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A family of what can be so-called Maxwell times which arises in the context of higher-order generalized
hydrodynamics (HOGH; also called mesoscopic hydrothermodynamics) is evidenced. This is done in the
framework of a HOGH built within a statistical formalism in terms of a nonequilibrium statistical ensemble
formalism. It consists in a description in terms of the densities of particles and energy and their fluxes of all
orders, with the motion described by a set of coupled nonlinear integro-differential equations involving them.
These Maxwell times have a fundamental role in determining the type of hydrodynamic motion that the system
would display in the given conditions and constraints. They determine a Maxwell viscous force not present in
the usual hydrodynamic equations, for example, in Navier-Stokes equation.
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I. INTRODUCTION

We present what can be dubbed as a generalization of
Maxwell time [1], which can also be referred to as generalized
Maxwellian relaxation time [2], a family of which is present
in the evolution equations of higher-order hydrodynamics,
also dubbed as mesoscopic hydrothermodynamics (MHT)
[3-6]. Such generalized Maxwell times are associated with
the dampening of densities of particles (molecules in a clas-
sical fluid) or quasiparticles (Bloch-band electrons, harmonic
phonons, magnons, polaritons, etc., in solid-state matter, in
semiconductors for example), and of their energy density,
together with the fluxes of all orders of both.

The origin of Maxwell time goes back to the fundamental
article by Maxwell in 1867 on the dynamical theory of gases
[1], in the section related to viscoelasticity, and which is being
expressed as the quotient of the dynamical viscosity coefficient
with the modulus of rigidity. According to Maxwell, it may
be called the “time of relaxation” of the elastic force. It has
been noticed [2] that, given a fluid subjected to some variable
external forces, which vary periodically in time with frequency
w, when the period 1/w is large compared with Maxwell time
0, i.e., w0 K 1, the fluid under consideration will behave as
an ordinary viscous fluid. If, however, the frequency w is
sufficiently large (so that wf > 1, the fluid will behave as
an amorphous solid.

We present a detailed study of the family of generalized
Maxwell times that arise in a mesoscopic hydrothermodynam-
ics, built upon a nonequilibrium statistical ensemble formalism
(NESEF for short) [7-10], at the classical and quantum-
mechanical levels of higher-order generalized hydrodynamics
(HOGH) described in Refs. [5,6,11,12].

They are evidenced in the equations of evolution of the
densities of particles and energy and their fluxes of all orders
that are at the fundamentals of MHT. We recall that the
dynamical equations for these basic variables are in NESEF,
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the classical (Hamilton) or quantum (Heisenberg) equations
for the corresponding mechanical quantities averaged over the
nonequilibrium statistical state. Therefore, the densities and
each of the fluxes have associated these generalized Maxwell
times, which depend on the microscopic characteristics of
the system (interaction potential, mass, etc.) and on the
temperature (in equilibrium or out of it).

As it has been stated in the Abstract, these generalized
Maxwell times have a fundamental role in determining the type
of hydrodynamic motion that the system would display in the
conditions and constraints that are present, thus determining
the contracted description in MHT to be used, that is, the
one in terms of a reduced number of fluxes up to a certain
order [4]. It may be noticed that a particular generalized
Maxwell time is present in a viscous force that arises in
a generalized Navier-Stokes equation in the framework of
MHT.

In Sec. IT Maxwell times are evidenced in the case of a
classical MHT of a fluid of particles embedded in a thermal
bath, while in Sec. III it is done in the case of a MHT at the
quantum level of a system of phonons in semiconductors, and
in Sec. IV it is done in the case of a MHT at the quantum level
of a system of electrons in doped semiconductors.

II. MAXWELL TIMES IN THE MHT OF
A CLASSICAL FLUID

Construction of HOGH in the framework of a NESEF is
reported in Ref. [5], which provides an approach enabling
for the coupling and simultaneous treatment of the kinetic
and hydrodynamic levels of description. It is based on a
complete thermostatistical approach in terms of the densities
of matter and energy and their fluxes of all orders, as well as on
their direct and cross correlations, covering systems arbitrarily
far removed from equilibrium. The resulting set of coupled
nonlinear integro-differential hydrodynamic equations are the
evolution equations of a Grad-type approach involving the
moments of all orders of the single-particle distribution
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Sfi(x,p; 1), derived from a generalized kinetic equation built
in the framework of a NESEF [13].

The moments of the single-particle distribution function, in
momentum space p, are the hydrodynamic variables

n(r,t) = /d3pf1(r,p;t), )]

which represents the densities of particles, the first flux or
current of particles,

L,(r,t) = /d3pll(P)f1(l‘,P;t), )
where
up) = 2. 3)
m

I, is multiplied by the mass is the momentum density.
Moreover, the second-order flux is

1P, = / & puPl(p) f1(e.p: 1), 4

where ul?! = [uu] is the inner tensorial product of vectors
u, with 7!?! (flux of the flux), a rank-2 tensor, which when
multiplied by the mass is related to the pressure tensor, and

1M, = / d*pu(p) fi(r,p; 1) (5)

are the higher-order fluxes of order ¢ > 3 [the previous three of
Egs. (1), (2) and (4), are those for £ = 0,1 and 2 respectively],
where u'¥l is the £-rank tensor consisting of the inner tensorial
product of £ vectors u of Eq. (3); that is,

u[f](p) — I:BB -+ (£ times) - - - B:| (6)
mm m

This is what can be called the family of hydrodynamical
variables describing the material motion, i.e., the set

{n(.0); Lo {11900}, )

with £ = 2,3, ..., which we call the n-MHT family.

