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Anisotropy of Microwave Conductivity in the Superconducting 
and Normal States of YBa2Cu3O7 – x: 3D–2D Crossover
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The imaginary parts of microwave conductivity σ'' (T < Tc) and resistivity ρ(T) = 1/σ(T > Tc) along (  and
ρab) and across (  and ρc) the cuprate ab planes of a YBa2Cu3O7 – x crystal with the oxygen doping level x
varying from 0.07 to 0.47 were measured in the temperature range 5 ≤ T ≤ 200 K. In the superconducting state,
the (T)/ (0) and (T)/ (0) curves coincide for an optimally doped (x = 0.07) crystal, but, with an
increase in x, the slopes of the (T)/ (0) curves decrease noticeably at T < Tc/3, on the background of small
changes happening to the (T)/ (0) curves. The two-dimensional (2D) transport along the ab planes in
the normal state of YBa2Cu3O7 – x is always metallic, but there is a crossover (at x = 0.07) from the Drude to
hopping (at x > 0.07) conductivity along the c axis. This is confirmed both by the estimates of the lowest metal-
lic and the highest tunneling conductivities along the c axis and by quantitative comparison of the measured
ρc(T) curves with the curves calculated in the polaron model of quasiparticle transport along the c axis. © 2003
MAIK “Nauka/Interperiodica”.
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In recent years, growing interest has been shown in
the evolution of transport properties of high-tempera-
ture superconductors (HTSCs) upon changing the level
of doping with oxygen and other substitutional impuri-
ties or, in other words, upon changing the hole concen-
trations p per one copper atom in the CuO2 plane. The
p value and the superconducting transition temperature
Tc in HTSC are related by the empirical formula [1] Tc =
Tc, max[1 – 82.6(p – 0.16)2].

A narrow region in the phase diagram of an opti-
mally doped HTSC (p ≈ 0.16) with maximal critical
temperatures Tc = Tc, max has received most attention. In
the normal state of an optimally doped HTSC, the resis-
tivity ρab(T) in the cuprate ab planes increases linearly
with temperature, ∆ρab(T) ∝  T. The quantity ρab(T) is
much smaller than the resistivity ρc(T) in the perpendic-
ular direction, which also has a metallic character (the
derivatives of ρab(T) and ρc(T) with respect to tempera-
ture are positive). The exception is provided by the
most anisotropic HTSC compound Bi-2212 (the corre-
sponding ratio is ρc/ρab ≈ 105 at p ≈ 0.16), for which the
resistivity ρc(T) increases as T approaches Tc

(dρc(T)/dT < 0). This property of Bi-2212 agrees with
the estimate of the lowest possible metallic conductiv-
ity in the c direction for anisotropic three-dimensional
(3D) Fermi-liquid model [2]:

(1)σc min,
3D ρab/ρcne2d2/h,=
0021-3640/03/7710- $24.00 © 20592
where n ≈ 1021 cm–3 is the carrier concentration, d is the
lattice constant along the c axis, and h is Planck’s con-

stant. In Bi-2212, the conductivity σc = 1/ρc !  at
T = Tc, but, in other optimally doped HTSCs, σc(T) >

(Tc). The conductivity σc, min in Eq. (1) is lower
than the two-dimensional Ioffe–Regel limiting value

σIR = e2kF/h: σc, min ≈ σIRd/a ! σIR (a ≈ 2π/kF is
the lattice constant in the CuO2 plane), whereas
σab, min ≈ σIR [2].

