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We investigate the staggered correlation of the on-site pairs, the so-called n-pairing correlation, induced by
pump electric fields in the Hubbard model on the ladder lattice. Employing the time-evolution method based
on exact diagonalization, we compute the photoinduced n-pairing correlation with different strengths of the
interchain hopping. When the pump field is polarized along the chain direction, the n-pairing correlation is
noticeably induced in the weakly coupled double-chain region, where the pairing property is similar to the
n pairing in the single-chain Hubbard model. On the other hand, the pump field polarized along the rung
direction prominently induces the n-pairing correlation in the strong interchain coupling regime, where the pair
correlations developing across rungs strongly contribute to the 5 pairing. Based on the local rung approximation,
which is valid in the strong interchain coupling regime, we discuss the origin of the photoinduced pair.
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I. INTRODUCTION

Light-matter couplings enable us to create and manipulate
intriguing quantum phenomena in driven nonequilibrium
systems [1-5]. For example, light-induced anomalous Hall
effect has been reported in graphene [6], and possible
light-induced superconducting properties have been discussed
in copper oxide and fullerene systems [7,8]. Floquet
engineering, i.e., design of quantum states in periodically
driven systems, is also a recent active research topic [9—-12].
In correlated many-body systems, pump electric fields
can activate hidden degrees of freedom. In Mott-Hubbard
systems, photoexcitation can induce the n-pairing states [13],
which are the eigenstates of the Hubbard model possessing
staggered correlations of the on-site pairs [14,15]. The
light-induced enhancement of the n-pairing correlation has
been demonstrated by the real-time simulations [13,16-18],
and the presence of the n-pairing phase has been verified in
the photodoped Mott insulators [19-23]. The nonequilibrium
n pairing has also been discussed in different types of
driving schemes [24-27]. These studies suggest that the 7
degrees of freedom play a key role in the photoexcited and
nonequilibrium states of the Hubbard model.

Recently, there has been renewed interest in bilayer
and ladder systems associated with the discovery of
high-temperature superconductivity in pressurized La;Ni,O;
[28-32]. In this material, the distinctive electronic structures
are made by strong interlayer bonding, which is a key factor
for understanding the origin of superconductivity [33-36].
Furthermore, the recent realization of the magnetically med-
itated hole pairing in the optical ladder lattice [37] and
possible strong pairing in doped mixed-dimensional Mott
insulators [38] provide advanced insights into the physics
of the bilayer/ladder systems. In these systems, quantum
correlations across rungs involving anisotropic kinetic and
magnetic properties between directions parallel and perpen-
dicular to the chains (layers) [39,40] enable the creation of
entangled interchain (interlayer) states. In terms of light-
matter coupling, since there are two possible polarization
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directions, parallel or perpendicular to the rung, external light
may drive unique anisotropic properties in ladder and bilayer
systems depending on the polarization direction. Given such
background, the Hubbard ladder [a one-dimensional (1D) ana-
log of the bilayer Hubbard model] is an attractive host to
study light-induced phenomena, and it is natural to ask how
n-pairing correlations appear in ladder systems.

In this paper, we investigate the n pairing in the opti-
cally driven Hubbard ladder. By employing the time-evolution
method based on exact diagonalization, we compute the
n-pairing correlation with different ratios of the interchain
hopping ¢, to the intrachain hopping #;. We find when the
pump electric field is polarized along the chain direction, sim-
ilarly to the 1D Hubbard chain, n pairing is noticeably induced
in the weakly coupled double-chain region (at ¢, /f; < 1). On
the other hand, the external field polarized along the rung di-
rection induces the rung-like » pairing in the strong interchain
hopping regime (at z, /t; > 1), where the pair correlations
across rungs strongly contribute to the photoinduced pairing.
Since the n pairing with strong ¢, is unique to the ladder
system, we discuss the origin of the photoinduced pair based
on the local rung approximation.

The rest of this paper is organized as follows. In Sec. II,
we introduce the Hubbard ladder model under the pump elec-
tric field and the numerical method we used. In Sec. III,
we show the calculated pair correlation functions, where the
polarization and ¢, /t; dependences are presented. Then, we
discuss the origin of the photoinduced pair using the local
rung approximation. The summary is given in Sec. IV.