On the other hand, present is the family of hydrodynamical
variables describing the thermal motion, which we call the
h-MHT family, consisting of

2
h(r,r) = fd3P zp;fl (r,p; 1), 3
m
2
L(r,t) = f d’p §3f1(r,p; N, 9)
mm
4 P2
wn= [@p uficpn. 10
m
with £ = 2,3, ..., that is, in compact form, those in the set
{n@et); Lo {1190}, (11)

which are, respectively, the density of energy, its first vectorial
flux (heat current), and the higher-order tensorial fluxes. It
can be noticed that in this case of a parabolic type energy-
momentum dispersion relation, E(p) = p?/2m, the set of
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Eq. (11) is encompassed in the previous one: In fact,
= Mt
h(r,t) = ETr{In (r,0)}, (12)
_m 3]
L(r,n) = ETrz{I,, (r,n}, (13)

where Tr, stands for the contraction of the first two indexes,
and, in general,

1,0 = %Trz{l,?”](r,t)}, (14)

for all the other higher-order fluxes of energy; that is, any flux
of energy of order £ is contained in the flux of matter of order
£+ 2.

Let us consider the equations of evolutions for the basic
macrovariables of the n-MHT family (particle motion), which
for the general flux of order £ (¢ = 0,1,2,...)is

S lwn = [ @ puie) acpn.  as)

Using in Eq. (15) the evolution equations for fi(r,p;?) of
Ref. [13] it follows the general set of coupled equations for the
density, £ = 0, the current, £ = 1, and all the other higher-order
fluxes, £ > 2, acumbersome set of coupled integro-differential
equations reported in Ref. [5]. In those equations the second
term on the right in the one describing, the evolution of the
flux of order /, is the one that contains the Maxwell time 6,
associated with such flux, namely,

00 = Elacol + £t = Db, (16)
with the coefficients a;o and b;; given by
V 4n 4
aro = WdeQQ Jz0(Q), (17)
with
nrMB*n 2/ m
f(@) = S Z W <M+l), (18)

where ¥ (Q) is the Fourier transform of the potential energy
w(|r; —R,]), between the jth particle at position r and the
one in the thermal bath at position R, ny is the density of
particles in the thermal bath, V is the volume, and S, [ 8710,
with Ty being the temperature of the thermal bath, and

a0 [ m -
by = ——(— + 1> ; (19)

where m and M are the mass of the particles and of the particles
in the thermal bath, respectively. According to Egs. (16) and
(19), we can write

0 = —tlawl| 14 2~ (2| o
nt 5 m+M

and it can be noticed that |a.¢| is the reciprocal of the Maxwell
time of the first flux, which is the reciprocal of the relaxation
time of the linear momentum p(r,?), once p(r,?) = mL,(r,z).
Maxwell times of Eq. (16) have their origin from the
collision integral JT(Z)(r,p; t) in the kinetic equation for the
single-particle distribution present in Eq. (A.11) in Appendix
A in Ref. [13]. It arises out of the interaction with the thermal
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bath in the contributions called effective friction force and
diffusion in momentum space.
It follows from Eq. (16) that we can write
-1 -1

0. = E[l + Som T M)(E 1)]9,11 , 21
which tells us that any Maxwell-characteristic time for £ > 2
is proportional to the one of £ = 1, that is, the one for the first
flux, which, as notice above, multiplied by the mass m is the
linear momentum density, and then all are proportional to the
linear momentum relaxation time. On the other hand, we do
have that

Oy L SU+x)+0—1
6,  L+1 5(14+x)+¢

for £ =1,2,3,... and where x = m/M, then the ordered
sequence

) (22)

On, > Oy > Opy -+ >0y, >0, > - (23)

et

is verified, and it can be seen that 6,, — 0 as £ — oo.
Moreover, according to Eq. (21) it follows that

o — 51 +x)
TS+ x) =1

Comparing with the second flux (¢ =2), which is the
one related to the pressure tensor, it follows that for Brow-
nian particles (x > 1) 6,, >~ 6,,/2 and for Lorentz particles
(x k1) 6,, =56, /12. A comparison with the third flux
leads to the results that 6,, >~ 6,,/3 and 6,, >~ 56,,/21 for
the Brownian and Lorentz particles, respectively. For any ¢ we
do have, approximately,

(1) for the Brownian particle (m/M > 1)

9}1[
O, = 7 (25)

(2) for the Lorentz particle (m/M < 1)

5
911@ x~ in )
4+ o)

or 6, =~ 56,, /¢* for large ¢.