The ratio of the superconducting liquid densities in
the cuprate planes and in the perpendicular direction
serves as a measure of HTSC anisotropy in the super-
conducting state. This ratio equals (0)/ (0) =

/ , where  and  are the imaginary
parts of the corresponding conductivities and λab and λc

are the microwave-field penetration depths for the cur-
rents flowing, respectively, in the ab planes and perpen-
dicularly to them. It is well known that, in high-quality
optimally doped HTSC single crystals, ∆λab(T) ∝  T at
T < Tc/3, and this experimental fact suggests a 

symmetry of the order parameter in them [3]. There is
no agreement in the literature about the low-tempera-
ture behavior of ∆λc(T). Both the linear dependence
∆λc(T) ∝  T at T < Tc/3 [4–6] and the quadratic depen-
dence [7] have been observed for the most studied
YBa2Cu3O6.95 (Tc ≈ 93 K) single crystals.
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Annealing temperatures, doping parameters, and characteristics of the superconducting and normal states of YBa2Cu3O7 – x

Annealing 
temperature

T, °C

Critical
temperature

Tc, °C

Doping parameters λ values at T = 0 ∆λc(T) ∝  Tα

α
λc/λab

at T = 0 at T = 200 Kp x λab, nm λc, µm

500 92 0.15 0.07 152 1.55 1.0 10 11

520 80 0.12 0.26 170 3.0 1.1 18 18

550 70 0.105 0.33 178 5.2 1.2 29 16

600 57 0.092 0.40 190 6.9 1.3 36 16

720 41 0.078 0.47 198 16.3 1.8 83 35

ρc/ρab
A broad region of pseudogap states arising in the
HTSC phase diagram at concentrations p < 0.16 has
been studied to a much lesser extent. It follows from the
measurements of dynamic susceptibility of oriented
HTSC powders at T < Tc [8] that, at T  0, the slopes
of (T)/ (0) for (T)/ (0). The nonmetallic
behavior of resistivity ρc(T) as T approaches Tc, the
deviations from the linear dependence ∆ρab(T) ∝  T, and
a dramatic increase in the ratio ρc/ρab with decreasing
concentration p are common properties of underdoped
HTSCs in their normal state. Although many theoreti-
cal models have been proposed for the explanation of
these properties, none of them describes in full measure
the evolution of the (T), (T), ρab(T), and ρc(T)
curves over a wide range of concentrations and temper-
atures. The transport mechanism along the c axis has
also not been established, and, in particular, it still
remains unclear whether it can be metallic (of the
Drude type) or whether the conductivity for any p is
caused by the quasiparticle tunneling between the
cuprate layers with scattering both within the layers and
between them.

In this work, the anisotropy and evolution of tem-
perature dependences of the conductivity components
of YBa2Cu3O7 – x with oxygen doping in the range
0.07 ≤ x ≤ 0.47 were measured and the measurement
results were analyzed. The crystal was grown in a
BaZrO3 crucible and had a rectilinear shape with sizes
1.6 × 0.4 × 0.1 mm. Measurements were performed at
a frequency ω/2π = 9.4 GHz and temperatures 5 ≤ T ≤
200 K. The oxygen content in the sample changed
through the controlled annealing in air at different tem-
peratures T ≥ 500°C (listed in the table). Measurements
of the conductivity anisotropy were carried out for each
of the five crystal states, in which the superconducting
transition width, according to the susceptibility mea-
surements at a frequency of 100 kHz, was 0.1 K in the
optimally doped (x = 0.07) state and increased with x to
reach 4 K at x = 0.47. The superconducting transition
temperatures were Tc = 92, 80, 70, 57, and 41 K. The
full cycle of microwave studies included (i) measure-
ments of the temperature dependences of the Q value
and the frequency shift for a superconducting niobium
cavity with crystal samples in two, transverse and lon-
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gitudinal, orientations about the microwave magnetic
field; (ii) determination of the surface resistance Rab(T),
reactance Xab(T), and conductivity σab(T) of the cuprate
planes in the normal and superconducting states from
the measurements in the first orientation; and (iii) deter-
mination of σc(T), Xc(T), and Rc(T) using the data
obtained for the longitudinal orientation. The entire
measurement procedure for the optimally doped
YBa2Cu3O6.95 crystal is described in detail in [6]. The
temperature dependences of the components of surface
impedance of YBa2Cu3O7 – x at different x were reported
in our short communication [9].