II. MODEL AND METHOD
The Hamiltonian of the Hubbard ladder is defined by

7:[ = -1 Z (éj',a;géjJrl,Dt;U + HC)

jo,o
—10 Y (€ it +HC) +U D jahjar. (1)
J:o Jro
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where ¢ .5 (6;(1;6) is the annihilation (creation) operator for
a fermion with spin o =1, | at site j on chain o (=0, 1),
and 4.0 = é;_awE jao- ) and t; are the hopping integrals
along the chain and rung directions, respectively. U (> 0) is
the on-site Coulomb repulsion. We consider a ladder of length
L at half-filling, where the number of particles N is equal to
the number of lattice sites 2L.

Since the two-leg ladder is a bipartite lattice, we can in-
troduce the n operators [14,15], which are given by 7770, =
(—1yteel el My = (=17 4480y, and #5, =
(Aj,a:p + A jazy — 1)/2. These operators satisfy the SU(2)
commutation relations [n.]’a, o) =205, and [7)] ”]a] =
:i:ﬁfw where [A, B] = AB — BA. The total n operators are
defined by #* =3, , 7, and A, =Y, 7%,, which sat-
isfy [H, 7t 771 = [H, #.] = 0. These commutative properties
indicate that the eigenstates of the Hubbard Hamiltonian
are labeled by the quantum numbers of 7% [= (HTH~ +
AmATY/2 + 7722] and 7,. In this condition, the ground state of
the Hubbard model at half filling (, = 0) is an eigenstate with
n=0/[13].

In order to induce n pairing, we introduce a pump
electric field via the Peierls substitution [41]. When an
external field is polarized along the chain direction, we intro-
duce the vector potential Aj(¢) by replacing é;améﬂl,a;g —
e~ AMET  ¢j41.a:0» Where g is the charge of a particle and
the electrlc field is given by Ej(t) = —9,A(t). The light
velocity ¢, the Planck constant %, and the lattice constant a
are set to 1, and we use ¢ = —1 in our calculations. Similarly,

&l gt — €7D jo &;.1,» when the vector potential in
the rung direction A | (¢) is nonzero. In this paper, we consider
a pump field

(t—19)?

A(t) = Apexp [— 792 :| cos[w,(t —19)], )
P

where A(r) = A (t)e) +A (t)e.. Ag = |Ap| is the amplitude
of the vector potential, w), is the frequency, and time ¢, and
o, correspond to the center and width of the time-dependent
pulse, respectively. The external field A(r) # 0 transiently
breaks the commutation relation between the operator 7 2 and
the time-dependent Hamiltonian FL(r), which allows the pho-
toinduced » pairing [13].

The wave function |W(¢)) under the pump electric field
is numerically obtained by solving the time-dependent
Schrédinger equation ij—t |W(t)) = () |W(t)). We employ
the exact diagonalization (ED) method for the initial ground
state ). The sequential time evolution |W(r + 87)) ~
e W 1Y (1)) with small time step 8¢ is carried out by
the Lanczos technique [42—44], where the exponential is
expanded as e~ ~ ZML "(=ist)y" /m1(F)™. My cor-
responds to the number of the iterations in the Lanczos
algorithm, and a large enough My (with small §¢) provides a
numerically precise result. In our calculations, we set ¢ (tH_I)
as a unit of energy (time). The number of the Lanczos vectors
for time evolution is My, = 15 and we adopt 6z = 0.01/#. We
use the 6 x 2 site cluster (i.e., L = 6) with periodic boundary
conditions along the chain direction. We set #, = 10/¢; and
o, = 2/t in the pump field at all calculations.

We numerically observe the n-pairing properties using the
pair correlation functions

1

P(x, 030) = ;(\p(m (Al 0Bja+He) WD), (3)
1

P(x,l;n:i%j(\v(m( fiaBje FHE) W), @)

where A i@ = Cja:1Cja;y 1 the operator of the on-site pair
and & denotes the opposite chain index to « (i.e., 0 =1
and 1 =0). P(x,0;¢) and P(x, 1;¢) represent intra- and in-
terchain correlations of the on-site pairs, respectively. These
correlation functions can be denoted as P(x, y;t) or P(r;t)
with r = (x, ¥). The Fourier transform of the pair correlation
function may be given by

P(CIH» qiit) = Zeiw”xﬂﬂ)P(X, yit). 5)

