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INTRODUCTION

Taking measurements of the temperature depen-
dences of surface impedance 

 

Z

 

(

 

T

 

) = 

 

R
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) + 

 

iX

 

(

 

T

 

)

 

 in
absolute units at microwave frequencies 

 

ω 

 

= 2

 

π

 

f

 

 is one
of the experimental methods for studying supercon-
ducting materials. The real part of the impedance—sur-
face resistance 

 

R

 

(

 

T

 

)

 

—is related to energy losses of an
electromagnetic wave reflected from a superconductor.
The imaginary part—reactance 

 

X

 

(

 

T

 

)

 

—determines the
nondissipating energy stored in the surface layer of the
sample under study.

The requirements for the accuracy of microwave
measurements became more stringent with the devel-
opment of the physics of superconductors. Only precise
microwave techniques allowed measurements of the
dependence 

 

Z

 

(

 

T

 

)

 

 in classical superconductors with 

 

T

 

c

 

 

 

≤

 

10

 

 K [1, 2] to be taken. These measurements were very
informative: the value of energy gap 

 

∆

 

 was found from
temperature dependences of surface resistance 
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) ~
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/
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 and reactance 
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 at 
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; field pene-
tration depth 

 

λ
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 into a superconductor, from 

 

X
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) =

 

ωµ

 

0

 

λ
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 at 
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 < 
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; and the mean free path of electrons,
from measurements of 

 

R
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T
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 and 

 

X

 

(

 

T

 

)

 

 in the normal state
at 

 

T

 

 

 

≥

 

 

 

T

 

c

 

. In the case of local electrodynamics, the com-
plex conduction of a superconductor can easily be
found from impedance components measured in abso-
lute units: 
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. The possi-
bility of applying the Bardeen–Cooper–Schrieffer
(BCS) theory to explanation of the properties of classi-
cal superconductors was confirmed by a nonmonotonic
behavior (a coherent peak) of the real part of micro-
wave conductivity 

 

σ

 

'(

 

T

 

)

 

 observed at temperatures of
0.8 < 

 

T

 

/

 

T

 

c

 

 

 

≤

 

 1

 

 [3, 4].
The issue of the accuracy of microwave measure-

ments became more pressing after the advent of high-

temperature superconductors (HTSCs), in which high-
quality single crystals are of small dimensions. One of
the features of HTSCs is that their temperature depen-
dence 

 

Z

 

(

 

T

 

)

 

 does not follow the BCS theory: instead of
an exponential function at low temperatures, linear
temperature dependences of both the surface resistance
and the field penetration depth are observed [5], which
are typical of superconductors with the 

 

d

 

 symmetry of
the order parameter.

The method proposed in [6] is the most convenient
for measuring the surface impedance of samples having
surfaces no larger than 

 

~1

 

 mm

 

2

 

. The main idea of this
method is that a sample is placed on the end of a dielec-
tric rod at the center of a cylindrical resonator operating
on the 

 

H

 

011

 

 mode, i.e., into the region of an almost uni-
form magnetic microwave field. The resonator is evac-
uated in order to provide the possibility of varying the
rod’s temperature without changing the temperature of
the resonator’s walls. A sapphire rod is commonly used,
because this material is characterized by a high thermal
conductivity and weakly absorbs microwaves. By
changing the rod’s temperature and measuring the res-
onance frequency and 

 

Q

 

 factor of the resonator in the
presence and absence of a sample, it is possible to
determine the temperature dependences of both compo-
nents of the sample’s surface impedance.

The complexity of the experimental problem can be
inferred from the example considered at the end of this
paper. To measure the temperature dependence 
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(
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 of
an Y

 

Ba

 

2

 

Cu

 

3

 

O

 

6.93

 

 (YBCO) sample at a frequency 

 

f

 

 = 3 

 

×

 

10

 

10

 

 Hz at 

 

T

 

 < 30 K, it is necessary to reliably record
change 

 

∆

 

f

 

 = 100 Hz in the resonance frequency at a
change in the sample temperature of 1 K; i.e., 

 

∆

 

f

 

/

 

f

 

 ~ 10

 

–9

 

(upon superconducting-to-normal-state transition of
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the sample, the resonance frequency changed by
300 kHz).