The (T)/ (0) (light symbols) and

(T)/ (0) (dark symbols) curves at T ≤ Tc are pre-
sented in Fig. 1 for the YBa2Cu3O7 – x crystal in the
states with Tc = 92, 70, and 41 K. The field penetration
depths λab(0) and λc(0) at T = 0 are also given in the
table. The overall temperature behavior of the

(T)/ (0) curves changes only slightly upon vary-
ing p. A distinctive feature of the optimally doped
YBa2Cu3O6.93 state is that the temperature dependences

(T)/ (0) and (T)/ (0) coincide to a good
accuracy. This fact can be rigorously explained only in
the theory of linear response of an anisotropic 3D
superconductor [8]. As p decreases, the (T)/ (0)
dependence at T < Tc/3 becomes noticeably weaker than

(T)/ (0).

The model proposed in [10] is most suitable for a
comparison with the experimental data of our work. In
this model, the following contributions to the quasipar-
ticle transport along the c axis in the superconducting
and normal HTSC states are considered: (a) direct hop-
ping between the cuprate planes and (b) hopping with
inelastic scattering from impurities located between the
planes. The conductivity within the cuprate planes is
assumed to be of the Drude type:

(2)
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where ν2D = m/π"2 is the two-dimensional density of

states per unit area and Dab = τ/2, vF, τ, and n2D =

/2π are the diffusion coefficient, Fermi velocity,
relaxation time, and two-dimensional quasiparticle
density in the ab plane, respectively. The total Hamilto-
nian of the electron system in model [10] is the sum

 of the Hamiltonians of individual (m) CuO2

layers and the interplane Hamiltonian H⊥ , which is

assumed to be small compared to . As a result,

the second-order perturbative quasiparticle transport
between the neighboring weakly bonded layers proves
to be analogous to the tunneling through the SIS junc-
tion at T < Tc and through the NIN junction at T > Tc. In
this case, the ab component of electron momentum is
conserved in process (a) (mirror tunneling) and is not
conserved in process (b) (diffuse tunneling) [11].

The calculations of the anisotropy of the supercon-
ducting HTSC state were carried out in [10] using the
BCS model with a d-symmetry order parameter in the
CuO2 layers. The (T)/ (0) curve numerically cal-
culated with allowance for both processes (a) and (b) is
shown in Fig. 1 by the solid line and the same for

(T)/ (0) is shown by the dashed line. A compari-
son with the experimental data obtained at T < Tc/2 for

v F
2

kF
2

Hmm∑
Hmm∑
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Fig. 1. The (T)/ (0) (light symbols) and

(T)/ (0) (dark symbols) measured curves for three

states of a YBa2Cu3O7 – x crystal with Tc = 92, 70, and 41 K.
The solid and dashed lines correspond, respectively, to the

(T)/ (0) and (T)/ (0) dependences calculated

in [10] for oxygen-deficient YBa2Cu3O7 – x.

σab'' σab''

σc'' σc''

σc'' σc'' σab'' σab''
YBa2Cu3O7 – x with an oxygen deficiency x > 0.07

clearly demonstrates that the slopes of the (T)/ (0)
curves strongly decrease with increasing x, while the

(T)/ (0) curves change only slightly. The fact
that the experimental curves at T > Tc/2 are steeper than
the theoretical ones may be caused by the strong elec-
tron–phonon interaction [3], which was not taken into
account in [10]. The dashed line in Fig. 1 coincides also
with the (T)/ (0) curve calculated in [10] for the
case where there is no diffuse tunneling (b) and the
remaining mirror-tunneling regime (a) along the c axis
becomes identical with the transport along c in an
anisotropic 3D superconductor. This exceptional situa-
tion corresponds to the optimally doped YBa2Cu3O6.93.