According to Eq. (22), as the order of the flux largely
increases, its Maxwell characteristic time approaches zero,
and 6,,,,/6,, = 1, with both practically null. Figure 1 displays
the ratio of some Maxwell-characteristic times with the one of
the linear momentum in terms of the ratio m /M.

We emphasized that the hierarchy shown in Eq. (23)
evidences the important fact of the ever-decreasing value of the
Maxwell times with the increasing order of the fluxes. This is
quite relevant for the question of how to introduce a contracted
description (i.e., keeping a reduced number of fluxes) for
characterizing the particular type of hydrodynamic motion
(diffusion, damped waves, etc.) that the system displays, as
shown later on.

(24)

(26)

III. MAXWELL TIMES IN THERMAL TRANSPORT

In this section we concentrate attention on the evolution of
the thermal quantities

{h(e,0); L, {17 @0} ) (27)
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FIG. 1. The quotient between Maxwell-characteristic times and
the one of the first flux as a function of x = m/M.

with £ = 2,3, ..., thatis, the density of energy and its fluxes of
all orders given in Egs. (8) to (10). Their evolution equations
are

D= [@pl i o, )
ar " 2m gl T

in which we need to introduce the kinetic equation for
the single particle fi(r,p;t), which is given in Ref. [13].
Performing the lengthy calculations involved, we finally arrive
at the general evolution equations (¢ = 0,1,2, ...) reported in
Ref. [5], in which

3
El,i“(r,t) + v 1w )

4
= Fenl*wn = oL Fanl ™~ wn]

s=1

4
+6,' L0 +a Y o[V 0]

s=1
+2(L + Dan V- [ @) + S, (29)

and present is the reciprocal of the Maxwell time 6, associated
with the £th-order flux of energy given by

0, = €+ Dlaco| + [£7 + 5 + Dllbeal.  (30)
Taking into account that
br1| = ;Iarol, (€29)
5(1 + x)
it follows that Maxwell times have the property that
Ohs 5+2)(1+x)+ 45+ 1)

= <1, (32
Oh, SU+DA+x)+E+1)2+50+2)

for £ =0,1,2,3,..., and where x =m/M. The ordered
sequence

Ony > Oy > Op, > Oy > -+ >0y, > Op,, > -+ (33)
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is verified in an analogous condition on the Maxwell times
associated to the particle motion. It may be noticed that for
large £,6, goes as £72, i.e., going to zero as £ — oo.

For the Brownian particle (x > 1) the ratio in Eq. (32)
tends asymptotically to (€ 4 2)/(€ + 3), while for Lorentz
particles (x <« 1) the ratio tends to [£?+ 5(2¢+ 3)]/
[(€ 4+ D2+ 522+ 5)]. Considering that the Maxwell time of
the first flux of matter, 6,,, is |a,0|’1 [cf. Eq. (20)], we can
establish the relation between it and the Maxwell time for the
energy

1+x
O = — 6, , 34
T 3 (34)

which tells us that 6, < 6,,. For a Brownian particle 6, =
6,,/2, and for a Lorentz particle 6, = 6,, /3. Moreover, for
general £ we have that

_ 51 4+ x)
TSI+ x)+ 25+ 1)

O, 0. (35)

Therefore, recalling that the first flux of matter multiplied
by the particle mass is the linear momentum density, as a
general rule we can state that the energy relaxation time is
smaller than momentum relaxation time. As already noticed at
the end of the previous section, the hierarchy shown in Eq. (33)
is quite relevant for choosing the contracted description to be
used.

We proceed next to consider the case of a MHT at
a quantum-mechanical level for the cases of phonons and
electrons in semiconductors.

IV. MAXWELL TIMES IN MHT OF PHONONS
IN SEMICONDUCTORS

We consider a system of longitudinal acoustic LA phonons
in a semiconductor in anharmonic interaction with the ac-
companying transverse acoustic TA phonons. The sample is
in contact with a thermostat at temperature 7y. An external
pumping source drives the LA-phonon system out of equilib-
rium. The system is characterized at the microscopic level by
the Hamiltonian

H = Hos + Hop + Hsp + Hsp, (36)
which consists of the Hamiltonian of the free LA phonons
Hos = ) _hoglajaq +1/2), (37)
q

where wyq is the frequency dispersion relation and the sum on
q runs over the Brillouin zone, and the one of the TA phonons,
which we call the thermal bath in which the LA phonons are
embedded, given by

Hop =Y hQq(blbg + 1/2), (38)
q

where g is the frequency dispersion relation; aj, (aq) and bL
(bq) are the corresponding creation (annihilation) operators in
mode q.
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Moreover, the interaction of the LA phonons with the
thermal bath is given by

Hsp =Y Myqaqhf, b’y +He., (39)
k.q

where we have retained the only process that contributes to the
kinetic equations (LA < TA 4 TA) and we have neglected non-
linear contributions; M q accounts for the coupling strengths.
Finally, Hyp is the interaction energy operator for the phonons
and an external pumping source, to be specified in each case.