The solution to this problem required the use of a
high-Q resonator. First, we used a superconducting nio-
bium resonator the walls of which were cooled with liq-
uid 4He from the outside. Its Q factor without a sample
but with a sapphire rod placed inside it was Q0 = 1.8 ×
106 at a temperature of the resonator’s walls of T = 4.2
K. At T = 1.4 K, the Q factor was Q0 = 3.2 × 106. Sec-
ond, a highly stable Agilent PSG-L E8244A generator
with a frequency resolution of up to 0.1 Hz and an abso-
lute stability no worse than 1 kHz/day was used. To pre-
clude the effect of pickups from the supply line, the
generator was powered through a voltage regulator.
Measurements began several hours after the generator
had been turned on. Third, a constant temperature of the
resonator’s walls to within an accuracy of 0.1 K was
ensured during temperature changes of the rod with the
sample. Evacuation of the resonator allowed Z(T) mea-
surements to be taken at temperatures of 0.4–120 K. A
sample was cooled to temperatures below 2 K through
evacuation of vapors of liquid 3He by an external cryo-
genic pump [7]. A copper heat sink on which the sap-
phire rod was mounted was immersed directly into liq-
uid 3He.

DESCRIPTION OF THE SETUP

Figure 1 shows the part of the insert for the cryostat
that is immersed into liquid 4He. The insert is assem-
bled from thin-walled (0.3–0.5 mm) stainless-steel
tubes joined with argon welding to adapters and flanges
from the same steel. The insert can conventionally be
subdivided into two parts: a resonator unit and a sam-
ple-cooling unit.

Cylindrical niobium cavity resonator 1 constitutes
the main part of the resonator unit. It is a cylinder with
two caps. Its inner diameter and height are 14 mm. The
H011 mode at a frequency f = 28.2 GHz was excited in
the resonator. Since this is a degenerate mode with
respect to the E111 mode, in order to suppress and shift
E111 relative to H011 along the frequency axis, there are
cylindrical protrusions with a diameter and height of
2.5 mm. Two holes with a diameter of 1.6 mm in the
upper cap spaced by 7 mm are used to input microwave
signals into and output from the resonator.

Two rectangular waveguides 3 with an internal cross
section of 3.4 × 7.2 mm2 that transmit microwave sig-
nals are placed in tube 2 and terminate in corner junc-
tions (E-corner-type bents of the waveguide line). The
short, 8-mm-long, sides of these corners are soldered to
a brass washer supporting them. Holes drilled in the
brass washer and corners coincide with the holes in the
resonator’s upper cap. Thin indium gaskets (not shown
in Fig. 1) laid around these holes preclude the direct
inleakage of a microwave signal between the brass
washer and the resonator’s upper cap. Coupling ele-
ments 4—coaxial waveguide with loops at their ends—

are inserted into the channels formed. The size of the
coupling loops was selected experimentally: the total
length of the central conductor is 7.5 mm, 3.5 mm of
which belongs to the loop. Teflon parts of the coaxial
waveguides are fixed in links 5 transforming the rota-
tional motion of regulators, which are placed outside
the cryostat at room temperature, into the translational
motion of the coupling elements. The degree of cou-
pling between the microwave channel and the resonator
can be varied smoothly during an experiment by chang-
ing the distance between the loops and resonator.

The bottom cap of the resonator is pressed to its
cylindrical part by bellows 6 serving as a spring. A 1-
mm-diameter sapphire rod (7) enters the resonator
through a 2-mm-diameter hole positioned at the center
of the bottom cap. Sample 8 is fixed with Apiezon vac-
uum grease at the rod’s upper end. RuO2thermometer 2
and heater 10 are attached to the part of the sapphire rod
located outside the resonator. Six 0.05-mm-diameter
manganin wires laid along thick-walled tube 11, which
ensures the rigidity of the structure, are connected to
the thermometer and heater. The sapphire rod is glued
into a copper holder, which is pressed to the end of cop-
per rod 12 with a brass nut. A copper rod 10 mm in
diameter and 110 mm in length is soldered to a collec-
tor of liquid 3He (13).

