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An extensive numerical analysis of the scattering and transport properties of the power-law banded random
matrix model (PBRM) at criticality in the presence of orthogonal, unitary, and symplectic symmetries is
presented. Our results show a good agreement with existing analytical expressions in the metallic regime and
with heuristic relations widely used in studies of the PBRM model in the presence of orthogonal and unitary
symmetries. Moreover, our results confirm that the multifractal behavior of disordered systems at criticality
can be probed by measuring scattering and transport properties, which is of paramount importance from the
experimental point of view. Thus, a full picture of the scattering and transport properties of the PBRM model at
criticality corresponding to the three classical Wigner-Dyson ensembles is provided.
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I. INTRODUCTION

Scattering and transport properties of disordered meso-
scopic conductors have been of interest for a long time
(see Refs. [1-3] and the references therein). Among the
diverse phenomena observed in these systems, the disorder-
induced localization-delocalization transition of electronic
states, known as Anderson or metal-insulator transition
(MIT), has received special attention [1,4-8]. At the MIT, the
energy spectra show anomalous behavior while the electronic
states present multifractal characteristics and strong amplitude
fluctuations. The latter are usually described by an infinite set
of critical exponents and represent one of the most important
characteristics of the MIT [4,6,9-19]. At criticality, i.e., at the
MIT, both the dimensionality and the symmetries present in
the system play an important role.

The statistical properties of ordinary disordered samples
are well described by the random matrix theory (RMT) [20]
for which three universal symmetry classes are known: the
orthogonal [the symplectic] class describing systems in the
presence of time reversal and presence [absence] of spin-
rotation symmetry and the unitary class for systems with
broken time-reversal symmetry. In the Dyson scheme these
symmetries are labeled by the indices g = 1, 2, and 4, for
the orthogonal, the unitary, and the symplectic classes, respec-
tively [21-23].

Until now, many important features of disordered systems
at the MIT have been analyzed using numerical techniques.
This is due to the complexity in obtaining analytical ex-
pressions at criticality, some of which are available only
perturbatively. In particular, the so-called power-law banded
random matrix (PBRM) model has widely been used since it
captures all the key features of the Anderson critical point and
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is also convenient for its low computational cost [6,24-26].
For the closed system, on the one hand, since the appearance
of the PBRM model originally proposed by Mirlin et al. [24],
a plethora of studies regarding different aspects of the model
with 8 = 1 symmetry have been performed [6,11,24,26-35]
while less studies regarding 8 = 2 symmetry are reported
[11,32,33,36]. Moreover, the energy spectra and multifractal
behavior of the PBRM model in the presence of the sym-
plectic symmetry (8 = 4) have recently been analyzed [37].
For the open system, on the other hand, several scattering
and transport properties of the model when the system is in
the presence of time-reversal invariance (8 = 1) [32,38-42],
which are in agreement with the ones obtained by using the
three-dimensional Anderson model at MIT [28,41], have been
investigated. However, to our knowledge, the analysis of the
scattering and transport properties of the PBRM model for the
unitary case are scarce [43] while the symplectic case has been
left unexplored.

It is the purpose of the present paper to deepening the
understanding of the scattering and transport properties of
critical systems belonging to the symplectic class; that is, we
study the open symplectic PBRM ensemble at criticality. The
regime of a small number of single-mode leads attached to
the PBRM model is studied in detail. Nevertheless, the multi-
channel or multiple single-mode leads setup is also studied
for some scattering and transport quantities of interest. In
order to provide a full picture of the PBRM model for the
three classical Wigner-Dyson ensembles, the scattering and
transport properties of the PBRM model for the 8 = 1 and
B = 2 cases, previously considered in the literature, are also
reviewed and extended when appropriate. Our results are also
compared with RMT predictions in the appropriate limits.

The organization of the paper is as follows. In the next
section, the generalized PBRM model in the presence of the
three symmetry classes and the scattering setup are described.
The perfect coupling regime, the Wigner delay time, and the
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resonance widths when the PBRM supports one open channel
are analyzed in detail in Sec. III. This is of particular interest,
since it shows that the multifractal properties of the isolated
PBRM model can be probed by measuring transport proper-
ties. The analysis of the scattering and transport properties of
the PBRM model in the two and four open-channel setups
is the subject of Sec. IV. In the same section, the scattering
and transport properties in the multichannel setup are also
presented. Finally, the conclusions are given in Sec. V.

II. MODEL AND SCATTERING SETUP

The PBRM model describes one-dimensional (1D) tight-
binding wires of length N with random long-range hoppings
[6,24]. In the presence of the three symmetry classes, it
is represented by N x N real symmetric (8 = 1), complex
Hermitian (8 = 2), or 2N x 2N quaternion-real Hermitian
(B = 4) matrices whose elements are statistically independent
random variables drawn from a normal distribution with zero
mean and variance given by [37]

(Hil*) = =" and
(Hij*) = 5o 16 —~ e (D
B fin (52 / ()]

The matrix sizes are L =N for =1 and 2 and L = 2N
for B = 4. The PBRM model is a random matrix ensemble
with off-diagonal matrix elements decaying away from the
diagonal in a power-law fashion. Also, in (1) the PBRM model
is in its periodic version, i.e., the 1D wire is in a ring geometry,
where (v and b are the parameters of the model and 8g 4 is the
Kronecker delta. In particular, for the symplectic case (8 = 4)
the PBRM model preserves the quaternion structure of the
Hamiltonian where each eigenvalue is twofold degenerate due
to Kramers degeneracy (for more details see Ref. [37]). The
power-law decay p = 1 sets the PBRM model at the MIT
critical point [6,11,24,26,28-31,37]. Furthermore, regardless
of the value of u, insulating- to metallic-like behavior may be
induced by varying the effective bandwidth b from small b to
large b values, respectively. Here the scattering and transport
properties of the PBRM model of Eq. (1) at criticality, u = 1,
is the focus of this work.

