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Weakly incoherent regime of interlayer conductivity in a magnetic field
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We investigate the electronic conductivity in layered metals in magnetic field in the “weakly incoherent” limit,
when the interlayer transfer integral is smaller than the Landau-level separation and broadening by impurities,
but the interlayer electron tunneling conserves the intralayer momentum. It is shown that the impurity potential
has much stronger effect in this regime, than in the quasi-two-dimensional metals in the coherent limit. The
weakly incoherent regime has several unique qualitative features, missed in the previous theoretical approaches.
The background interlayer magnetoresistance in this regime monotonically grows with the increase of magnetic
field perpendicular to the conducting layers. The Dingle temperature increases with magnetic field, which
damps the magnetic quantum oscillations and changes the field dependence of their amplitudes. The angular
magnetoresistance oscillations become much smoother, and the positions of magnetoresistance maxima at the
Yamaji angles slightly shift. The monotonic part of the angular dependence of magnetoresistance also considerably

changes in the weakly incoherent regime.
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I. INTRODUCTION

The crossover between coherent and incoherent elec-
tron transport in layered metals attracts great attention,
both theoretical'® and experimental,®'# for its influence on
the properties of high-temperature cuprate superconductors,
organic metals, heterostructures, and many other layered
materials. This crossover can be driven by temperature 7T,
volume impurity concentration n;, and external magnetic
field B = (By,B,,B;). In the magnetic field this crossover
in conductivity is very pronounced because it qualitatively
changes the magnetoresistance behavior.

The electronic conductivity in the magnetic field is widely
used to investigate the electronic structure of various metals.
In strongly anisotropic quasi-two-dimensional (quasi-2D)
layered metals, when the interlayer transfer integral f, is
much smaller than the Fermi energy Ep, the influence of
magnetic field on conductivity has many specific features.
One has to separate several different regimes of interlayer
magnetotransport, depending on the ratios of three energy
parameters: the interlayer transfer integral ¢, the inverse mean
free time I'g = /1 /27y due to the impurity scattering, and the
Landau-level (LL) separation fiw., where w, = eB,/m*c is
the cyclotron frequency.

When the interlayer transfer integral is larger than the LL
separation and Iy, t, > max{hw,,['o} , the three-dimensional
(3D) electronic dispersion is well defined and given in the
tight-binding approximation by

esp(K) ~ e(k,,ky) — 2t cos(k.d), €))]

where €(ky,k,) is the in-plane electron dispersion and d is
the interlayer spacing. Then the classical magnetoresistance
shows the angular Yamaji oscillations,'>'® which are used
to determine the in-plane Fermi momentum. The magnetic
quantum oscillations (MQO) of interlayer conductivity in this
case have beats of amplitude,!” and these beats are shifted
with respect to the beats of MQO of magnetization or of
the other thermodynamic quantities.'®2° The slow oscillations
also appear in the interlayer conductivity, which can be used to
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separate the contributions of different scattering mechanisms
to the electron mean free time.*-?!

When the interlayer transfer integral is smaller than the
LL separation, f, < hw,, the beats of MQO disappear. This
limit happens in strong fields in very anisotropic metals. If the
interlayer transfer integral is still larger than the LL broadening
I, t, > T, the dispersion (1) survives, and the MQO can be
described by the “coherent” theory in Refs. 18-24. Note that
the LL broadening I is larger than I'y in strongly anisotropic
metals [see Eq. (20) below].

In the very anisotropic limit, when the interlayer transfer
integral is the smallest parameter, ¢, < hw,,I", the traditional
3D approach fails to describe the interlayer magnetoresistance.
For example, in this limit, the experimentally observed
interlayer magnetoresistance grows with the increase of
the out-of-plane magnetic field not only in the maxima,
but also in the minima of MQO (see, e.g., Refs. 9, 25,
and 26). The angular dependence of magnetoresistance also
has many unusual features in this regime.>!> This change
of the magnetoresistance behavior when the magnetic-field
strength or the impurity concentration increase was called
the “coherence-to-incoherence crossover.” It was observed
in various compounds®'# and has attracted considerable
theoretical attention."'% The term “weakly incoherent” has
been introduced' to separate this regime from the coherent 3D
limit#, > hw,,["y, and from the completely incoherent regime,
where the electron tunneling to the adjacent layers does not
conserve the in-plane electron momentum. The completely
incoherent interlayer electron tunneling happens when it goes
via the resonance impurities,z’7’8 due to the interaction with
phonons®? and in some other models.