At the macroscopic level (the nonequilibrium thermody-
namic state) NESEF requires first to specify the basic variables
that are to be used to characterize the nonequilibrium ensemble
[7-10]. A priori, when the system is initially driven away from
equilibrium, it is necessary to include all the observables of the
system that is attained introducing many-particle dynamical
operators [14,15]; in the present case it suffices to take only
the single-phonon dynamical operators 4 q = a; +Q2%4—Q/2
in the second-quantization representation in reciprocal space.
The two-phonon dynamical operator and higher-order ones can
be ignored because of Bogoliubov’s principle of correlation
weakening [15]. Moreover, it would be necessary to also
include the amplitudes ajl and aq because their eigenstates
are the coherent states [16] and the phonon pairs [17]: Both
are disregarded because they are of no practical relevance for
the problem considered here. Another basic microdynamical
variable that needs to be incorporated is the energy of the bath,
and then the NESEF-basic set is composed of

{Dq» Dq.Q> Hos), (40)
where we have separated out the so-called populations, Dq =

ajlaq, from those with Q # 0, which are related to the change
in space of the populations (they are also called coherences
[18]).

Therefore, for the present case the nonequilibrium statisti-
cal operator is

1

. nd o,
Qé(z)zexp{—S(r,O)Jr / dt'e! f>d—5(z/,ﬂ—z)},

s t
41)

where

8(1,0) = —In p(z,0)
=)+ Y Fy()aja,
q

+ Z F‘lQ(t)ajﬁQ/z“qu/z + BoHop, (42)
qQ#0
St — 1) = e~ DRI ) DA/iR (43)

Hyp is given in Eq. (38), ¢(¢), which ensures the normalization
of ¢ and g, plays the role of a logarithm of a nonequilibrium
partition function Z(¢), and By = 1/(kpTp).

The average values of the microdynamical variables in set
(40) over the nonequilibrium ensemble provide the variables
that characterize the nonequilibrium macroscopic state of the
system, which we indicate by

{Vq(t), VqQ(t), EB}? (44)
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and the nonequilibrium thermodynamic variables conjugated
to them are

{Fq(0), FyQ(1), fo}- (45)

Going over to direct space (antitransforming Fourier in
variable Q), we obtain the space and crystalline momentum-
dependent distribution function vg(r,?), in terms of which
is built the phonon higher-order generalized hydrothermody-
namics, which consists of two families of hydrodynamical
variables, namely, the one associated with the quasiparticles
(the phonons) motion (we call it the n family),

{n(,0), Lx,0), {1}9(c.0}}, (46)
where ¢ =2,3,..., and n(r,t) stands for the number of
phonons at time ¢ in position r, namely,

n(r,1) =Y vg(r,0), (47)
q
the first flux of this quantity
L(r,t) = Z V q@q Vq(T,1), (48)
q
and the higher-order fluxes
e, =" ul@) vy(r,0), (49)
q

with £ = 2,3, ..., defining the ¢-order flux ({-rank tensor),
where

ul(q) = [Vqwq - - - € times - - - Vqwq] (50)

is a £-rank tensor consisting of the tensorial inner product of ¢
times the group velocity of the g-mode phonon, V qawy.

On the other hand, we do have the family associated with
the energy motion (heat transport, and we call it the & family)

{h(e,0), Lo, {170} ), (51)
where
h(r,) =Y figvg(r.t). (52)
L (r,t) = Z;;quqwq vg(1,1), (53)
L, = ihwqum(q) vg(T,1), (54)
q

which are, respectively, the energy density, its first (vectorial)
flux, and the higher-order (¢ = 2,3, ...) tensorial fluxes at time
t in position r.
Consequently, the hydrodynamic equations of motion

(evolution equations for the quantities above) are

a 0

i _ () —

Sy = Xq:K,, (@ vg(r,0), (55)
where, for p = n, K!9(q) = u''(q) and for p = h, K} (q) =
ha)qu[z](q), recalling that £ = O corresponds to the densities,

£ =1 to the vectorial fluxes, and ¢ > 2 to the higher-order
fluxes.
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Evidently, all the evolution equations in Eq. (55) are
determined by the unique equation of motion for the single-
phonon distribution function vg(r,?). It follows from the
evolution equation, which results in taking the average over the
nonequilibrium ensemble of the quantum-mechanical Heisen-
berg equation of motion for the microdynamical variable

.\Aqu = a:; +Q/24q—q/2 (for practical convenience it is calculated
in reciprocal space); that is,

%Vq,Q(f) = Tr{%[ﬁqQ’H]Qs(t) X QB}, (56)
where o.(¢) is the nonequilibrium statistical operator of
Eq. (41) and gp is the canonical statistical distribution of
the thermal bath (the TA phonons) at the temperature 7.
Performing such average is extremely difficult and then it is
necessary to resort to the introduction of a practical nonlinear
quantum kinetic theory [7-10,19,20], which, for the present
case, can be used in the approximation consisting in retaining
in the collision integral contributions up to second order in the
interaction strength (Markovian approximation [9,19,21]). In
that approximation it follows, after going over to direct space,
a generalization of the so-called Peierls-Boltzmann equation
given by [22-24]