The isolated wire is opened by attaching to it M semi-
infinite single-channel leads, each one described by a 1D
tight-binding Hamiltonian,

Hiaa = Y _(In)(n+ 1] + |n + 1)(n)), )

n=1
thus M establishes the number of open channels or propagat-
ing modes. The M x M scattering matrix, S(E'), can be written
as [42,44-46]

t . -
S(E) = (j r,> =1y — 2imW' (E1, — Her)™' W, (3)

where r [r'] and ¢ [¢'] are the reflection and transmission am-
plitudes when the incidence is from the left [right], 1, stands
for the unit matrix of dimension n, E is the energy, and the
superscript T indicates the matrix transposition operation. In
Eq. (3), Hess is the non-Hermitian effective Hamiltonian given

by
Hys=H — inWWT, 4)

where H is the L x L Hamiltonian matrix of the PBRM model
that describes the isolated wire with L resonant states and W
is an L x M energy independent matrix that couples those
resonant states to the M propagating modes in the leads. The
elements of W are W;; = wqd;j,, where wy is the coupling
strength between the wire and the leads and jo=1,...,M
are the sites at which the leads are attached. According to the
symmetry present in the Hamiltonian, the S matrix is unitary
symmetric, unitary, and unitary self-dual matrix for 8 = 1, 2,
and 4, respectively [2]. Additionally, due to the ring geometry
of the isolated wire under consideration, the scattering and
transport properties do not depend on which site the leads are
attached to. Then, for simplicity and without loss of general-
ity, in this work the leads are attached at consecutive sites of
the wire.

III. PBRM MODEL WITH ONE OPEN CHANNEL

In this section, the statistical properties of scattering
phases, Wigner delay time, and resonance widths, when the
scattering system supports one open channel and is in the
presence of the 8 = 1, 2, and 4 symmetries are analyzed. The
relation between Wigner delay times and the properties of the
spectra and eigenstates of the corresponding isolated wire are
also discussed.

A. Perfect coupling regime

In the one-channel setup, the scattering matrix of Eq. (3)
reduces to a phase given by S(E) = ¢/®®), This case corre-
sponds to a single-channel lead attached to the wire (1). For
the PBRM model in the limit b >> 1 (metallic-like regime),
that phase is distributed according to the following expression
[47]:

1 1
P(@) = — )

27y 4+ /y2 —1cos®

where y = (1 + [(S)?)/(1 — [(S)|?). In the so-called perfect
coupling regime, the averaged scattering matrix (S), also
known as optical matrix, vanishes and the phase is uniformly
distributed over the unit circle.

Before proceeding with the analysis of the phase dis-
tribution (5), some general statements about the numerical
simulations are given. For the statistical analysis shown
throughout this work, most calculations are performed in
the perfect coupling regime since in this limit a number of
analytical predictions from RMT are known. Also, the calcu-
lations are performed around E ~ 0O considering wire lengths
of N =50, 100, 200, 400, and 800 with 10°, 10°, 10°, 10°,
and 10° random realizations, respectively. All fittings are
performed through the nonlinear least-squares Marquardt-
Levenberg algorithm as implemented by gnuplot. The error
bars are computed by the jackknife method, unless specified
otherwise. Histograms for the probability distributions and for
the cumulative probabilities do not contain error bars since the
statistics is done with a large amount of data such that the error
is not significant.
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FIG. 1. Absolute value of the optical S matrix for the PBRM
model at criticality as a function of the coupling strength, wy, for
values of b indicated in each panel and several wire lengths N as
indicated in panel (a). The symmetries are § = 1 (first column), 2
(second column), and 4 (third column). The insets show numerically
obtained histograms (red lines) compared with the phase distribu-
tion (5) (black continuous lines) for |{S)| = 0.5. The error bars are
smaller than the symbol size, so they are not displayed.

In Fig. 1, the modulus of the optical matrix as a function
of the coupling strength wy for the PBRM model at criticality
with 8 = 1 (first column), 8 = 2 (second column), and 8 = 4
(third column) is shown. Different values of the bandwidth
b and wire lengths N are considered. It is observed that
the perfect coupling, |(S)| =~ 0, does not depend on the wire
length but shows a strong dependence on b. The perfect cou-
pling is attained for values of wy < 0.5, 0.45 < wy < 1, and
wo ~ 1, when the system is in the insulator-like (top panels),
in between the insulator-like and the metallic-like (middle
panels), and close to the metallic-like regime (bottom panels),
that is for » = 0.1, 1, and 10, respectively. In the insets, the
phase distribution P(®) is shown for a coupling strength
[(S(wp))| & 0.5. The histograms in red lines correspond to
numerical results while the continuous black lines correspond
to the analytical distribution of Eq. (5). For b = 0.1 and 1,
the histograms show two peaks around ® = 7 which vanish
for b = 10, i.e., when the system displays a metallic behavior.
In the latter, a good agreement with the RMT prediction is
observed.

The phase distribution in the perfect coupling regime for
the PBRM model at criticality with 8 = 1 (first column), 2
(second column), and 4 (third column) symmetries is shown
in Fig. 2. The wire lengths are indicated in Fig. 2(g) while the
values of parameter b are indicated in each panel. The symbols
are obtained by numerical simulations while the solid lines are

FIG. 2. Phase distribution in the perfect coupling regime,
[(S)| ~ 0, for the PBRM model at criticality for several wire lengths
N as indicated in panel (g) and several values of b, as indicated
in each panel. The symmetries are 8 = 1 (first column), 2 (second
column), and 4 (third column). Symbols correspond to numerical
results while black lines correspond to the RMT prediction (5).

the RMT prediction of Eq. (5). Again, two big peaks around
® = 7 show up when the system is close to the insulator-
like regime b = 0.1 (top panels) which tend to disappear as
b increases (middle and bottom panels). When the system
attains a metallic behavior, b = 10 (bottom panels), the phase
is uniformly distributed around 1/27, in accordance with the
RMT prediction (5). It is also clear that P(®) does not depend
on the wire length nor the symmetry (orthogonal, unitary, or
symplectic), as expected in the one open-channel setup [3].