The theory of weakly incoherent magnetoresistance in
Ref. 1 is based on the phenomenological Green’s function

[see Eq. (53) of Ref. 1], which is equivalent to
“Ij,?fk}v,_,' (x27y2)“p2,ki‘,,_,' (x1,51)

e—¢e, — il

GR(rira,j.e) =)

n,ky

@

Here j is the number of conducting layer, related to the
z coordinate as z = jd. The LL number n and the momentum
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component k, form the complete set of quantum numbers of
the 2D electrons in magnetic field with free-electron dispersion

en = hwe(n + 1/2). A3)

In magnetic field B = (B,,0,B;) (we may choose B, =0
without loss of generality because the in-plane dispersion is
uniform) the electromagnetic potential in the Landau gauge is
A = (zBy,x B, — zB,,0). Then the 2D electron wave functions
are

W, g () = W (x — I [ky + jd /15, ]) e, @)
where
exp ( — xz/ZIﬁ,z)Hn(x/lHZ)
(m13,) " 202 /nt

H,(x/ly;) is the Hermite polynomial and, for brevity, we
introduced the notation of magnetic length components /5, =
Jhe/eB, and ly, = /hc/eB;.

In the Green’s function in Eq. (2) the impurity scattering
produces only the imaginary part of the self-energy i "y, which
is independent of the quantum numbers {n,k,,j} and of the
magnetic-field strength B. This approximation is incorrect in
the weakly incoherent regime, as will be shown in Sec. II
below. Therefore, the main conclusion of Ref. 1, that the
interlayer conductivity in the weakly incoherent regime does
not differ from the coherent 3D regime, is also incorrect.
Below we will show that both the angular and magnetic-field
dependence of interlayer magnetoresistance in the weakly
incoherent regime differs from that in the 3D coherent limit.

The Green’s function in Eq. (2) is inapplicable to describe
the MQO even in the coherent limit, because the MQO of
the electron density of state (DOS) at the Fermi level lead to
similar oscillations of the electron self-energy, which must be
taken into account in the theory of MQO.!?2%22-2% Tn metals
with well-defined 3D electron dispersion given by Eq. (1)
with t, > ho,,I", one can apply the Born approximation. This
gives the imaginary part I of the electron self-energy to be
proportional to the DOS, i.e. it oscillates around the field- and
energy-independent value I'y:

[' =T'(e) = I'o[l + p(e, B)/pol. (6)

where p(e) and pg are the electron DOS with and without
magnetic field. The electron Green’s function of the form

W2 (et

W, (x) = (5)

Go(rira.je)= )

n.ky .k,

(N

with T'(¢) from Eq. (6), has been substituted to the Kubo
formula in the calculation of MQO of interlayer conductivity
0, in quasi-2D metals in Refs. 19, 20, and 22-24. Equations
(6) and (7) can only be applied to the metals with well-defined
3D electron dispersion, as in Eq. (1) at #, > hw,,[¢. In this
case the beats of MQO must be observed, as in Refs. 18-21.
However, the Born approximation and Egs. (6) and (7) are
inapplicable to the very anisotropic almost 2D case, when
t, < hw.,I'y. Therefore, the conclusions of Refs. 22-24 about
the field dependence of interlayer magnetoresistance in the
nearly 2D limit ¢, < hw,,['g are incorrect. In this limit, in

& — eap(n,ky) + 21, cos(k.d) — iT'(e)’
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addition to the oscillating field dependence in Eq. (6), the LL
broadening I" has a strong monotonic field dependence [see
Eq. (20) below], which changes both the angular and field
dependence of interlayer magnetoresistance.

The completely incoherent variable-range hopping mech-
anism of the interlayer magnetotransport, which does
not conserve the in-plane electron momentum during the
interlayer hopping, has also been suggested® to explain
the exponential growth in interlayer magnetoresistance with
decreasing temperature. However, all these approaches cannot
explain the monotonic increase of magnetoresistance with
increasing B in the minima of MQO, observed in 8”-(BEDT-
TTF),SFsCH,CF,S0;.%10

Below we reexamine the calculation of interlayer conduc-
tivity in the weakly incoherent limit iw,. > 'y > #,. We argue
that Egs. (2), (6), and (7) do not hold in this limit, and we
derive the different formula for the electron Green’s function.
Then we calculate the interlayer conductivity with the obtained
Green'’s function, which gives the considerably different result
as compared to the coherent theory in Refs. 1 and 18-24. This
explains several unique qualitative features of MQO and of the
angular dependence of interlayer magnetoresistance observed
in the weakly incoherent limit.

II. THE MODEL

The electron Hamiltonian in layered compounds with small
interlayer coupling consists of the three terms

H=Hy+ H + H,. (8)

The first term Hy is the 2D free-electron Hamiltonian summed
over all layers:

i +
Hy = Z em(m)c,, Cm,js

m,j

where {m} is the set of quantum numbers of electrons in
magnetic field on a 2D conducting layer, eyp(m) is the
corresponding free-electron dispersion given by Eq. (3), and
¢l (cyy) are the electron creation (annihilation) operators in
the state {m}. The second term in Eq. (8) gives the coherent
electron tunneling between two adjacent layers:

FI, =2t, Z/dx dy[‘lf;(x,y)\llj,l(x,y)
J

+W )W y)], ©)

where W;(x,y) and lI/;(x, y) are the creation (annihilation)
operators of an electron on the layer j at the point (x,y) .
We call this interlayer tunneling Hamiltonian “coherent”
because it conserves the in-layer coordinate dependence of
the electron wave function (in other words, it conserves the
in-plane electron momentum) after the interlayer tunneling.
The last term