Tube 2, the inner parts of the waveguides and reso-
nator, and the upper part of the copper rod constitute a
common vacuum cavity, which is evacuated before the
experiment through tube 11. After the insert is cooled,
the residual gas is frozen out and a high vacuum estab-
lishes in the cavity.

All dismountable joints in the chain of components
that includes flanges I and II, the cylindrical part of the
resonator, and the flanges of parts III and IV are sealed
hermetically with indium gaskets and clamped with
brass bolts. To ensure access to the sapphire rod, the
brass bolts joining the flanges of parts III and IV are
unscrewed and the resonator unit suspended by tube 2
is lifted upward, while the sapphire rod, the resonator’s
bottom cap, and part IV remain at their places.

Being supplied to the sample-cooling unit, gaseous
3He passes through 40- and 25-mm-diameter tubes 14
and 15, respectively. When 4He is evacuated from the
cryostat’s cavity, which is cooled to T = 1.4 K, gaseous
3He condenses on the walls of these tubes. The conden-
sate from tube 15 enters the collector of liquid 3He and
cools the copper rod. A vacuum jacket consisting of
tubes 16 (30 mm in diameter and 80 mm in length),
17 (14 and 60 mm), 18 (18 and 50 mm), and 19 (80 and
80 mm) and upper and bottom caps is fastened to tube
15 with a silver solder. During its manufacture, the vac-
uum jacket was carefully evacuated to a high vacuum.
To maintain vacuum at a low temperature, an adsorbent
(activated carbon) is placed on the bottom cap.

The gaseous 3He used in the sample-cooling unit is
stored at room temperature in a 25-l vessel at a 0.6-atm
pressure (Fig. 2). The amount of gas contained in the
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vessel is monitored with a manometer. The vessel is
joined to the cryogenic pump via a 10-mm-diameter
bellows hose through valve V1. The pump is manufac-
tured from a thin-walled stainless-steel tube 22 mm in
diameter and 90 cm in length welded from below and
filled with activated carbon as the sorbent. Copper radi-
ators installed inside this tube improve the heat
exchange between the sorbent and helium bath. An
ëíÉ-40 portable Dewar flask is used to cool the pump.
The volume of the cryogenic pump is large enough to
evacuate the entire 3He contained in the insert. Valve V2
mounted at the top of the pump is connected to the
insert via a long flexible bellows hose 40 mm in diam-
eter.

Because the resonator placed inside the cryostat is
immersed in liquid 4He, a change in the vapor pressure
above the liquid leads to a change in the pressure on the
resonator’s walls, which in turn causes a change in the
dimensions of the resonator. It has been ascertained
experimentally that a change in the 4He vapor pressure
in the cryostat by 1 Torr leads to a change in the reso-
nance frequency by 200 Hz. Therefore, to maintain a
constant pressure P ≈ 1.05 atm inside the cryostat, an
oil gasholder having a volume of 50 l is used. As the gas
fills the gasholder, the surplus amount of gas is dis-
charged into the helium line.

Three operating temperature ranges of the setup can
be distinguished:

(i) at temperatures of 5 < T < 120 K, the vapor pres-
sure above 4He in the cryostat is maintained at a con-
stant level with the gasholder;

(ii) at temperatures of 2 < T < 5 K, gaseous 4He is
evacuated from the cryostat’s cavity with a mechanical
pump to a pressure of 2 Torr, which corresponds to a
temperature of liquid 4He of 1.4 K; and

(iii) at temperatures of 0.4 < T < 2 K, gaseous 4He
condenses in the collector and is evacuated by the cry-
opump.

Evacuating 4He vapors allows the temperature in the
cryostat’s cavity to be reduced from 4.2 to 1.4 K within
45 min; during this period, the entire amount of 3He
condenses in the collector. Evacuating 3He vapors with
cryosorption pump allows the temperature of the liquid
to be lowered from 1.4 to 0.65 K within 2 min and from
0.65 to 0.5 K within 20 min. The operating time in this
mode is 4 h. A further decrease in the temperature
requires that the residual gas be removed from the cry-
opump and repeated evacuation be performed. As a
result the temperature of 3He falls from 0.5 to 0.4 K
within 40 min.