B. Wigner delay time and resonance widths

The delay experienced by a quantum particle due to its
interactions with a scattering region is described by the so-
called Wigner delay time ty . Near the center of the spectrum
(E = 0), it is given by [42,48]

do(E)
dE

= —21Im Tr(E — Hetr) ' |£=0-

E=0
(6)
In the metallic regime and for the one open-channel setup,
the distribution of the Wigner delay time is known for all
symmetry classes § = 1, 2, and 4 [49-52], namely

2B (BN
P(’W)‘(ﬂ/zﬂ(E) c @

On the other hand, the poles of the scattering matrix show
up as resonances which in turn are the complex eigenvalues
&, = E, — iT",/2 of the effective non-Hermitian Hamiltonian
H.i [see Eq. (3)], with E, and I',, respectively the position
and width of the nth resonance. Furthermore, the resonance
width T, is related to the lifetime of the nth resonance as

w(E =0)=
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FIG. 3. Distribution of the Wigner delay time for the PBRM
model at criticality for several wire lengths NV, as indicated in panel
(a). The symmetries are B = 1,2, and 4, in the first, second, and
third columns, respectively. The different values of b are indicated
in each panel. The histograms are obtained through Eq. (6), with the
normalization constant w2m/(2L), in the perfect coupling regime.
The dashed black lines (bottom panels) correspond to the RMT
prediction of Eq. (7).

1, = 1/T",, and hence a relationship between I', and the
Wigner delay time is expected. These quantities, delay times
and resonance widths, have been of pivotal importance in the
realm of complex scattering both theoretically and experi-
mentally [39,42,48-59], where recent progress has been made
to extend their study to wave-chaotic scattering systems in
the presence of absorption [60,61]. For the PBRM model at
the critical point, to our knowledge, exact theoretical results
for the resonance statistics are scarce; nonetheless, recent
progress has been reported for resonance statistics in standard
banded matrices in both weak and strong localization regimes
[62].

The distribution of the Wigner delay time for the PBRM
model at criticality is reported in Fig. 3 for the three symmetry
classes 8 = 1, 2, and 4, in the first, second, and third columns,
respectively. The values of the bandwidth b are shown in each
panel. For b = 0.1 (top panels), P(tw ) has its maximum at
w ~ 0; that is, the system is in the localized regime and con-
duction is suppressed. For b = 1 (middle panels), relatively
small time delays dominate, meaning that the system is neither
an insulator nor a conductor. For b = 10 (bottom panels), the
distribution of 7y is well described by its RMT prediction (7)
which sets the system in a metallic-like regime.

The logarithm of the distribution of the resonance widths,
normalized to its typical value I'P =exp(InT), for the
PBRM model at criticality with § = 1 (first column), 2 (sec-
ond column), and 4 (third column) are shown in Fig. 4. The
wire lengths under consideration are indicated in Fig. 4(g),

15 10 5 0 5-10 -5 0
In( T/T%) In( /T )

FIG. 4. Distribution of logarithm of resonance widths, normal-
ized to its typical value, for the PBRM model at criticality with
B = 1,2, and 4, in the first, second, and third columns, respectively.
The system sizes N are indicated in panel (g). The values of the
bandwidth are indicated in each panel. The insets show the scaling
law %P oc N™. The black dashed lines are the best fitting of the
scaling law to the numerical data. The error bars are smaller than the
symbols.

and the different values of b in each panel. For the histograms,
only 25% of the eigenvalues around the center of the spec-
trum, E = 0, are used. The typical value I'"P follows a power
law with respect to the wire length N, TYP o« N —*. as observed
in the insets of the same figure. There, the dashed lines are the
best fittings to the numerical data. The resulting exponents A
for each case are reported in Table I.

C. Wigner delay time vs spectral and eigenstate properties
of the isolated PBRM model

It is well known that the spatial fluctuations of the eigen-
states of disordered systems at criticality show multifractal
behavior [4,6,9,63—-65]. This behavior is characterized by a
set of generalized dimensions D, or multifractal dimensions,
where ¢ is a real number. Furthermore, the multifractal proper-
ties of the eigenstates can also be studied through the Wigner
delay time, as shown below.

For disordered systems at criticality, a relationship between
the inverse moments of the Wigner delay time and the mul-
tifractal dimensions of the eigenstates of the corresponding
isolated system D, is given by [39,47,66],

(ty!) x N~%, where 0, =¢q Dy (8)

and for the PBRM model at criticality the following functional
form for o, as a function of the bandwidth b has been proposed
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TABLE I. Values of the parameters obtained from the power-law fittings to the data of the insets in Figs. 4-6.

Fig. 4 Fig. 5 Fig. 6
rY? oc N~ (Ty') cc N7 TP o Nt
b Inset panel A oy o
B=1 0.1 (a) 1.7647 4+ 0.0072 0.1404 + 0.0037 0.2507 &+ 0.0048
1 (d) 1.2265 4+ 0.0080 0.7133 = 0.0068 0.8465 + 0.0055
10 (2) 1.0276 +0.0213 0.9439 + 0.0180 0.9586 + 0.0163
B=2 0.1 (b) 1.6424 4+ 0.0036 0.2282 + 0.0034 0.3744 £ 0.0035
1 (e) 1.1490 + 0.0063 0.8469 + 0.0023 0.9217 + 0.0027
10 (h) 1.0187 + 0.0244 0.9609 4+ 0.0192 0.9685 + 0.0204
B=4 0.1 (©) 1.7223 +0.0245 0.1699 4+ 0.0052 0.2990 + 0.0023
1 ® 1.1596 & 0.0068 0.8499 + 0.0060 0.9257 + 0.0040
10 @) 1.0218 + 0.0456 0.9590 + 0.0175 0.9680 + 0.0196

[32]
o, =~ #
7 T4 (@grib) !

with «, being fitting constants. In addition, for PBRM mod-
els at criticality, the typical value of the Wigner delay time,
defined as r‘gp = exp(In tyy ), obeys the scaling law given by
[40]

€))

ty? o« N7, where o, = D;. (10)

For completeness, the level compressibility x, a quan-
tity often used to characterize the fluctuations of spectra of
disordered systems at criticality, is also analyzed. In the metal-
lic [insulator] regime x = 0 [x = 1] while at intermediate
regimes (neither metallic nor insulator) 0 < x < 1 [67,68].
For PBRM models in the presence of § = 1 and 2 symmetries,
the level compressibility as a function of b is given by [6,36]

1 — 4b, B=1b<k1,
x=31-nv2b+22-V3)n¥?, p=2b<1,
1/287b, b> 1.