A =Y Vi) (10)

is the impurity potential. The impurities are taken to be
pointlike and randomly distributed on the layers. The impurity
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distributions on any two adjacent layers are uncorrelated. The
potential V;(r) of any impurity located at point r; is given by

Vi(r) = U8 (r — ry). (11)

In the 3D limit, when the interlayer transfer integral 7,
is much larger than the electron level broadening I' due
to the impurity scattering, the impurity potential H; can
be considered as the small perturbation for the electrons
with dispersion (1). In the Born approximation this gives
I' = wn;U?p(EF), in agreement with Eq. (6), where n; is
the volume impurity concentration, and p(EFr) is the DOS at
the Fermi level. This leads to the standard theory of magnetic
quantum oscillations in quasi-2D metals.'”?° In the opposite
limit, t, < I',hw,, the interlayer hopping ¢, must be considered
as a perturbation for the disordered uncoupled stack of 2D
metallic layers, where Eq. (6) is no longer valid.?’-3?

The 2D metallic electron system in magnetic field in the
pointlike impurity potential has been extensively studied.?’-?
The pointlike impurity potential leads to the broadening of
the LLs, which is described by the DOS distribution function
D(E). Since each LL without disorder is strongly degenerate,
even a weak impurity potential lifts this degeneracy and leads
to considerable broadening of the LLs. The electron Green’s
functions acquire a cut instead of the pole as in Eq. (2).
In the self-consistent single-site approximation®’ the Green’s
function is given by

G(rirye) =Y Wl (W), (r)Glen),  (12)
n,ky

where

E+ E,(1 —c;) — /(E— E))(E — E)
2EE,

and the DOS D(E)=(—1/7n)ImGgr(E) on each LL is
described by the domelike function®’

E—FE\)E,— E
D(E)=J( 1(E> ), (14)
2 |E|E,
where the electron energy E is counted from the last occupied
LL, E = & — exp(n,ky), and

G(E,n) =

. (13)

E, = Vo/2nl3,.

Here Vo = U|¥(z;)|> &~ U/d is the 2D analog of the strength
U of the pointlike impurity potential

Vilx,y) = Vod(x — xi)8(y — i), s5)

and ¥ (z) is the out-of-plane electron wave function. The
boundaries of the DOS dome in Eq. (14) are

E\ = EJ(Joi — 1%, Ey=E,(Jei+1?  (16)

where c; is the ratio of the 2D impurity concentration, N; =
nid, to the 2D DOS on one LL, Ny = 1/27l},:

¢i = Ni/Niy = 2nl3, nid. (17)

The function D(E) in Eq. (14) is nonzero in the interval 0 <
E| < E < E, and normalized to unity: [ D(E)dE = 1. The
LL broadening is

Tp = (Ey — E1)/2 = 2E,/c « V/B. (18)
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The ratio

ry  2Voymd/2wly. oy fuNijd

To  amU2p(Er)  7wnU2p(Er)
2 niU%p(E pho, 4o, (19)
- amU%p(Ep) | 7T

grows as +/B in high magnetic field. Equations (18) and (19)
give the correct asymptote for the LL broadening in a strong
magnetic field. In a weak magnetic field, when iw, < Ty, the
mean scattering time tp related to level broadening as I'p =
h/2tp, and entering the Drude formula, does not depend on
the value of magnetic field along the conductivity: T3 = 79.%*
To get the correct asymptotic behavior for I'p both in strong
magnetic field and at B = 0, one can take the simple function

Iy ~ Tol(@hw. /7Ty + 1114, (20)

More realistic models of the finite-range impurity potential,
and a more accurate calculation of the DOS, including the
many-site corrections, lead only to the small tails of the DOS
dome.283%33 The number of electron states in these tails is
much less than the number of states in the DOS dome and
can be neglected. However, to take these tails into account
and to simplify the subsequent calculation, one can take the
Lorentzian DOS distribution with the same broadening:

r Im GRr(E
DEy~ ——r . IMGRE) )
m(E?+T})
Combining Egs. (12), (A1), and (21), we obtain
WO ()WY, (r1)
G(rirae) =y T 22)

e—¢e,—il'p
n,ky

This Green’s function will be used in the next section to
calculate the interlayer conductivity.

III. CALCULATION OF CONDUCTIVITY

The interlayer conductivity o, associated with the Hamil-
tonian (9), can be calculated using the Kubo formula
and the formalism, developed for the metal-insulator-metal
junctions.® In analogy to Eq. (44) of Ref. 1,

0., = eztzzd /d2rd2r’
“ 7 RLL,

X /d—gA(r,r’,j,E)A(r’,r,jJr1,8)[—n’p(8)]>,
2
(23)

where the electron spectral functions

A(r’r/’jvg) = i[GA(rvr/vjr‘?) - GR(r,r/,j,S)], (24)

245129-3



P. D. GRIGORIEV

and the advanced (retarded) Green’s functions G a(g)(r,r’, j,&)
on each layer j include the interaction with impurities. The
product of two spectral functions in Eq. (23) is rewritten as