X,y

Note that g, = 0 or r corresponds to the parity along the rung
direction [45]. In this reciprocal space notation, the staggered
correlation P(qy =m,q, = m;t) = Zx,y (=1y"YY P(x, y;1),
which is proportional to (W(¢)|72|W(t)) at half filling (, =
0), corresponds to the n-pairing correlation. To decompose the
n-pairing correlation into intra- and interchain contributions,
we define

Pisa(t) = ) _(=1)*P(x, 0;1), 6)
x>0
Pier(t) = Y (=)' P(x, 151), )

respectively. Since the on-site part P(x =0,y =0;¢)
corresponds to twice the double occupancy ny(t) =
(1/2L) Zm (W) ap 7o [P(E)), we find

Plgy=m,qL=m;t) = 2nq(t) + Pnwa(t) + Piner (1) (8)

III. RESULTS
A. Photoinduced » pairing

Here, we show the calculated pair correlation function
P(r;t) when the pump field is polarized along the chain or
rung direction [see Fig. 1(a)]. We use the optimal parameter
sets of t; and A(t) for the n pairing in Fig. 1, and the parameter
dependence of the pair correlation is shown in Figs. 2 and 3.

In Fig. 1(b), we plot the time evolution of P(r;¢) when the
weakly coupled chains at 1, = 0.5¢) are driven by the external
field polarized along the chain direction [i.e., A;(¢) # O and
A, (t) = 0]. Similarly to the 1D single chain [13], we find a
strong enhancement of P(r = (0, 0);¢) corresponding to the
enhancement of the double occupancy n,(¢). In addition to
this local component, P(r # (0,0);¢) is also enhanced by
Aj(t). P(r;t) at x4+y = odd is negative while P(r;t) at
x +y = even is positive, indicating the staggered pair cor-
relation of the n pairing [13]. In the ladder system, we find
that the development of the intrachain component P(x, 0;¢)
is faster than that of the interchain component P(x, 1;¢). This
is because the external field Aj(¢) preferentially creates the
doublon (doubly occupied site) and holon (empty site) in the
same chain, and then these carriers move across rungs by
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FIG. 1. (a) Schematic figure of the Hubbard ladder and po-
larization directions of the pump field. (b) Time evolution of the
pair correlation function P(r;¢) when Aj(¢) # 0 [and A, (t) = 0] at
U =8t and t; = 0.5t), where Ay = 0.3 and w, = 7.2t; are used
in A(?). (c) Time evolution of the pair correlation functions P(r;t)
when A (t) # 0 [and A;(t) = 0] at U = 8¢ and t; = 2.0¢, where
Ap = 0.2 and w, = 9.8t are used in A (). The solid (dotted) line rep-
resents the intrachain (interchain) component of the pair correlation
function.

the interchain hopping ¢, . Hence, the primal driving force of
the n-pair in the weakly coupled chains is essentially the same
as that in the 1D single chain.

Figure 1(c) shows the time evolution of P(r,t) when the
strongly coupled chains at 1, = 2.0t are driven by the ex-
ternal field polarized along the rung direction [i.e., Aj(t) =
0 and A, (¢) # 0]. Similarly to Fig. 1(b), we find the sig-
natures of the photoinduced n pairing. However, there are
several differences. In comparison with Fig. 1(b), the enhance-
ment of the double occupancy n,(¢) is larger. This indicates
that the open boundary or nature of the two-site Hubbard
model in the rung direction is favorable for the doublon
creation. As for the time profile, the interchain component
at r = (0, 1) is firstly enhanced, and then the intrachain and
nonlocal (x > 1) correlations are developed. In Fig. 1(c), the
interchain components at r = (0, 1) is larger than the intra-
chain pair correlation. Since the magnitudes of the intrachain
components are comparable to these values in Fig. 1(b), the
interchain components strongly induced by A, () reinforce
the n-pairing correlation. In contrast to the previous case, the
doublon and holon are created by A, () at the same rung, and
then the carrier motion along the chain direction via #; may
promote the nonlocal part of the correlation.

A#0 (chain)

P(m,mt) mmmr . 2Anq(t)
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[ CHE
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FIG. 2. t; and w, dependence of (a) P(w,m;t), (b) 2An,(t),
(€) AP (t), and (d)APie(t) at £ = 30/t; when the pump field is
polarized along the chain direction [A;(¢) # O and A, (t) = 0], where
U =8ty and Ay = 0.3 are used.