(11)

In addition a heuristic relation between x and o, is also
known, namely [32]

X~
CI(Uq+ 1)

In Fig. 5, the distribution of the logarithm of the first in-
verse moment of the Wigner delay time for the PBRM model
at criticality is reported. The values of the bandwidth b and
wire lengths N are indicated in the panels. The insets show
ln(tv;l) vs InN as dots while the dashed lines correspond
to fittings to the numerical data with Eq. (8). The resulting
exponents o, from the fittings are reported in Table 1. A good
agreement between the numerical data and the scaling law of
Eq. (8) is observed.

The behavior of the logarithm of the distribution of
In(tw/ r‘gp) for the PBRM model at criticality with the three
symmetry classes § = 1, 2, and 4, for different wire lengths N
[see Fig. 5(g)], and different bandwidths b, is plotted in Fig. 6.
The insets show the logarithm of t‘zp as a function of InN.
The dots correspond to numerical results while the dashed
lines correspond to fittings with the scaling law of Eq. (10)
to the numerical data. The exponents o, resulting from the

(12)

fittings are reported in Table I. A good agreement between the
numerical data and the scaling law (10) is observed.

In Fig. 7, the multifractal dimension D, as a function of the
bandwidth b for several values of g is plotted. Figures 7(a)—
7(c) correspond to the system in the presence of the § =1, 2,
and 4 symmetry, respectively. The empty symbols are com-
puted by direct diagonalization of the isolated PBRM mode
at criticality (see also Ref. [37] for more details). The filled
symbols are obtained from the scaling law (8) and the dashed

4 -2 0
In7;t —In{r; 1)

2
In7; ' —In{r; 1)
FIG. 5. Distribution of the first inverse moment of the Wigner

delay time for the PBRM model at criticality in the presence of

the B = 1 (first column), 2 (second column), and 4 (third column)
symmetries. In top panels b = 0.1, in middle panels b = 1, and in

bottom panels » = 10. The wire lengths N are indicated in panel (g).

The insets show the best fitting (black dashed lines) using the scaling

law (8) to the numerical data (symbols). The error bars are smaller

than the symbols size.
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InP [ In(ry/75P) ]

InP [ In(ry/78P) ]

0 2
In(7y/72P)

0 2
In(7 /727P) In (7 /7EP)

FIG. 6. Distribution of the Wigner delay time normalized to its
typical value for the PBRM model at criticality. The symmetry
classes are B = 1 (first column), 2 (second column), and 4 (third
column). The bandwidth b is indicated in the panels and the wire
lengths N are indicated in panel (g). The insets show fittings of the
scaling law (10) (dashed lines) to the numerical data (dots). The error
bars are smaller than the symbol size.

lines correspond to Eq. (9) with the a1 taken from Ref. [37].
These values of o, are: 3.33 (5.70, 4.82), 2.55 (4.45, 3.82),
2.11 (3.73, 3.22), 1.52 (2.74, 2.41), and 1.21 (2.22, 1.98) for
B=1(2,4) and ¢ =0.2,0.6, 1, 2, and 3, respectively [37].
For the three symmetry classes 8 =1 (a), 2 (b), and 4 (¢)
a good correspondence between the direct calculation of D,
(empty symbols) and the analytics (dashed lines) is found.
These results show that for the one channel setup, the mul-
tifractal properties of the isolated PBRM model at criticality

: ; : : : : \ \ :
IO IOCE
04¢=02 (a Og b) Saw| c O il |
1.2 0qg=06 ( ) /OE ( )9@1&0'@ ( ) @ﬁ,"%‘—e
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£ o q=1 Gk e W
Q 0.8Faq=2 S A¥ RS ,‘%’f
X v q=3 h /ngy oF 54 @El/,/
= gm,' 5 @,m@@ e s
S04 ©©©©g§ o eooO0u b4 sowe®y T T
© sEEaTs Cay EEE e Ay ey e
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O svvv¥¥ ‘ | vvw-vYY - yvvveY¥ ‘ B

0.001 0.01 Ojl 1 100.0010.01 0.1 1 100.0010.01 0.‘1 1 10

FIG. 7. Multifractal dimensions D, for the PBRM model at crit-
icality as a function of the bandwidth b. The empty symbols are
obtained from direct diagonalization of the closed system (1). The
filled symbols correspond to results obtained from the scaling law
(8). The dashed lines correspond to the heuristic relation (9). The
error bars are the rms of the residuals. For the sake of clarity, the
symbols (lines) are displaced vertically upward.
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FIG. 8. Level compressibility of the PBRM model at criticality
as a function of the bandwidth ». The symmetries are § = 1, 2, and
4, in panels (a)—(c), respectively. The symbols are obtained from
Eq. (12), the dashed red lines correspond to expression (11). Inset:
Recursive relation (13), the dashed red lines (~b) are plotted to guide
the eye. The error bars are the rms of the residuals.

can be directly extracted from Wigner delay time, a transport
property. This is convenient from an experimental point of
view.