According to the data from [8], the thermal conduc-
tivity of the sapphire rod 1 mm in diameter and 10 mm
in length contained in the resonator is ~1.5 µW/K at T =
0.4 K. This estimate imposes stringent limitations on
the microwave power absorbed by a sample: a micro-
wave power no higher than 100 nW must be dissipated
in the resonator at T < 1 K.
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Fig. 2. Measurement diagram. V1 and V2 are valves.
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THE MEASUREMENT CIRCUIT
AND DATA PROCESSING

Figure 2 shows a block diagram of the automated
system for measuring the temperature dependences of
the Q factor and the resonance frequency.

The temperature of the sapphire rod is controlled
with a LakeShore 340 controller that measures the
resistance of the RuO2 thermometer, which is installed
on the sapphire rod, according to a four-probe circuit at
a frequency of 20 Hz. Each measurement of the Agilent
82357A is recorded by a computer (PC) through a
GPIB adapter, while the parameters of the proportional-
integral–derivative temperature-regulating algorithm
are inputted into the controller. A 300-Ω wire resistor
attached to the sapphire rod serves as a heater.

Through the GPIB adapter, the PC specifies the fre-
quency and power of the signal radiated by the Agilent
PSG-L E8244A generator; this signal propagates along
the waveguide and is fed to the resonator. A microwave
transmitted through the resonator passes through a
waveguide and falls on a measuring waveguide detector
with a D-607 diode, which operates in the quadratic
mode. The detector output signal passes through a lab-
oratory amplifier with a gain of 5000 and arrives at the
board of an NI PCI-6014 ADC, which inputs the mea-
sured voltage into the PC at a 200-kHz frequency and
16-bit resolution.

After the required temperature of the rod is set, the
frequency dependence of the microwave power trans-
mitted through the resonant system is recorded, as
sweeping frequency fsw of the generator-radiated signal
is varied and the voltage across the diode is measured.

Measurements of the impedance of superconducting
samples begin at a low temperature and are performed
at minimum levels of coupling between the microwave
line and the resonator, at which the maximum accuracy
of low-loss measurements is attained. In this case, the
frequency dependence of the microwave power trans-
mitted through the resonance system has the form of an
ordinary resonance curve:

(1)

where P0 is a constant independent of frequency fsw, f0 is
the resonance frequency, and QL is the quality factor of
the resonance system. The accuracy attained in our
measurements of a Q factor of ~106 was no worse than
1%, and the accuracy in determining the resonance fre-
quency was ~ 20 Hz.

As the temperature approaches Tc, the energy loss in
the sample increases and the Q factor of the resonance
system decreases from 1.6 × 106 to 105. In this case, as
is seen from formula (1), the signal transmitted through
the resonator decreases, thereby making it impossible
to measure the dependence P(fsw) at the same position
of the loops in the sample’s normal state. Therefore, the
distance between the loops and the resonator is reduced

P f sw( )
QL

2 P0

4QL
2 f 0 f sw–( )2/ f 0

2 1+
------------------------------------------------------,=

to a value that ensures a signal level sufficient for mea-
surements at T > Tc.

If a substantial part of a coupling loop is in the res-
onator, the resonance curve observed cannot be
described by formula (1). This is determined by the fact
that the detector-registered microwave signal passes not
only through the resonator but also through an addi-
tional channel—directly from one coupling loop to
another. Assuming that, near the resonance peak in the
resonance curve, the phase of a direct-penetration sig-
nal remains constant, the dependence of the microwave
power arriving at the diode on frequency fsw can be writ-
ten in the form

(2)

where A0 is the amplitude of the resonance signal and B
and ϕ are the amplitude and phase of the direct-penetra-
tion signal, respectively.