= A@r,r,j,e)A(r ,r,j + 1,8)
= Ga(r,r',j,e)Gr(r',r,j + Le) (25)
+Gr(r,r',j,e)Ga(r',r,j + 1,€)
—2Re Gr(r.r',j.e)Gr(r',r.j + 1.6),
In addition to the terms with the product of Green’s functions
G AGpg, the expression for conductivity also contains the
term —Re GrGpg, which becomes important when MQO
are considered.”’??> Equation (46) in Ref. 1 and subsequent
formulas, where this term is omitted, can be applied only when
MQO are disregarded. In a strong magnetic field, especially in
the layered metals, on the contrary, the MQO are very strong.
The angular brackets in Eq. (23) mean averaging over
impurity configurations. Since the impurity distributions on
each layer are uncorrelated with other layers, one can
perform this averaging separately for each spectral function
independently,*® which gives

e’t2d 2
0, =—— | drd'r
hL L,
d{;‘ A / . !
X /_Zn (A(r,r', j,e))(A(r',r,j + 1,&))[—np(e)].
(26)

The averaged Green’s (or spectral) functions are translational
invariant: (Gg(r,r’,j,e)) = (Gr(r — r',j,e)).

If the magnetic field is tilted by angle 8 with respect
to the normal to the conducting planes, B = (B,,0,B;) =
(Bsin6,0,B cosf), the Green’s functions on two adjacent
layers acquire the phase shift [see Eq. (49) of Ref. 1]

Gr(r,r',j+ 1,e)
= Ggr(r,r',j,e)explie[A(r) — A(F)I/R},  (27)
where
A(r) = —yB,d = —yBdsinf.
Substituting Eq. (27) into Eq. (25) we obtain
1 =2Ga(r,r',j,e)Ggr(r',r,j,e)cos{e[A(r) —
_2Re[GR(r5r/5j’8)GR(r/7r7j78)
x exp{—ie[A(r) — A(r')]/h}] (28)

2e*t2d de
= hz fdzrfg[—n}(s)]

x {|(GR(r,e))|2cos (eByd sine) (29)

h
ieByd sin 9)j| } .
h

— Re [(GR(r,s))zexp(

A(r")]/h}

and

The term in the third line of Eq. (29) is absent in Eq. (50)
of Ref. 1. This term mostly affects the MQO of interlayer
conductivity.
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In the magnetic field perpendicular to the conducting layers

2e212d
/ / [ () (Grre))

—Re(Gg(r.,e))?] (30)

The integration over r for the Green’s function of the form
(12) is very simple and gives

2¢212d N d
o = 2L / i[—n;(w];[ucﬂs,n»ﬁ

—Re(Gg(e,n))?]. @31

With the approximate Green’s function, given by Eq. (22),

Eq. (31) becomes

ZeztszLL / [—n'-(e)]2T%
[(6 — e + T3]

The sum and integral in Eq. (32) is calculated in a standard
way, transforming the sum over LL into the harmonic sum by
applying the Poisson summation formula,?’

3 fny = Z/ ST fydn,  (33)

n=n k=—00

Oy = (32)

Z

where a € (ng — 1;ng). Then, performing the integrations, we
obtain

it 2 (ikp — |k|Tg)
oc = 00(B) Y (1) exp[h—B]
k=—00 We
2k’ T /ho, 27 |k|Tp
X — ; (34)
sinh(2km 2T /hw,) haw,
where
et?vpd
B)= 2 , 35
oo(B) AT (35)

vr = Ny /ho, is the DOS at the Fermi level in the absence of
magnetic field. Equation (34) outwardly resembles Egs. (17)—
(21) of Ref. 22, derived in the Born approximation in the
limit of well-defined 3D electron dispersion. It also resembles
Egs. (12) and(15) of Ref. 19 and Egs. (10) and(15) of Ref. 20
in the limiting case of 7, — 0. However, there is an important
difference between Egs. (34) and (35) and the previous results,
which comes out because Eqs. (34) and (35) are derived beyond
the traditionally used Born approximation. This difference
consists in the replacement of the field-independent quantities
I'g and I, by I'p, which has the strong monotonic dependence
on magnetic field given by Eq. (20).

Let us now compare how strongly the field dependence of
interlayer conductivity given by Eqs. (34) and (35) differs
from the previous results [see, e.g., Egs. (17— (21) of
Ref. 22]. In Fig. 1 we compare the field dependence of
magnetoresistance R,.(B) = 1/o;, calculated using Eq. (34)
with T'p given by Eq. (20) (solid blue line, corresponding
to the result obtained) and with 'y = I'y (dashed red line,
corresponding to Ref. 22). The strong difference is evident.
First, the interlayer magnetoresistance shows the monotonic
growth with the increase of magnetic field, directed along
conductivity and perpendicular to the conducting layers. This
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Rz2(B)/ Rz,(0)

8k

1

5 10

(a)

FIG. 1. (Color online) The MQO of resistivity R,.(B) = 1/0,,
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Rz2(B)/R(0)

calculated using Eq. (34) with I'p given by Eq. (20) (solid blue line) and

with 'y = I'y, which corresponds to Ref. 22 (dashed red line). The parameters used to plot (a) are m* = 1.45m,, ' = 0.58 K,and T = 1 K.