In Fig. 8 the spectral compressibility of the PBRM model at
criticality is reported. The symbols are obtained from Eq. (12)
with the o, extracted from the scaling law (8). The dashed
lines correspond to the theoretical prediction of Eq. (11). For
the PBRM model in the presence of the symmetry classes,
B =1 and 2, Figs. 8(a) and 8(b), respectively, a good agree-
ment with the analytics is observed. For the 8 = 4 case, there
is no theoretical prediction available to compare with. How-
ever, the following recursive relation [32]:

0,(q = 0g) ~ ttgarb (13)

is known. Then, the PBRM model in the 8 =4 case can
also be contrasted with this last relation. For this purpose, in
the insets of Fig. 8, the recursive relation (13) (symbols) is
shown. The dashed lines are ~b. A good agreement with the
numerical data (symbols) is observed.

To this point, the analysis of the PBRM model at critical-
ity with one open channel has been performed. In the next
sections, the setup in which the scattering system supports M
open channels is studied and contrasted with available RMT
predictions.

IV. PBRM MODEL WITH M OPEN CHANNELS

In this section, the analysis of the scattering and transport
properties of the PBRM model at criticality with M open
channels is presented. As in the previous section, this is per-
formed following the scattering matrix approach of Eq. (3). As
shown in Sec. III for the one open-channel setup, the scatter-
ing and transport properties of the PBRM model at criticality
do not change significantly with the wire length N. A similar
behavior has also been found for the M open-channel setup in
the B = 1 case [39—41]. Here this has also been verified for the
B = 2 and 4 cases (not shown). Therefore, in what follows the
wire length is set to N = 50. For the statistical analysis, 10°
realizations of the scattering matrix S in the perfect coupling
regime are considered. In the same line as in Sec. III, known
analytical RMT predictions are presented first and later they
are compared with numerical simulations in the appropriate
limits.
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A. Scattering properties

Within the RMT approach of quantum transport, the aver-
age of the magnitude of the elements of the scattering matrix
S has been obtained [2]. That is,

I - (l - 2/:3)8'1,'11
M—1+2/8

where § is the symmetry class present in the system, M is
the number of open channels, and §,,, is the usual Kronecker
delta.

From Eq. (14) and based on numerical simulations for
the M = 2 open-channel case, it has been conjectured that
the average of the S-matrix elements, (|S1,|?) and (|S;;]?), can
be expressed as a function of the bandwidth b [41,43]. These
are given by

(ISum|*)RMT = , (14)

2 _ <|Sl2|2>RMT
ISP = === b2 and (15)
(ISt ) (B) = 1 = (IS2]*), (16)

where ¢ is a free parameter to be determined by the best fitting
to the numerical data. Furthermore, by using a phenomenolog-
ical expression that relates the bandwith b with the correlation
dimension D,, which is a broadly accepted measure of the
spatial extension of the eigenfunctions of disordered systems
at the critical point, Egs. (15) and (16) can also be written in
terms of D, [41,43]. For the 8 = 1 case one gets
2
(181211 (D) = Wolewr g )
1+ (k/e)? (D' —1)

(ISt 1) (D2) = 1 — (IS12*)(D2), (18)

where « is a fitting parameter and ¢ is obtained from Eq. (15).
Meanwhile, for the § = 2 and 4 cases one gets

(S Prwr_

— bkl
1+(kDy/7)~2" ’
(1S121) (D) = i (19)

(812 %) rmT

m,b» 1,
(181 7)(D2) = 1 = (1Sal)(D2), 0)

where « and p are fitting parameters, different for each sym-
metry class 8. Notice that the expressions (15), (17), and
(19) were obtained heuristically and its analytical derivation
remains to be proven, while the relations (16), (18), and (20)
are a consequence of the flux conservation condition of the
S matrix. However, as shown below, these equations describe
well the numerical data.

In Fig. 9 the average of the S-matrix elements, when the
PBRM model at criticality supports M = 2 open channels,
is shown for the 8 = 1,2, and 4 symmetries, in the first,
second, and third columns, respectively. The symbols corre-
spond to numerical simulations and the dashed blue lines are
the RMT prediction (14) for which (1S12)) R = 1/3, 1/2,
and 2/3 for 8 = 1, 2, and 4, respectively. In the same figure,
US11 1P rMmr = 1 — (IS121?)rumr is also shown. The dashed red
curves in Figs. 9(a)-9(c) correspond to the generalizations of
Egs. (15) and (16) for the 8 = 1, 2, and 4 symmetry, respec-
tively. Figures 9(d)-9(f) show (|S12]|?)(D,) with the values of
D, extracted from Fig. 7. The dashed red lines are Eqs. (17)—
(20). The obtained fitting parameters ¢, «, and p, for each

1[ 24 ‘ I[E a2 ; 1[haar ‘
A A-A ‘&A‘ (a) A-A A‘ (b) A-A “\ (c)
o[ Adsup@ TRl PO S A sl
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~
Obyv-v-vY B 0L yv-v-¥ . (]fyv—v-" 1
001 0Tp 1 10 001 01 1 10 0.0 01p 1 10
1[anal T 1FaaTa 0.8 1 I ‘
e @ s (o )

r e L RN 0.6 fommmaeea ™ e
0.5/ A (SnP)D2] 05k oo L2 Aan 0.5 K
L , 12 - P A P T L e
¥ (S12?) (Do) == wvv- vy .- 0.4 ¥
Ofwev¥ " Oy vv-v" |7 020w w-" ‘

1 0 0204 06 08 1

0 02040608 1 00201 06 08
» D

2 2 2

FIG. 9. Average of the S-matrix elements for the PBRM model
at criticality with M = 2 open channels. The symmetries are § = 1
(first column), 2 (second column), and 4 (third column). The symbols
correspond to numerical simulations, the dashed blue lines are the
corresponding RMT prediction (14). Top panels: Average of the S-
matrix elements as a function of the bandwidth b. The dashed red
lines are Egs. (15) and (16). Bottom panels: Same as top panels but as
a function of the correlation dimension D, compared with Egs. (17)-
(20). Error bars are smaller than the symbol size.

symmetry class are reported in Table II. In all the cases, it is
observed that for large b and D, the model is well described by
the RMT predictions while the corresponding generalizations
work well for any b and D.