The real and imaginary parts of the surface imped-
ance measured for the YBa2Cu3O7 – x crystal at T > Tc

coincided with each other; i.e., Rab(T) = Xab(T) and
Rc(T) = Xc(T) for each x from the table [9]. Because of
this, the resistivities ρab(T) and ρc(T) were derived from
Rab(T) and Rc(T) using the standard formulas for the

normal skin effect: ρab(T) = 2 /ωµ0 and ρc(T) =

2 /ωµ0. The evolution of the ρab(T) and ρc(T)
curves with changing x is shown in Fig. 2 for the tem-
perature range Tc < T ≤ 200 K, and the (ρc/ρab)1/2 values
at T = 200 K are given in the last column of the table.
The ρab(T) and ρc(T) dependences have a metallic char-
acter only in optimally doped YBa2Cu3O6.93, and the
ρc/ρab ratio approximately corresponds to the anisot-
ropy of charge-carrier effective masses mc/mab =

/  in a pure 3D London superconductor, to
which YBa2Cu3O6.93 belongs. In all other YBa2Cu3O7 − x

states with a lower hole concentration, the resistivity
ρc(T) increases with temperature decreasing, demon-
strating the nonmetallic behavior. In Fig. 3, the experi-
mental σc(T) dependences are compared with the

 values calculated by Eq. (1) for three states of
the YBa2Cu3O7 – x crystal: Tc = 92 K (dashed line), Tc =
70 K (dotted line), and Tc = 41 K (dot-and-dash line).
Over the entire temperature interval, the YBa2Cu3O6.93

conductivity along c is the only one that exceeds the

minimal metallic value of .

Thus, it is natural to assume that, as in the case of the
superconducting state of YBa2Cu3O7 – x, a small
decrease in the carrier concentration from its optimal
level in the normal state leads to a crossover from the
3D metallic conduction to the 2D Drude conduction in
the CuO2 layers and tunneling conduction between the
layers (3D–2D crossover). To analyze this assumption,
it is convenient to again use model [10]. If t⊥  is the hop-
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ping matrix element, the quasiparticle conductivity
along c in process (a) will be [10–13]

(3)

where 2τ(t⊥ /")2 is the direct-tunneling rate between the
neighboring CuO2 planes and σab is the conductivity
along these planes (Eq. (2)). In this case, the character-
istic hopping time "/t⊥  appreciably exceeds the in-plane
relaxation time τ [11]: "/t⊥  @ τ. In the reverse limit
"/t⊥  ! τ, the conductivity is of the Drude type in all
directions, as in the case of an anisotropic 3D metal.
The crossover occurs when "/t⊥  ≈ τ. At this point, the
tunneling conductivity along c (Eq. (3)) reaches its

maximum  = 2σIR , which is approxi-

σc
dir 2e2τν 2D

t⊥

"
---- 

 
2

4σab

t⊥ d
"v F

---------- 
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2

,= =

σc max,
dir ρab/ρc

Fig. 2. Evolution of the ρab(T) and ρc(T) dependences mea-
sured for YBa2Cu3O7 – x with differing oxygen content.
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mately equal to the minimal metallic conductivity

 given by Eq. (1). In the case of diffuse quasipar-
ticle tunneling (processes (b)) in model [10], the con-
ductivity along the c axis equals [11, 14]

(4)

where Dc = d2τc is the diffusion coefficient and 1/τc is
the scattering probability between the cuprate planes.

As in the preceding case, we find that  =

σIR  ≈  for τc ≈ τ, and, using Eqs. (2) and
(4), we arrive at the following alternative form of the
criterion for a 3D–2D crossover:

(5)

From Eq. (5) it follows that, at n2D = n/d ≈ 1014 cm–2,
the 3D–2D crossover occurs upon reaching the value
ρcρab ≈ 10–6 (Ω cm)2. Returning to the data in Fig. 2, we
make sure that the product ρcρab & 10–6 (Ω cm)2 only at
x = 0.07, thereby substantiating the applicability of the
anisotropic 3D Fermi-liquid model for explaining the
properties of optimally doped YBa2Cu3O6.93.