The parameters in(b) are m* = m,, ' = 1K,and T = 0.6 K.

monotonic growth is observed in all experiments on interlayer
magnetoresistance in strongly anisotropic metals (see, e.g.,
Refs. 21 and 25) but, to the best of our knowledge, was not
explained before and therefore was not used to extract any
information about the compounds. Equations (20) and (35)
allow to use this dependence for an alternative estimate of
the LL broadening I'(B) from the experimental data. Second,
the result obtained in Egs. (34) and (20) takes into account the
magnetic-field dependence of the Dingle temperature, which
leads to the weaker field dependence of the MQO amplitude
and predicts a smaller amplitude of the MQO as compared to
the result of Refs. 22 and 23. This difference is most clearly
illustrated in Fig. 1(b).

The angular dependence of interlayer magnetoresistance is
also considerably modified by the replacement 'y — I'p. In
tilted magnetic field the calculation of the integral in Eq. (29),
performed in Ref. 1, can be applied with the different magnetic-
field-dependent value I' 5 instead of I'g, which gives [compare
to Eq. (1) of Ref. 1]

B S S PR
0. = 0o(B,) { [Jo(i)] +2§—1 oo | (36)

where k = kpd tan6 is the same as in Ref. 1, but oy(B;) and
tp acquire the field and angular dependence: oy(B;) is given
by Eq. (35) and

T3 = 13(B;) =h/2T'p = 19(I'o/ I'p). 37

In the high magnetic field w.tr > 1 and in the weakly
incoherent limit ¢, < I'p, 09(B;) o< tp & 1/+/B cosf.

There are two main differences between the obtained
angular dependence of magnetoresistance, given by Eq. (36),
and that given by Eq. (1) of Ref. 1. First, the sharp peaks
of magnetoresistance at the Yamaji angles become smoother
in the obtained formula. This change is due to the higher
harmonics [J,(«)]* in angular magnetoresistance oscillations
(AMROs), which are less damped in Eq. (36) as compared
to Eq. (1) in Ref. 1 because of the smaller value of tp =
10(To/ T') o< 1/4/B;. These higher harmonics also slightly
shift the positions of the Yamayji angles. Second, the monotonic
part of the angular dependence of magnetoresistance changes

because of the additional angular dependence of the prefactor
oo(B;) given by Eq. (35), which in a strong field o<1 /+/ B cos 6.

To illustrate these differences, in Figs. 2 and 3 we plot
the angular dependence of conductivity o,(6) and of magne-
toresistance R,.(0) = 1/0,,(0) given by Eq. (36) with 75 =
n/2T g = 79(T'g/ ') (solid blue line) and 75 = 79 (dotted
red line). For simplicity, we take the axially symmetric case,
i.e., the symmetric in-plane electron dispersion. One can see
that in the minima of conductivity, i.e., at the Yamaji angles,
the replacement 19 — tp is very important. The predicted
value of conductivity at the Yamaji angles with 75 given by
Eq. (37) is much larger than with 73 = 7 [see Figs. 2(a) and
3(a)]. This difference grows with the increase of magnetic
field. It is even more evident on the resistivity plots in
Figs. 2(b) and 3(b). The maxima of magnetoresistance, given
by Eq. (36), are much lower than according to Ref. 1. The
positions of the conductivity minima, i.e., the Yamaji angles,
also slightly shift after the replacement ry) — 75 in Eq. (36)
(see Figs. 2 and 3). For the first Yamaji angle at B=3 T
this shift Afy,, ~ 1° [see Fig. 2(a)]. The angular-dependent
prefactor oo(B;) in Eq. (36) considerably changes the ratio
0,0 =1 /2)/0,,(6 = 0), which, according to Egs. (35) and
(36), becomes larger by the factor I'g/ 'y [see Eq. (19) and
Figs. 2 and 3].

IV. DISCUSSION

Let us formulate the main difference of the present approach
to the calculation of interlayer conductivity in the weakly
incoherent regime as compared to the previous methods,
developed in Refs. 19, 20, and 22-24 to calculate the MQO
of conductivity. In these papers the impurity potential is
considered as a small perturbation on the background of a free-
electron gas with well-defined 3D electron dispersion given by
Eq. (1). Hence, the impurity scattering was taken into account
only by the imaginary part of the electron self-energy given
by Eq. (6), which was calculated in the Born approximation.
The impurities are treated even less accurately in Ref. 1, where
the constant electron mean free time has been used to include
the interaction with impurities. The Born approximation can
be applied only in the 3D coherent limit, when the interlayer
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- 0(deg)

FIG. 2. (Color online) The angular dependence of conductivity o,.(6)/0,,(0) (a) and of magnetoresistance R,,(0)/R;;(0) (b), calculated
using Eq. (36) with 7 given by Eq. (37) (solid blue line) and with tz = 74 (dotted red line). The parameters for this plot are kpd = 4, m* = m,,