B. Transmission and shot noise power

In this section, known analytical results from RMT for the
scattering and transport properties of complex media are first
revised. Those results are expected to describe the PBRM
model at criticality in the case of b > 1, i.e., in the metallic-
like regime.

It is well established that given a scattering problem, the
transmission coefficient can be obtained from the elements of
the scattering matrix as

T =Tt th), (21)

where Tr is the trace operation, ¢ is the transmission amplitude
[see Eq. (3)], and the symbol | represents the adjoint of 7.

For the M = 2 open-channel setup, or two single-channel
leads attached to a complex scattering media, the transmission
distribution is given by [2]

P(T)=4BT P2 0<T <1, (22)

for the symmetry class labeled by .

Also, for the M = 4 open-channel setup, or four single-
channel leads attached to a complex scattering media, the

TABLE II. Values of the parameters obtained by fittings to the
data of Fig. 9.

B € K o

1 2.5129 £ 0.0017 2.1043 £0.0242

2 3.0618 + 0.0022 4.7867 £ 0.0017 2.7857 £ 0.0065
4 1.9359 £ 0.0030 3.9909 £+ 0.0078 1.8036 + 0.0038
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distribution of T for the 8 = 1 case is [3]

Now, for the 8 = 4 symmetry, following Ref. [3] it is straight-
forward to arrive at

3
=T, 0<T<1, 127
P(T) = 2 23 277, 0<T <1,
" {%(T—2¢T—1), t<r<2 P pay=1 572 7
FQ-=TyT-+10T —10), 1<T <2
while for the 8 = 2 case it is [3] (25)
273 0<T <1 In general, the tail of the transmission distribution for all g
P(T) = 5 ’ (24) and any number of open channels M decays as [3]
22-T), 1<T <2
|
P(T) o T2, (26)

Furthermore, for a complex scattering media attached to two leads supporting respectively N; and N, open channels, the

average transmission and its variance are given by [2,69]

and

NN,
(T):N (27)
N —14+2/8
OIN\Ny(Nj — 1+ 2)(Ny — 1 + 2
1 2( 1 ﬁ)( 2 /3) 28)

var(T) =
for all symmetry classes labeled by 8.

Another transport quantity of interest is the so-called shot
noise power P, defined as P = (tr(tt" — 117 t¢7)), whose prob-
ability distribution is given by [70]

N, (Nl — 1+ %)NZ(NZ — 14 %)

2 2 4
(k—2+2)(k—1+2)(k—1+4%)
where K = N; + N, is the total number of open channels.
Note that although the distribution (29) was derived for the
B =1 and 2 symmetries, it also encompasses the symplectic
case, B = 4, as will be verified below for the PBRM model
with b — oo.

In Egs. (27)—(29) the number of open channels, N; and
N,, may be different. However, in order to compare these
quantities with numerical simulations of the PBRM model,
we set Ny = N, with M = N| + N, the total number of open
channels.

For the PBRM model at criticality with two single-channel
leads attached to it (M = 2 open channels), the transmission
distribution for several values of » and § = 1, 2, and 4 (first,
second, and third columns, respectively), is shown in Fig. 10.
The red lines correspond to histograms obtained from nu-
merical simulations while the dashed blue lines are Eq. (22)
for the respective . For the three symmetry classes under
consideration, a smooth transition from a localized-like to a
metallic-like regime is observed as the bandwidth b increases.
The metallic-like regime is reached when b = 4 for which a
good agreement with the RMT prediction (22) is obtained [see
Figs. 10(j)-10(D)].

It is instructive to look at the behavior of the transmission
distribution P(T') in the insulator-like regime b <« 1 where
RMT predictions are not available. In this regime where
P(T) =~ 0 it is more convenient to analyze the distribution
of InT. For the PBRM model at criticality with M = 2, the
distribution of the logarithm of T for 8 = 1 (first column),
2 (second column), and 4 (third column) and several values

P =

. (29

BN+ Ny =2+ 2)(Ny + Ny — L+ 3)(Ny + Ny — 14 2)*

B

(

of the b < 1, as indicated in Fig. 10(g), is shown in Fig. 11.
In Figs. 11(a)-11(c), it is observed that the shape and width
of InP(InT) do not change despite the fact that b varies.
This means that In P(In T') should be scale invariant, a prop-
erty that was confirmed before for 8 = 1 with the typical
transmission 7%P = exp(In T) as scaling parameter. Also note
in Figs. 11(d)-11(f) that (InT) ~ Inb for b < 1. Indeed, all
distributions In P(In T') fall on top of each other when plotted
as a function of In(7/T%P), as shown in Figs. 11(g)-11().
We stress that this behavior has previously been reported for
the PBRM model in the presence of the 8 = 1 symmetry but
neither for the 8 = 2 (periodic) nor for the § = 4 symmetries.

Since the tails of the distribution P(T) from the PBRM
model in the metallic-like regime (b — oo) are expected to
correspond to Eq. (26), then it is reasonable to assume that
those tails may be described by

P(T) xT" (30)

for all b, with v a fitting parameter. Furthermore, for the
PBRM model with 8 = 1 symmetry, in Ref. [38] the follow-
ing relationship between the exponent v and the correlation
dimension Dj:

v(Dy) o (1 = D)%, b>> 1, 3D

has been proposed.