9
qu(r,t) = =V - V@qug(r.1) — T [vg(r.1) — vg]

 Tgs(rt), (57)

where Jys contains the effect of the presence of external
sources, to be specified in each particular case, and

0 1

V) = —————
4 ebliog — ]

is the distribution in equilibrium,

g = wq + Pq, (58)
with
P 14+ vfA+0IA
Py=5 Myl o— (59)
h . Qpyq + QR — g
which is the so-called self-energy correction, and
T
Ty = = Z | Mig)*(1 + v + vty
Kk
X 8(Qiq + 2 — 0g) + Ty (60)

plays the role of the reciprocal of a relaxation time per mode,
say Ty ! (towards the equilibrium distribution), where

TA __ 1

W= e 61)

is the distribution in equilibrium at temperature 7y of the TA
phonons. In Eq. (60) we have written explicitly the known
contribution due to the anharmonic interaction, and in a
Mathiessen rule [25] also indicated in Fq is the sum of
the inverse of the relaxation times due to the presence of
impurities, imperfections, boundary conditions, etc.
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Using Eq. (57) in Eq. (55), we obtain for the set of evolution
equations that

3
Ell[f](r,t) =Y {KM(@I-V - Vyioqlvg(r.1)
q

—Tq [vgr.0) =]} + I (62)

for both families of sets (46) and (51), p =n and p = h,
respectively. A closure for the set of these equations must
be introduced, that is, to express vq(r,t), which appears on
the right-hand side in terms of the hydrodynamic variables
in the sets of Eqgs. (46) and (51). First, it can be noticed
that Eq. (62) involves an enormous set of coupled nonlinear
integro-differential equations; i.e., both densities together
with their fluxes of all orders are coupled through all these
equations. To proceed further it is necessary to introduce a
contraction of description, that is to say, to reduce the number
of variables to be used, as described elsewhere [9,10,26].
Moreover, the two families in the sets of Egs. (46) and (51) are
coupled by cross terms that account for thermostriction effects.
In cases where these effects are not particularly relevant they
can be disregarded and we obtain two independent sets of
evolution equations, one for the n family and the other for the
h family.

Admitting that the just-mentioned conditions are well
satisfied, we introduce a contracted description of first order
and proceed to analyze the evolution equations for the energy
density and its first flux. The resulting equations are [24]

0
gh(r,t) + V- 1(r,t)
=a OV -1, (r,0) — 0, (Oh(r,1) + Jps(r,1), (63)

9 2]
Elh(r,t) + V.- L7 (x,1)

= (1) - Vh(r,t) — 07 (O (x,0) + Jis(r,0), (64)

where
ar(t) =Y hwgar(q.t) - VqPy, (65)
q
b (6) =Y hwgan(@.0[V Py : Vo, (66)
q

ap(q,1) = hwqvg([1 + vg(1)]

-1
X[Z(ha)q)zvq(t)[l-l-vq(t)]} . (67)
q
a;(q.1) = hwgug(D[1 + vqm]:Z(hwq)zvq(t)
q

-1
x [1+uq(r)][vqwq-vqwq]} Vqwq, (68)

where Pq and I'q are given in Eqgs. (59) and (60), and

(69)
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with Fy of Eq. (45); we recall that

Q. = Zha’q[vqquqwq]“q()(t)’ (70)
q

and Jj5 and J; are the contributions due to the coupling with
the external sources that are present, which are to be specified
in each case being considered.

Finally,
0, (1) =" wi(q.Oly, (1)
q
and
07 (1) =" wi(q.nly, (72)
q
with
man= gy 0
wi Q1) = (g vg(1 +vq) |V qogl? )

Zq,(ha)q/)zvq/(l + l)q/) |Vq/a)q/|2 ’

which have the property of normalization; that is, it is verified
that

D wi@n) =1, (75)
q

and

Z wi(q,1) = 1. (76)
q

Equations (71) and (72) define the reciprocal of Maxwell
times associated with energy and its first flux, respectively,
in this MHT of order 1. We can see that each Maxwell time
follows a kind of Mathiessen rule: Its inverse is a superposition
of the reciprocal of the relaxation times of each mode
Ty ! = I'y, multiplied by a weighting function w(q,?). Because
of the normalization condition [Eqgs. (75) and (76)], each
w(q,t) can be considered as the probability at each time ¢
of the contribution of the mode-relaxation time 4.