B =3T,Ty=1K, which gives w.t ~ 1.74.

transfer integral is much larger than the LL broadening. In the
weakly incoherent regime, when ¢, < [',hw,, this is incorrect,
because for a 2D electron system in magnetic field the impurity
potential has a much stronger effect than in 3D. Qualitatively,
in a 3D electron system the electrons after scattering by an
impurity move away in the interlayer direction and never
return to this impurity. Therefore, this impurity only leads
to single scattering of this electron into some other state,
which is well described by the Born approximation or even
by a constant electron mean free time 7y, or, equivalently, by
the constant imaginary part 'y of the electron self-energy.
In a 2D electron system in magnetic field, after scattering
the electrons return to the same impurity after the cyclotron
period. Therefore, the impurity has a permanent influence on
the electron state, considerably shifting the electron energy and
modifying the electron states. Hence, in the weakly incoherent
regime, when ¢, < I',hiw,, the interlayer hopping term (9)
in the Hamiltonian (8), rather the impurity potential (10),
must be considered as a small perturbation. Therefore, to
calculate the interlayer conductivity, we start from the stack
of isolated 2D disordered conducting layers in the magnetic
field, where the effect of the impurity potential is considered
much more accurately, at least in the self-consistent single-site

AR )
WSttt .
L o Ve wey L el L e

S (deg)

(a) -50 0 50

(“noncrossing”) approximation. This allows us to go beyond
the Born approximation, incorrectly applied in Refs. 22-24.
Then we substitute the obtained electron Green’s functions
to the Kubo formula for the tunneling conductivity between
adjacent conducting layers, which does not require the 3D
electron dispersion. The effect of impurities in the final results
turned out to be much stronger than in the previous approaches.
Phenomenologically, this difference can be taken into account
by the replacement of the initial level broadening I'y in Eq. (2)
by the larger value given by Eq. (20).

One can also obtain Eq. (22) with the value of I given by
Eqg. (20) using the alternative arguments. The physical origin
of large DOS broadening in Eq. (14) is not the finite lifetime
T of electron states, which is mathematically described by
the imaginary part of the self-energy Im ¥ = I'y =7 /27, as
in the 3D limit. On the 2D layers the LL broadening comes
from the energy shift of each electron state, which is described
by the state-dependent real part of the electron self-energy
Re X. The averaging of the electron Green’s function in
Eq. (2) over the impurity configurations is independent on each
conducting layer, since the impurity distribution is assumed
to be uncorrelated. Then, the coordinate part of the Green’s
function remains of the form (2) with the bare electron wave

R
LI

- 6 (deg)

(lb)‘ ‘ ‘—50‘

FIG. 3. (Color online) The same as in Fig. 2 but at a higher magnetic field value B = 15 T, which corresponds to w.t = 8.7.
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functions in the numerator [see Eq. (12) and the Appendix], but
the denominator acquires the real part of electron self-energy,
which is distributed with the DOS function D(E):

<G(])e(rlar27j78)>

0 0
_ / dED(E)Y By 2320 ¥, 0120,
—e— E—-ho(n+1/2)—i0

The angle brackets indicate averaging over impurity con-
figurations. Substituting the approximate Lorentzian DOS
distribution, given by Eq. (21), one can easily perform the
integration over E and obtain

\Ij,?jkky,j(-x27y2)\ljy?,ky,j(xlayl)
e —hw.n+1/2)—ily

<G%(r1,r2,j,8)) ~ Z (38)

n,ky

This Green’s function is equivalent to Eq. (22) and differs
from Eq. (2) by the increase of the imaginary self-energy part,
'y — g, with I'p given by Eq. (20).

The proposed analysis considers only the limiting case
I's > t, , when I'p is given by Egs. (18) or (20), but it is not
accurate for the intermediate case t, ~ I'p, where the crossover
from the coherent to the weakly incoherent regime takes place.
The phenomenological formula (20) gives only a qualitative
dependence I'g(B;) in this region. The crossover from the
coherent to the weakly incoherent regime may be driven by
the disorder (impurity concentration) or by magnetic field B,.
The latter happens because, with the increase of the magnetic
field, the effective LL broadening I's also increases [see
Eq. (18)] and at some crossover field B, ~ tzzmjc/ Coen it
becomes greater than the interlayer transfer integral z,. To
calculate the exact value B, of the crossover field and to
describe the behavior of interlayer conductivity in this region,
one needs to calculate the electron Green’s function in layered
metals with impurities and the magnetic field in the crossover
region t, ~ I'p. This is an interesting and still an open
problem.

Above, we did not study the MQO in a tilted magnetic
field. The second term in the curly braces in Eq. (29) does not
contribute to the background magnetoresistance, but it affects
the MQO. This term amplifies the MQO by the last factor
in Eq. (34) and modifies the angular dependence of the MQO
amplitude. The latter is a fine effect, which is harder to measure
because the angular dependence of the MQO amplitude is also
affected by the Zeeman splitting and by possible magnetic
ordering.