The asymptotic behavior of the transmission distribution
for the PBRM model at criticality as a function of the band-
width b and of the correlation dimension D, is analyzed in
Fig. 12 for the 8 = 1, 2, and 4 symmetries in the first, sec-
ond, and third columns, respectively. In Figs. 12(a)-12(c), for
each value of b the corresponding exponent v (red inverted
triangles) is obtained from the best fitting of Eq. (30) to the
numerical data for 7 > 0.5. The exponent v as a function of
D; is shown in Figs. 12(d)—12(f). The relationship between D,
and the bandwidth b >> 1 is given by D(b) =1 — Qrb)~!
[6,38]. In all panels the dashed blue lines are the RMT
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FIG. 10. Transmission distribution of the PBRM model at crit-
icality with M =2 open channels and several values of b. The
symmetries are = 1,2, and 4, in the first, second, and third
columns, respectively. The red lines correspond to histograms ob-
tained from numerical simulations while the dashed blue lines are
the RMT prediction (22) for the respective . A smooth transition
from localized-like to metallic-like regime is observed for the three
symmetry classes.

prediction (26) according to the symmetry class. The dashed
black lines are the best fittings to the numerical data, which
are proportional to b2 (top panels) and to (1 — D, )2 (bottom
panels). The latter shows that the relationship (31) is valid for
D, > 0.75.

The transmission distribution for the PBRM model at crit-
icality with four single-channel leads attached it (M = 4) is
reviewed in Fig. 13. The symmetries are 8 = 1, 2, and 4,
in the left, middle, and right panels, respectively, and the
considered values of b are indicated in the panels. The red
lines are histograms obtained from numerical simulations,
and the dashed blue lines are the RMT predictions (23)—(25)
according to the symmetry class. For each case, a smooth
transition from an insulator-like to a metallic-like regime is
observed. In Figs. 13(j) and 13(k), the metallic-like regimen
is reached for values of b =4 when the system is in the
presence of the orthogonal and the unitary symmetry, respec-
tively. However, when the system is in the presence of the
symplectic symmetry, a larger value of b (= 10) is required
to reach the metallic-like phase, as shown in Fig. 13(1). Close
to the insulator-like regime (b < 0.5), the transmission dis-
tribution shows a pretty similar behavior to that obtained for

(b)
I | ! 1 |
-20 -15 -10 -5
InT
‘ ,"0‘ *e o
*
(e) o
L b
,"N In b?
L* LA ,

— b=0.01

2z b=0.02

b=0.04
—b=0.1
4T b=02
—b=04

0 5 10 5 0 5 5
In(T/ Ttyp) In(T/ Ttyp)

0
In(T/Tiyp)

FIG. 11. Distribution of the logarithm of transmission for the
PBRM model at criticality with M = 2 and several values of the
bandwidth b, as indicated in panel (g). The symmetries are g = 1
(first column), 2 (second column), and 4 (third column). The error
bars in panels (d)—(f) are smaller than the symbol size. See text for
the discussion.
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FIG. 12. Exponents v extracted from the best fitting of Eq. (30)
to the numerical transmission distribution of the PBRM model at
criticality for M = 2. The symmetries are 8 = 1, 2, and 4, in the first,
second, and third columns, respectively. Top panels: v as a function
of the bandwidth b. The red inverted triangles correspond to numeri-
cal results for T > 0.5, the dashed blue lines are the RMT prediction
(26) for the corresponding symmetry classes and the dashed black
lines are the best fitting of 5* to the data. Bottom panels: Same as top
panels but as a function of the correlation dimension D, whose re-
lationship with b > 1 is given through D,(b) = 1 — 27b)~! [6,38].
The fittings are performed by using (1 — D,)?. The error bars are the
rms of the residual and are smaller than the symbol size.
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’I p=04 @]lp—0q )]

FIG. 13. Transmission distribution of the PBRM model at crit-
icality for M = 4 and several values of the effective bandwidth b,
as indicated in the panels. The symmetries are 8 = 1, 2, and 4 in
the left, middle, and right columns, respectively. The red lines are
histograms obtained by numerical simulations and the dashed blue
lines are the corresponding RMT predictions (23)—(25).

the M = 2 case, as observed in Fig. 14 (see also Fig. 11).
There, InP(InT') also shows a scaling property, i.e., all the
curves fall on top of each other when normalized to its typical
value 7Y =exp(InT) ~ b?, as observed in Figs. 13(g)-
13(1). Also, (InT) is a linear function of Inb for b < 1, see
Figs. 13(d)-13(f).

For the PBRM model at criticality with § =1 symme-
try, it has been conjectured that the averages (T'), Var(({T)),
and P, as a function of the bandwidth b, obey the following
expression:

1
X(b) = XRMT|: i| ) (32)

1+ (5 b)2

where X may be (T), Var({(T)), or P; Xgmr is the corre-
sponding RMT prediction and § is a fitting parameter. In what
follows, this conjecture is verified for the PBRM model at
criticality for the 8 = 2 and 4 symmetries. For completeness,
the B = 1 case is also reviewed. For the numerical analysis,
the wire length is set to N = 200 and 10 realizations of the S
matrix of Eq. (3) are generated.

(InT)

_10L2 . . o i . .
00.01 0.1 1 100.01 0.1 1 100.01 0.1 1 10
2 .
@ (h) (i)
~ 4 L 4 B
= b=0.04
=~ —b=01
Q& —b=0.2 L L i
&0 SE
-8 ~3In(T/Typ) I ~3In(T/Tyyp)

(T/T)
86 420 2 46 420 2 464 20 2 4
hl(T/ Tfyp) ln(T/ Ttyp) ln(T/ Tm))

FIG. 14. Distribution of the logarithm of transmission of the
PBRM model at criticality with M = 4 and several values of the
bandwidth b, as indicated in panel (g). The symmetries are § = 1
(first column), 2 (middle column), and 4 (third column). The error
bars in panels (d)—(f) are smaller than the symbol size.