The curves obtained under different coupling levels
are joined via subtraction of constants 1/Q and ∆f ,
which are temperature independent, as was purpose-
fully checked, from the corresponding values of
1/QL(T) and ∆f(T) measured at large coupling values.

The temperature dependences of surface resistance
R(T) and reactance X(T) for an isotropic sample can be
found with the perturbation theory from the relation-
ships [9]:

(3)

where Γ is the sample’s geometric factor and Q0(T) and
∆f0(T) and Q(T) and ∆f(T) are the temperature depen-
dences of the Q factor and resonance frequency of the
empty resonator and the resonator with a sample,
respectively. For a typical YBCO sample at T < 40 K,
the temperature-induced change in the Q factor for the
empty resonator is <10% of the change in the resona-
tor’s Q factor with a sample, and the temperature-
induced change in the resonance frequency of the
empty resonator is approximately half the change in the
resonance frequency of the resonator containing a sam-
ple. The value of X0 was found from the condition of the
equality of the real and imaginary parts of the imped-
ance in the normal state, R(T) = X(T), because the crite-
rion for the normal skin effect is satisfied for all sam-
ples studied in our experiments. The sample’s geomet-
ric factor depends on the sample’s shape, dimensions,
and arrangement in the resonator. The issue of calculat-
ing the sample’s geometric factor has been considered
in detail in [9, 10].

P f sw( )
A0

2QL f 0 f sw–( )/ f 0 i+
-------------------------------------------------- Beiϕ+

2

,=

R T( ) Γ Q 1– T( ) Q0
1– T( )–[ ];=

X T( ) 2Γ
f

------- ∆f T( ) ∆ f 0 T( )–[ ]– X0,+=
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EXAMPLES OF EXPERIMENTAL RECORDS
OF THE DEPENDENCE Z(T) IN YBCO

An example of experimental temperature depen-
dences of surface resistance R(T) and reactance X(T) of
an optimally doped YBa2Cu3O6.93 single crystal with a
temperature of the superconducting transition Tc = 92 K
is shown in Fig. 3. The crystal was grown with the tech-
nique of slow cooling from a solution in the melt with
the use of a crucible made from barium zirconate
BaZrO3 [10] and had the shape of a plate measuring
0.5 × 1.5 × 0.1 mm. Its geometric factor was Γ = 9.5 kΩ.
The sample was mounted at the end of the sapphire rod
so that the c axis was parallel to the microwave field; in
this geometry, high-frequency currents flew in the ab
crystal plane.

The adjustable coupling loops allowed our measure-
ments to be performed in the sample’s normal state at
92 < T ≤ 120 K and showed that the criterion for the nor-
mal skin effect is satisfied; i.e., R(T) = X(T). The resis-
tivity within this temperature range can be estimated
from the formula ρ(T) = 2R2(T)/ωµ0 ≈ 0.6T µΩ cm.

In the superconducting state, the dependence R(T)
has a wide peak in the region T ~ Tc/2 typical of opti-
mally doped YBCO crystals. Within the temperature
range 10 < T < 40 K, the dependences R(T) and λ(T) =
X(T)/ωµ0 are linear (Fig. 4) and their extrapolation to
T = 0 K yields values of the surface resistance of R(0) ≈
0.5 mΩ and the field penetration depth into cuprate
planes of λ(0) ≈ 140 nm.

The possibility of performing precise measurements
at temperatures of 0.4 ≤ T < 5 K allowed an unusual
behavior of the surface resistance to be revealed: R(T)
rapidly rises as the temperature decreases, while the

temperature dependence of reactance X(T) is linear to
within the experimental accuracy. To verify this effect,
we measured the surface impedance of another single
crystal from the same batch of samples, which demon-
strated a qualitatively identical behavior at low temper-
atures (see Fig. 4). At T < 1 K, the surface resistance
tends to a constant value: R(0.4 ä) = 1.06 mΩ for the
first and R(0.4 ä) = 0.8 mΩ for the second crystal.