In a Debye model (wq = sq, where s is the sound velocity)
both Maxwell times are equal, i.e.,

Zq(SQ)ZVq(l +v9)lq
Zq(SQ)zvq(l + Vq) '

0, (t)=6,"1t) = (77

and we recall that ¢ < gpebye-

Taking into account that |V qwq| 2 s for small values of ¢
and that |V wq| < s for intermediate to large values of g, we
can estimate that, in general, 6, > 6,. It is conjectured that we
would do have a hierarchy,

Op >0 >0, >,

quite similar to the case of the classical fluid of previous
sections.
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V. MAXWELL TIMES IN MHT OF ELECTRONS
IN SEMICONDUCTORS

We consider the case of a n-doped polar semiconductor, e.g.,
n-GaAs or n-GaN, whose Hamiltonian quantum-mechanical
operator is

I:I = ﬁOe + ﬁeph + ﬁOph + ﬁe(pv (78)

where ﬁog is the Hamiltonian of the carriers (a concentration
no of electrons in conduction band) taken in the effective
mass approximation, with energy dispersion relation ex =
h2k2/2m*. ﬁeph is the Hamiltonian of the interactions of
carriers and optical and acoustical phonons: We consider in
this case of polar semiconductors only the polar (Frohlich)
interaction with LO phonons, which is by far the predominant
process of relaxation of the carriers to the lattice. 1:10ph is the
Hamiltonian of the free LO phonons. H,, accounts for the
interaction of the carriers with external pumping sources. We
assume that the LO phonons remain in equilibrium with an
external thermal reservoir at temperature Ty. The polarization
effects (due the Coulomb interaction) modifying the mean-
field potential of the band states is not included; that is, we
disregard the contribution from the plasmon states.

Indicating by ck(cl) the creation and annihilation operators
in band states k (we omit the spin index), as in the case
of phonons in the previous section we introduce as basic
microdynamical variables for the corresponding NESEF the
quantities

{fiQ = ¢} o2k—0q/2: Hopnl- (79)

For O =0, iix = clck is the operator occupation number
in state K, and the others with Q # 0 account for variations
in space. For the LO phonons we have taken ﬁgph once, as
said; we consider them in constant equilibrium at temperature
Ty and therefore described by a canonical distribution. Hence,
the statistical operator in NESEF of the electrons is

t

0c(1) = exp {—S(t,O) + /

—00

dr' e D8 1 — z)}, (80)

where

S(t1,t) = —Ind(t1,1)

=¢t) + Z [Fk(ll)flk(fz) + Z FkQ(tl)ﬁkQ(tZ)i|’
K Q40
(81)

where we recall that ¢ ensures the normalization of both g and
Oc, and Fy and Fyq are the nonequilibrium thermodynamic
variables conjugated to the basic ones, 7k and 7ikg (Q # 0). In
Eq. (81) #; refers to the evolution in time of the nonequilibrium
thermodynamic variables and ¢, to the evolution in time of the
dynamical variables (Heisenberg representation).

Following the formalism we proceed to the derivation of
the kinetic equation for the variable

niQ(1) = Tr{fkgo. (1)} (82)

In the Markovian approximation, after a calculation in
reciprocal space and next going over to direct space, it follows
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for

Aty =Y mg()e’ (83)
Q

that

) .
)+ £ Vi - Vefidr)
2
= 25 Y ICH (0 + Wficq(r0L1 = fir0)
q

— () fi(r, D1 — firq(r,0)1}8(eksq — €k —Nivg)

2
= 25 Y 1C I ®) + DAL = fig(r0)
q

—vg(®) fuq(,D[1 — fi(r,0)]}d(ex—q — €k +hiwg)}
+ Jsk(r,1), (84)

where Cq is the matrix element of the Frohlich electron-
LO-phonon interaction, wq the frequency dispersion relation
of the LO phonons (we recall that ek :hzkz/Zm*), Jsk the
interaction with external sources to be specified in each case,
and vy is the population of the LO phonons in equilibrium at
temperature 7Tj.

As in previous sections, we introduce the hydrothermody-
namic variables

1@, =Y K Adr.n), (85)
k
hk hk
K9k) = [—* .- £ times - - - —*], (86)
m m
k2
Kk = —K!(k), (87)
2m*

corresponding to the families of particle motion (p = n) and
energy motion (p = h). The evolution equations are evidently
given by

9 9
UGS Xk: K, 00— fil(r,1). (88)

In what follows, for better visualization, we restrict the
analysis to a description of order 2 of the heat transport,
introducing the reduced set of basic variables consisting of

{h(r,0); Ly(r,0); Iin(r,0)}, (89)
where
h2k?
h(r.t) = ; 5o i), (90)
hk
L,(r,f) = ij — f(rD), 1)

and we separate the second-order flux /. ;EZ] (r,t) in the trace part
and the remaining traceless part, which is neglected. The trace
of 1% is

Rk \?
IMHEDY (m—> Adr,p). (92)

k

022104-7



RODRIGUES, SILVA, RAMOS, AND LUZZI

The auxiliary statistical operator is then given by

8(,0) = exp {—¢(t,0) — Y IFQ.DAQ)
Q

+(ph(Q’I) : Ih(Qrt) + FhZ(Q’t)IhZ(Q)]}7 (93)

which follows from Eq. (81) after taking, to be consistent with
the contraction introduced, that

21,2 272

Fr(Q,0) +

Fo(t) =
ka(?) 2m* 2m*

ik - 9,(Q.1)

ik \2
+ <—*> Fix(Q,1). (94)
m

The equations of evolution for these hydrothermodynamic
variables in the absence of external sources are

d
S A ==V L. - 0y 'h(r,1) — apl(r,1),  (95)