In Figs. 2 and 3, we plot the n-pairing correlation P(g =
w,q1 =m;t) and its components at ¢ = 30/f; (after pulse
irradiation) in the plane of ¢, and w,,. Figure 2(a) shows the
n-pairing correlation when the external field is polarized along
the chain direction [i.e., Aj() # 0 and A (#) = 0]. Note that
P(r,m;t =0) =0 since the ground state is the eigenstate
with the quantum number n = 0 and 7, = 0. As shown in
Fig. 2(a), the n-pairing correlation is prominently induced
by Aj(¢) around w,/ty =7 in the small ¢, region while the
induced pair correlation decreases as f; is increased. This
tendency implies that the n-pairing property in the 1D single
chain mainly causes the n pairing in the ladder. In order to
identify the main contributor to the 1 pairing in the ladder, we
decompose P(m, ;t) into the double occupancy n,(t), intra-
chain component Py, (f), and interchain component Py (f)
[see Eq. (8)]. In Figs. 2(b)-2(d), we plot Any(t), APnga(t),
and AP () at t =30/t), where AX(t)=X({)—X(0)
indicates the difference of the quantity X from its equilibrium
value at + = 0. We find that n, is enhanced at the same spot
as the n-pairing correlation is induced. In addition to n,(z),
the intrachain component P,(¢) in the small #, regime is
prominently activated by A;(z). This means that the strongly
induced P(r, m;t) att; /t) < 1 is mainly caused by nonlocal
intrachain correlations in Py, (). This chain-like n-pairing
correlation becomes smaller at 7, /f > 1, indicating that the
formation of the strong rung bond is unfavorable for the n
pairing induced by A (¢).
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FIG. 3. t; and w, dependence of (a) P(w,m;t), (b) 2An,(1),
(C)APiua(t), and (d)APier(t) at t = 30/t; when the pump field is
polarized along the rung direction [A; () = 0 and A, (¢) # 0], where
U = 8t and Ay = 0.2 are used.

Figure 3 shows the f, and w, dependence of the correlation
functions when the external field is polarized along the rung
direction [i.e., Aj(t) =0 and A, (¢) # O]. In contrast to the
chain-like 7 pairing shown in Fig. 2(a), the enhancement
of P(m,m;t) is not noticeable in the small 7, regime. On
the other hand, n-pairing correlation is significantly light-
induced at 7, /fy > 1. The maximum value of P(w,m;t)
around ¢ /t; ~ 2 in Fig. 3(a) is nearly 1.5 times as large as the
maximum value observed in Fig. 2(a) [see the maximum of
the color bars, which are 2 in Fig. 2(a) and 3.2 in Fig. 3(a)]. As
shown in Figs. 3(b)-3(d), the interchain component Py (7)
at t; /ty > 1 mainly contributes to the enhancement of the
n-pairing correlation. This rung-like »n pairing should be con-
trasted with the chain-like n pairing shown in Fig. 2. As seen
in Fig. 1(c), A (¢) activates the strong interchain component
P(x, 1;¢) in addition to the intrachain component P(x, 0;¢).
Because of the additional P(x, 1;¢) contribution, the n-pairing
correlation driven by A (¢) is enhanced relative to the correla-
tion of the chain-like 7 pairing induced by A (¢). These results
suggest that the formation of the rung bond is favorable for
n pairing when the external field is polarized along the rung
direction.

B. Local rung approximation
Here, we discuss the origin of the photoinduced pair in the
large ¢, /) regime since the chain-like n pairing at ¢, /¢ < 1
can be understood in terms of the photoinduced 1 pairing

(a) (b)

0 0 (
m— AL o
O <l> <$ O

S oy

FIG. 4. Schematic figures of the local rung approximation for the
doublon-holon creations induced by the external fields applied along
the (a) chain and (b) rung directions.

in the single Hubbard chain, whose mechanism has been
revealed in Ref. [13]. When ¢, /¢ty > 1, the Hubbard ladder
with L x 2 sites can be approximated as the L independent
two-site Hubbard models [45]. In this local rung approxima-
tion (LRA), the essential physical properties of the ladder can
be estimated by the eigenstates in the two-site Hubbard model.
Figure 4 schematically shows two patterns of light-induced
doublon-holon creation in the LRA. When the external field
is applied along the chain direction as shown in Fig. 4(a),
one of two particles in the spin-singlet bond transfers to the
adjacent rung (by the perturbative weak #), and one doublon
and one holon are created along the chain direction. On the
other hand, when the external field is applied along the rung
direction as shown in Fig. 4(b), one of two particles moves to
the rung direction, and one doublon and one holon are created
within the single rung. Here, we consider the optical excitation
energies for these doublon-created states and compare them
with the results obtained by the ED-based calculations.