If the normalized pointlike impurity concentration ¢; < 1,
the Nip — N; electron states on each LL left degenerate, and
besides the DOS dome the sharp §(E) term in the DOS
survives.?? However, as has been shown in Ref. 32, the
numerous weak defects and the impurities, situated far from
the conducting layers, are important for the lifting of the LL
degeneracy in all layered materials. For an achievable magnetic
field even in the pulsed magnets B < 100 T, Iy, > 25 A.
Therefore, the typical normalized impurity concentration is
greater than unity, ¢; > 1, and one can use the one-maximum
DOS distribution as in Eq. (14).

The oscillations of the chemical potential, which
appear to be strong in the artificial layered compounds
as heterostructures®® and are also observed in some other
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materials,” may considerably affect the MQO of thermody-
namic and transport quantities.**! For example, they may lead
to the mixing of the MQO frequencies even in the de Haas—van
Alphen effect.* However, in the natural layered compound,
even in the extremely anisotropic almost 2D layered system
as B”-(BEDT-TTF),SFsCH,CF,SOs3, the oscillations of the
chemical potential turned out to be negligibly small, as
was experimentally confirmed by analyzing the shape of the
magnetization oscillations.*> This shape turned out to be the
same as in the 2D theory of magnetization oscillations with a
fixed chemical potential (see Fig. 3 of Ref. 42). In anisotropic
3D metals such as beryllium, where the magnetic quantum
oscillations are very strong, the oscillations of the chemical
potential are also damped by more than ten times.* The
absence of the chemical potential oscillations was explained
by the observation of the MQO of the sample volume, which
leads to oscillations of the electron concentration and cancels
the oscillations of the chemical potential.** The observation
of a strong MQO of the metallic sample volume is not
surprising, because the delocalized electrons give the main
contribution to the modulus of elasticity of metals.** The
role of this magnetostriction on the damping of the MQO of
the chemical potential is somewhat analogous to the electron
reservoir, which can be simply included in the theory of
MQO.?>*! The main result of the present paper, that the
monotonic field dependence of the LL broadening strongly
affects the magnetic field and angular dependence of the
interlayer magnetoresistance, is not sensitive to the oscillations
of the chemical potential.

The electron-electron interaction, neglected in the above
calculations, is more important in the layered, strongly
anisotropic compounds than in usual 3D metals and may mod-
ify the quantitative behavior of magnetoresistance. For exam-
ple, the superconducting fluctuations may considerably change
the properties of cuprate high-temperature superconductors
even above the superconducting transition temperature.* The
quantum corrections to conductivity are small, but may also
become detectable when the magnetic field is tilted toward
the conducting plane.*® However, all these effects are much
weaker than the gross qualitative effects obtained in the present
work.

The term “weakly incoherent transport” was introduced
in Ref. 1, where this limit was treated incorrectly because
of neglecting the magnetic-field dependence of the electron
self-energy part 'y in the in-plane Green’s function. A
similar mistake has been made in later theoretical papers,
considering this limit.>>?* Nevertheless, the term weakly
incoherent became widely used both in the experimental and
theoretical works (see, e.g., Refs. 8, 12, 23, 24, and 46).
Strictly speaking, the term weakly incoherent is not exact,
because the Hamiltonian of the model in Eq. (8) contains
the tunneling term given by Eq. (9), which conserves the
in-plane electron momentum. This Hamiltonian does not
contain any additional coherence-breaking terms as compared
to the standard “coherent” theory. The only difference is the
extreme anisotropy. The more accurate term for this regime
of interlayer transport would be ‘“extremely anisotropic,”
“conditionally coherent,” or “weakly coherent.” However, we
keep the original term weakly incoherent to avoid confusion
and to emphasize the relation with previous publications.

245129-7



P. D. GRIGORIEV

In Sec. III we have shown that the weakly incoherent
regime strongly differs from the coherent limit. It also differs
from the completely incoherent limit, where the different
mechanisms of the interlayer electron transport, including
that via resonance impurities®”® and the hopping conductivity
between completely localized states,® play an important role.
One difference of the weakly incoherent regime from the
completely incoherent one is that the AMROs are not damped,
being almost of the same amplitude as in the coherent
regime. Only the higher harmonics in AMROs increase,
making the AMRO maxima less pronounced [see Figs. 2(b)
and 3(b)]. The second difference is that the temperature
dependence of conductivity in the weakly incoherent regime
is the same as in the coherent limit (usually metallic), while
the temperature dependence of the hopping conductivity®
is exponential. Therefore, the weakly incoherent regime of
interlayer magnetotransport is a separate regime, which should
be distinguished from the coherent and completely incoherent
limits.