An increase in the surface resistance at T < 10 K was
observed earlier only in low-quality YBCO crystals
with high values of surface resistance R(0) [11] and in
samples with Zn impurities, which lead to a significant
decrease in critical temperature Tc [12]. Note that the
rise of the dependence R(T) was accompanied by an
increase in penetration depth λ(T) so that a minimum in
curves λ(T) was observed in a region of 4–7 K.

It is known that the low-temperature features in λ(T)
in HTSCs characterized by an anisotropic d- symmetric
order parameter, a coherence length of ξ0 ~ 1 nm, and
λ0 = λ(0) ~ 100 nm in the ab planes can be displayed at
two temperatures: T* ~ (ξ0/λ0)Tc ~ 1 K [13] and Tm ~
(ξ0/λ0)0.5Tc ~ 10 K [14]. Temperature T* corresponds to
a nonlocality-caused crossover from a linear to qua-
dratic dependence ∆λ(T), and Tm corresponds to the
paramagnetic contribution from the surface bound
states into ∆λ(T) that increases, as the temperature
decreases.

Pronounced minima in the curves R(T) and λ(T) at
T ~ 5 K and their rise at T < 5 K were also observed in
GdBaCuO [15] and NdCeCuO crystals [16], the low-
temperature volumetric paramagnetism of which is evi-
dently ensured by Gd and Nd magnetic ions.
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Fig. 3. Temperature dependences of surface resistance R(T)
and reactance X(T) in the ab planes of a YBCO single crys-
tal at a frequency of 28.2 GHz.
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Fig. 4. Low-temperature parts of curves (1) R(T) and (2)
λ(T) = X(T)/ωµ0 presented in Fig. 3; (3) behavior of R(T) for
another YBCO crystal from the same batch of samples.
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No peculiarities in the curves λ(T) are observed in
Fig. 4 to within an error of measuring the field penetra-
tion depth into the sample, ∆λ(T) ≤ 1 nm. This result
agrees with the presence of too few bound states with a
zero energy in the orientation of the YBCO crystal rel-
ative to the microwave magnetic field used in our exper-
iments; these states are needed to form a minimum in
the curve λ(T at T ≈ Tm [14].

Hence, an increase in surface resistance R(T) =

ω2 λ3σ'(T)/2 at T < 10 K can be determined only by
an abrupt increase in the real part of conductivity σ'(T),
which is σ'(T) = nn(T)τ(T)e2/[m(1 + ω2τ2)] in the two-
fluid model, where nn is the fraction of normal carriers
and τ is the quasi-particle relaxation time for impuri-
ties, which is 10–11 s (�/(τkB) ≈ 5 K) in YBCO crystals
at T � Tc [17, 18]. In d-symmetric superconductors
with the maximum value of the slit ∆0, quasi-particles
are excited thermally near the slit’s zeros at ∆0 � T >
�/(τkB), but all of the known mechanisms of quasi-par-
ticle scattering by point or extended defects lead to a
decrease in the conductivity, σ'(T)  0, at T  0 but
not to its increase [18, 19]. At the same time, the pres-
ence of impurities in a d-type superconductor leads to a
finite density of quasi-particles at T = 0 owing to the
localization effects. These quasi-particles are scattered
by the same impurities, thereby ensuring nonzero con-
ductivity σ'(0) ≠ 0 at T < �/(τkB) [20]. It has not been
determined how σ'(T) changes upon change from the
thermal regime (T > �/(τkB)) to the disorder regime
(T < �/(τkB).

CONCLUSIONS

A new setup for precise measurements of real R(T)
and imaginary X(T) parts of the surface impedance of
superconducting crystals at millimeter waves and tem-
peratures of 0.4 ≤ T ≤ 120 K has been designed. The
block diagram and the procedure for determining the
numerical values of R(T) and X(T) from the resonator’s
Q factor and the resonance-frequency shift, which are
obtained in direct measurements, are described. The
dependences R(T) and X(T) measured for an optimally
doped YBa2Cu3O6.93 single crystal demonstrate the
known temperature behavior of the impedance of such
crystals in the range 5 < T ≤ 120 K. A new effect—a
considerable increase in R(T), the nature of which
remains unclear—has been discovered at T < 5 K.
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