9

S0 = =V — 0, T(r.0), (96)
31;,2(1-,0 —_ 9y CLy(r,1) — ash(r,t) — 07 (r,1) .
ot m* B lia

o7

The expression for the trace of the divergence of the third-
order flux in terms of the basic macrovariables, namely,

(v - 1P} = quﬁV (1) + ah(rr),  (98)

was obtained resorting to Heims-Jaynes perturbation expan-
sion for averages [27] around the homogeneous state, where

1

ay = m7 (99)
and it has been used that
Ju(t) = dnolmh?B(1)/2m* P2 x e EBOR - (100)

meaning that we have considered the carriers’ system as being
in a nondegenerate statistical state, i.e., in which it is verified
that nQA%T <« 1, where Apr is de Broglie thermal wavelength

in nonequilibrium, namely, Apr(t) = VE2B(t)/m*, ng is the
density of carriers, and

B(@) (101)

~ kg T*(1)
with T* being the nonequilibrium temperature (quasitempera-
ture) of the electrons, and in Eq. (81), making the identification
2,2

F () =
k(1) Y

B(@), (102)
and it has been used that ny = 10'® cm= and T, = 300 K.

In Eqgs. (95) to (97) are present the Maxwell times 6y, 6,
and 6,,,, associated with the energy, its vectorial (first) flux
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(current of heat), and the second flux, respectively. They are
given by

_ 14 _
0, = 6% g (103)
0! = 2 0! = 355%—‘, (104)
I ™ 5> Th 2557 0
1 1 14
-1 2n—1 3_-—1
0, = 2—85 0, = TR (105)
where
hw,
& = Phoy = kBTO* (106)

is the ratio of the LO phonons quantum of energy (in the
dispersionless Einstein model) to the nonequilibrium kinetic
energy of the electrons, and

1 | 8wy e
—_ = %(@EO)ﬂULOkO(Z)’
70 97‘[me

is the inverse of the momentum relaxation time resulting
from Frohlich interaction [28], where Kk is a Bessel function
and z = Bliwy, wy is the dispersionless frequency of LO
phonons (Einstein model, whichis 5.6 x 10'3 s~! or ~37 meV
in GaAs), eEy = mjezhwo(l/eoo — 1/60)/h2 is the so-called
electric force for electrons in Frohlich potential (which is
1.07 x 1078 erg/cm in GaAs), and we recall that |Cq|? [cf.
Eq. (84)] has the expression |Cqy|> = (27h*/ Vm*q®)eEo [28].
Comparison of momentum and energy relaxation times in
[-nitrides is reported in Ref. [29].

In numerical calculations were used the parameters corre-
sponding to GaAs given in Table I, and we recall that the dis-
tribution function of electrons of Eq. (100) was approximated
by a Maxwell-Boltzmann distribution, which is possible, as
already noticed, in the statistically nondegeneratelike limit,
namely, when it is satisfied that nOA%T <« 1, where Apt =
h//m*kgT*(t) is the thermal de Broglie wavelength.

Accordingly, it follows that the comparison of the three
values follows from

(107)

0, 25kgT*
Th - 22 = 12.5¢, (108)
0}, 2 ha)o

0 kpT*\?

T _og( 22 = 28&2, (109)

9h Fla)o
0,, 56kgT*

e _ = 2.24¢, 110
6, 25 hawo 5 (110)

and, therefore, their hierarchy depends on the ratio & =
hwo/kpgT*, that is, on the ratio of the energy of LO-phonon

TABLE 1. Parameters characteristic of GaAs.

Parameter Value
Electron effective mass [30], m* 0.067m,
LO-phonon energy [30], Ziw, 37.0 meV
Static dielectric constant [31], & 12.91
Optical dielectric constant [31], 4 10.91
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TABLE II. Numerical values of Maxwell times for GaAs.

T* (K) & O, (ps) Oy, (ps) Oy, (ps) 61, /0,  O1,/6k
300 1.43 0.08 0.72 1.13 9.0 14.1
400 1.07 0.20 2.34 4.88 11.7 24.4
500 0.86 0.40 5.84 15.24 14.6 38.1
600 0.72 0.71 12.37 38.73 17.4 54.5
700 0.61 1.15 23.38 85.36 20.3 74.2
800 0.54 1.74 40.60 169.4 23.3 97.3
900 0.48 2.52 66.13 319.5 26.2 132.2
1000 0.43 3.52 102.4 534.0 20.1 151.7

modes to the nonequilibrium thermal kinetic energy of the
carriers. Numerical values of the three Maxwell times for
several values of the carriers’ quasitemperature are given
in Table II and plotted in Fig. 2. It can be noticed that
these Maxwell times are on the order of picoseconds to
femtoseconds.