Equations (3) and (4) account for the basically dif-
ferent temperature dependences of the conductivity
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Fig. 3. Symbols correspond to the experimental σc(T)
dependences for three YBa2Cu3O7 – x states with Tc = 92,
70, and 41 K. The dashed, dotted, and dot-and-dash lines

are for the corresponding (T) values obtained from

Eq. (1) using the measured ρab(T) and ρc(T) presented in
Fig. 2. The solid line corresponds to σc(T) calculated for
YBa2Cu3O6.67 by the formulas given in [10].

σc min,
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along the c axis at T ≥ Tc; for the direct tunneling,

(T) ∝ σ ab(T) increases with increasing τ(T) as T

approaches Tc, whereas (T) decreases with increas-
ing τc(T). According to model [10], the total conductiv-
ity σc along the c axis is the sum of conductivities
caused by each of the above-mentioned processes ((a)

and (b)). Near the Tc temperatures,  is mainly due
to the quasiparticle scattering from the impurities
located between the cuprate planes and, hence, is inde-

pendent of T, because the phonon contribution to 
is frozen out. Quite the reverse, the phonon contribution
becomes dominant at T @ Tc. As a result, the tempera-
ture dependence of the conductivity σc(T) takes an
approximate form, A/T + C + BT (A, B, and C are inde-
pendent of T), that does not describe the experimental
data; an example of σc(T) calculated by the formulas
given in [10] is shown by the solid line in Fig. 3 for the
YBa2Cu3O6.67 sample.

However, all ρc(T) dependences shown in Fig. 2 can
be described by the c-transport model that was recently
proposed in [15]. Contrary to [10], where the electron–
phonon effects appeared in the second-order of the per-
turbation theory, the model Hamiltonian [15] includes
them through the canonical transformation [16], after
which the interplane quasiparticle tunneling can be
considered as a perturbation of the originally strongly
coupled electron–phonon system. This approach
applies if eF @ ω0 @ t⊥ , where eF is the Fermi energy
and ω0 is the characteristic phonon energy. Both ine-
qualities are fulfilled for the layered anisotropic
HTSCs, in which, according to [15], an electron mov-
ing in the c direction is enveloped by a large number of

σc
dir

σc
diff

σc
diff

σc
diff

Fig. 4. Comparison of the (symbols) experimental and
(solid lines) calculated (by formula (6)) ρc(T) dependences
for YBa2Cu3O7 – x.
phonons to form polaron [17] that only weakly affects
the transverse ab transport. For the Einstein spectrum
of c-polarized phonons, one has

(6)

where g (g > 1) is the parameter characterizing the elec-
tron–phonon coupling strength. The comparison of the
experimental data (symbols) with the ρc(T) depen-
dences calculated by Eq. (6) (solid lines) is demon-
strated in Fig. 4. In the calculations, the data given for
ρab(T) in Fig. 2 were used. The parameter g was almost
identical (g ≈ 3) for all curves in Fig. 4, and ω0

increased from 110 K (75 cm–1) to 310 K (215 cm–1)
upon decreasing the oxygen content (7 – x) in
YBa2Cu3O7 – x from 6.93 to 6.53. It seems not surpris-
ing that the anomalies of the optical c conductivity were
observed for a YBa2Cu3O7 – x crystal with oxygen defi-
ciency just in the indicated range of frequencies ω0
[18].

In summary, the anisotropy of microwave conduc-
tivity was measured for a YBa2Cu3O7 – x crystal in
which the hole concentration p was varied in the range
0.08 ≤ p ≤ 0.15. An analysis of the temperature depen-
dences of the imaginary parts of the conductivity tensor

 in the superconducting state and the resistivity
 in the normal state indicates that optimally doped

YBa2Cu3O6.93 is a three-dimensional anisotropic metal.
A decrease in the carrier concentration leads to a cross-
over from the Drude-type to hopping conduction along
the c axis. In order to quantitatively describe the evolu-
tion of the  and ρc(T) dependences with changing
p, the effects of strong electron–phonon interaction
must be taken into account.
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