V. SUMMARY

We reexamine theoretically the conducting properties
of layered metals in the so-called weakly incoherent
regime, when the interlayer transfer integral ¢, is much less than
the Landau-level separation 7w, and broadening I' due to the
interaction with impurities. The angular and field dependence
of interlayer conductivity in this regime is calculated. We
obtain that both these effects in the weakly incoherent limit
considerably differ from the coherent regime. This contradicts
previous theoretical results."?> The background interlayer
conductivity o,, decreases with the increase of magnetic field
B, according to Eq. (35), with ['p approximately given by
Eq. (20), while in the standard coherent theory?? it remains
constant (see Fig. 1). The Dingle temperature of MQO also
increases with magnetic field «I"p, which modifies the field
dependence of the MQO amplitude [see Fig. 1(b) for an
illustration). Meanwhile, in the weakly incoherent regime the
angular oscillations of background magnetoresistance are not
damped as in the completely incoherent mechanisms of the
interlayer electron transport, considered, e.g., in Refs. 2-8.
However, the angular dependence of interlayer magnetoresis-
tance in the weakly incoherent regime, given by Eqgs. (36) and
(37), considerably differs from that in the standard coherent
theory*” and from the dependence obtained in Refs. 1 for the
same weakly incoherent regime [see Figs. 2 and 3 and the dis-
cussion after Eqs. (36) and (37)]. This difference includes both
the monotonic and oscillating parts of the angular dependence
of magnetoresistance. Phenomenologically, the differences
between the coherent and weakly incoherent regimes can be
taken into account by the replacement of the electron mean free
time 1y by the different value 75 ~ 7y/[(8w,.To/ 7)> 4+ 11"*in
all formulas for the field and angular dependence of interlayer
magnetoresistance.
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FIG. 4. The first diagram for the electron self-energy with the
intersection of the impurity lines.

APPENDIX: THE IN-PLANE ELECTRON GREEN’S
FUNCTION IN THE IMPURITY POTENTIAL

Consider the noninteracting 2D electron gas in the potential
of randomly distributed pointlike impurity, as given in Eq. (15).
The peculiarity of the 2D electron gas in a strong magnetic field
in the presence of impurities is that the Born approximation
of the scattering amplitude on each impurity is insufficient to
describe the system. Physically, this means that an electron
scatters many times by one impurity, because in the magnetic
field the electrons periodically return to the same point after
passing along the cyclotron orbit. In the 3D case, the diagram
in Fig. 4 with the intersections of impurity lines is small by the
parameter n; /n,, where n; and n, are the volume impurity and
electron concentrations. In the 2D case in the magnetic field
there is no general proof that the diagrams with intersections
of impurity lines are small. However, the calculations of the
DOS in Refs. 28, 30, and 33 show that these diagrams only
lead to the small tails of the DOS. Therefore, in our calculation
of interlayer conductivity we keep only the diagrams without
intersections of impurity lines.

Now we prove by the method of mathematical induction
that, if one neglects the diagrams with the intersection of
impurity lines, the electron Green’s function, averaged over
impurity configurations, has the form of Eq. (12) with

G(e,n) =1/[e — &y — Xn(e)]. (AD)

The energy ¢, of the nth LL is given by Eq. (3), and the
electron wave functions \11,9‘ r,(r) by Eq. (4). The self-energy
part X, (¢) for the nth LL must be determined self-consistently,
and is given by the set of diagrams shown in Fig. 5. In the self-
consistent single-site (noncrossing) approximation the self-
energy part is

E—-E,(—-c) V(E—E\)(E,—E)
2 2 )

The restriction given by Eq. (12) is nontrivial because G(e,n)
does not depend on k.

Without impurities, i.e., in the zeroth order of mathematical
induction, Eq. (12) holds by definition. Assume it holds for
an arbitrary number N of impurities in the electron Green’s

Xa(e) =

« (0%
X

A A
/N /]
L

XO(

|

| \
Y=+ vt

FIG. 5. The set of diagrams for the irreducible self-energy,
corresponding to the self-consistent single-site approximation. The
double solid line symbolizes the exact electron Green’s function.
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function G y(r1,r;,&). When we add one more impurity center,
the Green’s function G y+1(r,r2,¢€) is given by

GN+1(r1’r278) = /drot GN(rlarot’8)GN(ra’r298)2(89r0l)’
(A2)

where X(¢) is given by the set of diagrams in Fig. 5, with
the double line standing for Gy(ry,r,,e). Performing the

\Ijo*k (72)\1"0](‘(71)
GN+1(rl7r2a8) = Z Lo oo

n,ky
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integration over k, in Eq. (12), we find

NiL
e —& — Znae)

GN(FaTa:e) =)

n

Therefore, X(e,r,) = X(¢), and substituting Eq. (12) into
Eq. (A2) and integrating over r,, we obtain

W )WY (1) Pl )W g, ()

et U : d(x
8_8n_2N,n(8)+C/ " Z

n,k

Ci 2(8)

Z € — &y — Znw(€) SR

’ !
n ,ky

q",?jkky (’"2)\1",(,),/9V (r)

& — &y — Znn(e)

ly,?jkky(h)\p,?,ky(rl) > (

- Z & — &, — Znn(e) Z

n.k, j=0

where

£ — &y — zN,noe)) =2 € —& — Zns1a(8)

(A3)

n,ky

ZNJrl,n(g) = 2:N,n(g) + Ci2(8)~

Equation (A3) has the form (12), which proves our statement.
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