First, we consider the case in Fig. 4(a). The ground state of
two particles in the two-site Hubbard model is the spin-singlet
state whose eigenenergy is —J, = —4t7 /U in the strong cou-
pling limit (U > ¢, ). Hence, the energy of two spin-singlet
rungs in equilibrium (before the pump) is Eg(a) ~ —2J,.When
the pump field A () is applied, one of the two rungs possesses
one particle while the other rung possesses three particles
[see Fig. 4(a)]. The energies of the one-particle states are
E; = Ft, while the energies of the three-particle states are
E; =U £1t,, where upper and lower signs correspond to
even and odd parities along the rung direction, respectively.
Because the external field polarized along the chain direc-
tion does not change the parity along the rung direction,
the parities of the one-particle and three-particle states must
be the same. Hence, the excited energy of the two rungs
shown in Fig. 4(a) is given by E® = 51, + (U £1,)=U
in total. According to these energies, the optical gap of the
case in Fig. 4(a) is given by AW = E® —E® ~U +2J,.
This energy gap suggests that the n-pairing correlation can
be activated at w, = A® ~U 42J,. Let us compare the
energy estimated by the LRA with the actual numerical data.
Figure 5(a) shows P(m,m;t) at t = 30/¢) in the 7, and w,
plane, where we set U = 16t because our estimation of the
optical gap is accurate when U >>> ¢, . In the region at ¢, /t; >
1, we indeed find that U + 2J, shows good agreement with
wp at which the n-pairing correlation is generated. Because
the LRA is not valid when ¢, /fj < 1, the peak positions of
P(m, m;t) around ¢, /t) = O deviate from U + 2J, . However,
even around ¢, /t; = 1, the hot spot of P(;, 7r;¢t) and the curve
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FIG. 5. 1, and w, dependence of P(r, w;t=30/1)) at U = 16¢,.
(a) P(r, m;t) after the pulse A (1) # 0and A, () = 0 with Ay = 0.3
and (b) P(rr, m;t) after the pulse Aj(r) = 0and A (t) # O with Ay =
0.2. The orange solid lines indicate w, = U + 2J, in (a) and 0, =
U +J, in (b), where J, = 4¢3 /U.

w, = U + 2J almost coincide. In reality, #; is not zero, and
complicated multiple factors can be involved in the optical
transition. The appearance of weak multiple bands atz, /#; >
1 besides the U + 2/, line in Fig. 5(a) may be caused by these
minor excitation entities.

Next, we consider the case in Fig. 4(b). Before the pump,
the ground-state energy of one spin-singlet rung is Eéb) o~
—J,. The eigenenergy of the optically allowed one dou-
blon and one holon state (i.e., n-pair state) in the two-site
Hubbard model is E{” = U. Hence, the optical gap of the
case in Fig. 4(b) is given by A® = E® —E® ~U +J,
suggesting that the n-pairing correlation can be activated at
w, = A® ~ U +J,. Figure 5(b) shows the comparison be-
tween the LRA and the numerical data. As expected, the
peak positions of the induced P(w,m;t) at t = 30/t; show
good agreement with the line w, = U + J, estimated by the
LRA. These agreements indicate that the LRA at 7, /t; > 1
is a very valid approach for identifying the optimal w),, of the
photoinduced pair in the Hubbard ladder.

