pjo1y — Pj10y + pji1y-
When we measure the spin polarization yi ) = oy ® 1,
we apply a /2 rotation on the electron spin about —y and
x axes to map the o, and o, components to o, respectively.
The corresponding spin polarization is given by pjooy +
Pio1y — Pjoy — Piny- Slmllarly, for the V3 = 0Ty readout,
a /2 rotation on the nuclear spin about —y axis trans-
forms the y; readout to the y; readout. These operations
are depicted in Fig. 6(b).

The population readout needs to record the photolu-
minescence photon count of the spin state, which is the

z o — locos ke C 2 sinkk
7T | Mo—n| —ty cos k, — tycos k; SO z-

(

average of all four levels weighted by their populations
(Mot = n1pjoo> + Mapjo1> + n3pjio> + napji1=). In order to
obtain the populations, we apply different rf and MW
pulses to produce equations of their different linear com-
binations and solve them. In Figs. 8(b) and 8(c) we show
the sequences of the population measurement, and the
corresponding equations are given as

ny np n3 nyg y 4] no

ny ng np np Pion) _ nMw
ny ny n3 ng pioy | My
ny ng ny m Py AMW + f

(B6)

We measure and average the spin polarization (y; (k))
under quenching along the j direction over a series
of time to obtained the time-averaged spin polarization
(y: (k) ;- For different polarizations and quench directions,
we choose the same simulation time to keep consistency
in experiments. The time range is chosen from 0 to the
maximum

2
fmax = .
‘ V350 sin [arccos (3myg/1y)]

(B7)

The shot noise of the optical readout leads to the domi-
nant error in our quantum simulation, and yields a normal
distribution of the photon counts with a mean of N and
a standard deviation of ~/N. We set N between 2000 and
3000 for a fixed 20 000 repetitions of each sequence.

In Fig. 9 we show a typical experimental result,
where the parameters are set as my = 1.44, tso = 0.2%,
and the momentum (k,, k,,k.) = (0,0, —7 + arccos 0.6)
on the 3BIS. We perform quenches along the j =1
and 2 directions, and measure the spin polarizations y;
with i =1, 2, and 3. Their time-averaged results are

(y1); = —0.0263 £ 0.0170, (y»), = —0.0401 £ 0.0132,
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FIG. 9. (a),(b), (c),(d), and (e),(f), respectively, show measure-

ment data of (y1);, (y2),, and (y3), on the 3BIS. (a), (c), and
(e) plot average photon number for different sequences as shown
in Fig. 8 at different time. Error bars are estimated consider-
ing photon shot noise. In (b), (d), and (f) populations and spin
polarizations are obtained from results in (a), (¢), and (e), respec-
tively. Solid green lines in (b), (d), and (f) are calculated from
the theoretical model. We set mg = 1.41y, tso = 0.2fy, and the
momentum point on the 3BIS corresponds to ¢ = = in Fig. 6.

and (y3), = 0.0165 £ 0.0426, which are very close to their
theoretical values of zero.
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