In the case of GaAs we do have that iwy = 37 meV and
then (7, in Kelvin)

0
I~ 0.03T
On
andthen6,, /0, < 1forT* < 34Kand6,, /6, > 1forT) 2 34
K. On the other hand,

O, ~ 1.5 x 1074(T})?
On
and then 0;,,/6, < 1 for T < 81 Kand#6,,/0, > 1 for T} >
81 K. We stress that T is the carriers’ quasitemperature, that is,
the nonequilibrium temperature which is a measure in degrees
Kelvin of their nonequilibrium energy [32].

It may be noticed that at such temperatures the nondegen-
erate distribution used for the electrons may be of dubious
validity. In Table II we present the values of the three Maxwell
times for carriers’ temperature of 300 K and up, and it is
verified that, in fact, 6, < 6;, < 6;,,, presenting an inverse
ordering than in all the previous cases here considered. We
conjecture that it is a consequence that in the expression for
the reciprocal of Maxwell times are enhanced the contributions

180 N
160
140 -
120
100 -
80
60 4
40
204

=
PN T TR N R N

Maxwell Times (ps)
<

|

T T T
500 600 700 800

T, (K)

T
300 400

FIG. 2. Maxwell characteristic times: 6,0, ,0,,-
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of the states with low crystalline momentum, particularly
the contribution of Frohlich potential. Finally it may be
noticed that high electron quasitemperature 7," results from
the application of moderate to high electric fields [33,34].

VI. CONCLUDING REMARKS

In the framework of mesoscopic hydrothermodynamics
applied to the study of the hydrodynamic motion of a
classical molecular fluid and of the “fluids” of phonons
and carriers in intrinsic and doped semiconductors, we have
characterized the so-called Maxwell times, or better to say
generalizations of Maxwell original proposal [1] as described
in the Introduction. These Maxwell times are associated with
the fluxes of all orders present in MHT (fluxes of particles—or
quasiparticles—and of heat). A complete characterization
is obtained in the case of a classical fluid (of molecules,
polymers, etc.), presented in Secs. II and III. Therefore, the
quite important result is that they satisfy a hierarchy showing
that they are increasingly diminishing as the order of the fluxes
increases. This allows for establishing criteria for the choice
of the contraction of description to be used in each case.

In other words, to introduce an appropriate—for each
case—contraction of description: This contraction implies
retaining the information considered as relevant for the
problem at hand and disregarding irrelevant information [35].

Elsewhere [26] has been discussed the question of the
contraction of description (reduction of the dimensions of the
nonequilibrium thermodynamic space of states), where a crite-
rion for justifying the different levels of contraction is derived:
It depends on the range of wavelengths and frequencies which
are relevant for the characterization, in terms of normal modes,
of the hydrothermodynamic motion in the nonequilibrium
open system. It can be shown that the truncation criterion
rests on the characteristics of the hydrodynamic motion that
develops under the given experimental procedure.

Inclusion of higher and higher-order fluxes implies de-
scribing a motion involving increasing Knudsen numbers per
hydrodynamic mode, that is, governed by smaller and smaller
wavelengths—Ilarger and larger wave numbers—accompanied
by higher and higher frequencies. In a qualitative manner, we
can say that, as a general “rule of thumb,” the criterion indicates
that a more and more restricted contraction can be used when
the prevalent wavelengths in the motion are larger and larger.
It should be taken into account that application of the theory
is dubious when involving wavelengths smaller than, say, ten
times the mean separation distance between the molecules
in a classical fluid or tens of lattice parameters in a crystal.
Therefore, in simpler words, when the motion becomes more
and more smooth in space and time the more reduced can
be the dimension of the space of basic macrovariables to be
used for the description of the nonequilibrium thermodynamic
state of the system. A general criterion for contraction can be
conjectured; namely, a contraction of order r (meaning keeping
the densities and their fluxes up to order r) can be introduced
once we can show that in the spectrum of wavelengths,
which characterize the motion, predominate those larger than
a “frontier” one, )\(2” i) = v%6,6,,1, where v is of the order
of the thermal velocity and 6, and 6, the corresponding
Maxwell times associated with the r and r 4 1 order fluxes.
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Section IV was devoted to the characterization of Maxwell
times in the thermal motion of phonons in intrinsic semicon-
ductors. We showed the interesting results that the Maxwell
times have an expression for their inverse in the form of a
weighted Mathiessen-like rule involving the inverse of the
relaxation times of all phonon modes. We can say that it
is expected once the hydrodynamic motion is a collective
one composed of the contribution of all the phonon modes.
As in the previous case, Maxwell times follow a hierarchy
involving ever-decreasing values as the order of the fluxes
increases.

Finally, in Sec. V, for the case of doped polar semicon-
ductors, the Maxwell times associated with the hydrodynamic
motion of the electrons in Bloch bands have been obtained.
They are mainly determined by the presence of the polar
Frohlich interaction between electrons and phonons, and they

PHYSICAL REVIEW E 95, 022104 (2017)

follow a hierarchy of values, which is dependent on the ratio
of the phonon energy 7wy with the electron thermal (kinetic)
energy kg T*(¢): It implies in a series of decreasing values as
long as the quasitemperature of the “hot” electrons is higher
than the Einstein temperature of the phonons.
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