In Figs. 15(a)-15(c), for the PBRM model at criticality (T")
as a function of the open channels M is shown for 8 =1, 2,
and 4, in the first, second, and third columns, respectively, and
for several values of b. The symbols correspond to numerical
results while the dashed blue lines are the RMT predictions
(27) according to the symmetry class. The red horizontal
line at (T') = 0 is shown to guide the eye. In those panels,
it is observed that for the three symmetry clases at small
b < 0.2, (T)~0 since the system is in the insulator-like
regime. As bincreases (0.2 < b < 4) the average transmission
also increases until it reaches the RMT prediction (b = 10)
where the system is in the metallic-like regime. For the three
symmetry classes labeled by B, Eq. (27) gives an accurate
description even though deviations appear for the 8 = 4 case
when M > 4. In the bottom panels the conjecture (32) for (T'),
normalized to its RMT prediction (27), as a function of §b
for B =1 [Fig. 15(d)], 2 [Fig. 15(e)], and 4 [Fig. 15(f)], is
shown. The symbols are obtained from numerical simulations
while the dashed blue and dashed red lines, at (T') = 1 and
0 respectively, are shown to guide the eye. In this case, the
conjecture correctly describes the numerical data as can be
seen by the shape described by the symbols and more clearly
in the small error bars shown in the insets, which are not even
visible since they are smaller than the symbols.

In Fig. 16, the results for the variance of 7" as a function of
M for the PBRM model at criticality are reported for several
values of b and for the symmetries § = 1, 2, and 4, in the first,
second, and third columns, respectively. In the top panels,
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FIG. 15. Average transmission for the PBRM model at critical-
ity with symmetry 8 = 1, 2, and 4, in the first, second, and third
columns, respectively. Top panels: (T') as a function of M for several
values of the bandwidth b. The symbols correspond to numerical
simulations, the dashed blue lines are the RMT predictions (27),
and the red line at (T') =0 is plotted to guide the eye. Bottom
panels: Conjecture (32) for (T'), the symbols correspond to numerical
simulations. Insets: Fitting parameter from (32) for each M, the error
bars are the rms of the residuals and are smaller than the symbol size.

the symbols are the numerical data, the dashed blue lines are
the corresponding RMT prediction (28), and the red line at
var(T) = 0 is shown to guide the eye. It can be observed that
for M > 2 and certain interval of b, the fluctuations are greater
than the RMT predictions. That behavior is more notorious for
the 8 = 2 and 4 cases in the interval 0.4 < b < 4. However,
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FIG. 16. Variance of transmission for the PBRM model at crit-
icality in the presence of the symmetry 8 =1 (first column), 2
(second column), and 4 (third column). Top panels: var(T) as a
function of M for several values of the bandwidth b, the symbols
are the numerical results, dashed blue lines are the RMT predictions
(28), and the red line at var(7") = 0 is shown to guide the eye. Bottom
panels: Conjecture (32) for var(7T'), normalized to its corresponding
RMT prediction. The symbols correspond to numerical simulations
while the dashed blue line is the expression (32). Insets: Fitting
parameter from (32) for each M. The error bars are the rms of the
residuals.
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FIG. 17. Shot noise power P for the PBRM model at criticality
with symmetry 8 = 1 (first column), 2 (second column), and 4 (third
column). Top panels: P as a function of M for several values of
the bandwidth b, the symbols correspond to numerical results, the
dashed blue lines are the RMT predictions (29), and the red line at
P = 0is shown to guide the eye. Bottom panels: Conjecture (32) for
P, the symbols are obtained by numerical simulation. Insets: Fitting
parameter from (32) for each M, the error bars are the rms of the
residuals.

in the metallic regime (b = 10), a good agreement with the
RMT predictions is obtained.

The var(7') normalized to its corresponding RMT predic-
tion as a function of §b is plotted in Figs. 16(d)-16(f), for
B =1,2, and 4, respectively. For 2 < §b <40 and M > 2
large deviations between the conjecture (32) (dashed blue
line) and the numerical data (symbols) are observed, even
though these deviations are smaller for the § = 1 case. This
can also be appreciated in the insets where the error bars are
relatively large.

Finally, the shot noise power P as a function of M and for
several values of b is reported in the top panels of Fig. 17. A
transition from an insulator-like (b = 0.01) where P = 0 (red
horizontal line) to a metallic-like (b = 10) regime (symbols)
is clearly observed. In the metallic-like regime, the numerical
results (symbols) are in agreement with the RMT predictions
(29) (dashed blue lines). In the bottom panels of the same
figure, the conjecture (32) for P as a function of §b and
several values of M is shown. A good agreement between the
numerical data and expression (32) is obtained for the three
symmetry classes B, as revealed by the shape described by the
symbols and the small error bars obtained (see insets).

V. CONCLUSIONS

In this paper, an extensive numerical study of the scattering
and transport properties of the PBRM model at criticality
in the presence of the three symmetry classes, orthogonal,
unitary, and symplectic, has been presented. For the sake of
completeness, some known results for the orthogonal case
previously studied in the literature have also been reviewed,
while new ones for the unitary (in the periodic model) and
the symplectic cases, which had remained unexplored in the
context of the PBRM models, are reported. Surprisingly, the
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results presented confirm that the scattering and transport
properties of the symplectic PBRM model can be well de-
scribed by existing analytical and heuristic relations widely
used in studies of the PBRM model in the presence of the
B = 1 and 2 symmetries. Importantly, for the three symmetry
classes the multifractal properties of the isolated model were
obtained from scattering and transport properties, which is
very convenient from the experimental point of view since
direct access to the eigenfunctions is not required.
Additionally, an analytical result for the transmission dis-
tribution in the presence of the symplectic symmetry with
M = 4 open channels (25), which applies to the symplec-
tic PBRM model at criticality in the metallic regime, was
provided. Also, in this study, the results for 8 =1 are in
accordance with those reported in, for example, Ref. [41].
Moreover, to our knowledge, our results for 8§ = 2 have not
been reported before; only the nonperiodic version of the
PBRM model with broken time-reversal symmetry (8 = 2)
has been studied in Ref. [43]. And the symplectic case, 8 = 4,
has not been reported in neither the periodic nor in the non-

periodic version of the PBRM model so far. Thus, with the
present study a more clear panorama about the scattering and
transport properties of the PBRM model at criticality in the
presence of the three classical Wigner-Dyson symmetries is
given.
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