Finally, we comment on the polarization dependence of
the strength of the n-pairing correlation at ¢, /f; > 1. While
the intensity regions of P(w,m;t) at t; /f) > 1 show good
agreement with the lines estimated by the LRA, the n-pairing
correlation induced by A (¢) # 0 in Fig. 5(a) is not so large
in comparison with the pair correlation induced by A, (¢) #
0 in Fig. 5(b). This is because f#; is small relative to 7,
in this region, and the doublon generation along the chain
direction meditated by #; is inefficiently induced by Aj(z).
On the other hand, since the doublon generation along the
rung direction meditated by 7, can be strongly induced by
A (1), in Fig. 5(b), we observe the prominently induced -
pairing correlation at 7, /f; > 1. In Fig. 5(b), the n-pairing
correlation is significantly enhanced at 1.5 < ¢, /t; < 2.0. In
the independent rung limit (¢;/¢; — 0), the n-pairing cor-
relation must be suppressed because a weak 7 relative to
t; is unfavorable for the spatial extension of the correlation
along the chain direction, where the nonlocal (x > 1) pair
correlations cannot contribute to P(sr, 7r;t). For this reason,
the n-pairing correlation in Fig. 5(b) can be enhanced in

the intermediate ¢, /¢, regime. Hence, we can interpret the
intensity of P(sr, ;) by considering the contributions of # in
the LRA.

IV. SUMMARY

We have investigated the 7 pairing in the optically driven
Hubbard ladder using the time-evolution method based on
ED. As in the 1D Hubbard chain, we have observed the
light-induced enhancement of the n-pairing correlation in
the Hubbard ladder when the pump field is polarized along
the chain direction. Moreover, we have shown that the
pair correlation induced by the pump field polarized along
the rung direction is larger than the correlation induced by
the field polarized along the chain direction. This conse-
quence is mainly caused by the strong interchain component
of the pair correlations. This rung-like 1 pairing observed in
the large ¢, /#; region is unique in the ladder system. Finally,
the origin of the photoinduced pair in the strong 7, regime has
been clarified using the LRA.

The pump electric field can also enhance charge cor-
relations associated with the doublon creation. In the 1D
photodoped Mott insulator, the n-pairing correlation is dom-
inant when the nearest-neighbor Coulomb interaction V is
weak whereas the charge-density-wave correlation becomes
dominant when V is large [20,21]. As in the 1D chain, the
intersite interaction V may enhance the charge-density-wave
correlation in the photodoped ladder system. Experimen-
tally, n pairing has not been observed up to date. Since the
maximum value of the induced n-pairing correlation in the
Hubbard ladder is larger than that of the single chain limit
at t; = 0, the ladder lattice can be a promising host of the
photoinduced # pairing. For instance, the ladder-type cuprates
[46] can be candidates for the host of the rung-like n pairing.
If we can set up a similar situation in a many-body simulator
such as an optical lattice, we may approach the n pairing using
the ladder structure. These are open issues for the future.
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APPENDIX: SPIN CORRELATION

In this Appendix, we show the antiferromagnetic (AF)
correlation function

S(CIH=JT’QL=7T;I)=Z(—l)x’L—"S(x,y;t) (A1)
given by
1 .
S, 0:1) = 57 D (W) 165, 465, | W), (A2)
Jja
1
S, 130 = 57 D (W) 165,465, | W), (A3)
Jjo
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where 67, = fja:p — Alja;y. Figure 6 plots the time evolu-
tion of S(qy=m,q =m;t), where the parameters used in
Figs. 6(a) and 6(b) are the same as Figs. 1(b) and 1(c), respec-
tively. Figures 6(a) and 6(b) are the results when the pump
electric fields are polarized along the chain and rung direc-
tions, respectively. The initial states (at + = 0) possess strong
AF correlations. Since the formation of the rung spin-singlet
suppresses the AF correlation, the initial state at ¢, /) =2
[Fig. 6(b)] has a smaller AF correlation than that at ¢, /) =
0.5 [Fig. 6(a)]. In both cases, the pump electric fields re-
duce the AF correlations. This suppression is mainly caused
by the photoinduced doublon creation. Because the double
occupancy is strongly enhanced by A, () as shown in
Fig. 1(c), the AF correlation after the pulse irradiation in
Fig. 6(b) is smaller than that in Fig. 6(a).

[Ai#0 (chain), t.=0.5t1]  [AL#0 (rung), t.=2.0t]

T T

(b)

!

L L o L
0 10 20 30 0 10 20 30

time t (t;") time t (t;")

FIG. 6. Time evolution of the antiferromagnetic correlation
function S(m,m;t) when (a) Aj(r) #0 and (b) A, () # 0. The
parameters used in (a) and (b) are the same as the parameters in
Figs. 1(b) and 1(c), respectively.
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