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An instrument for low- and variable-temperature millimeter-wave surface
impedance measurements under magnetic fields
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We describe a low-temperature millimeter-wave~44 GHz! surface impedance measurement
instrument based on the cavity perturbation method. In this instrument, all millimeter-wave paths at
low temperatures~including the cavity resonator!, are located inside a high vacuum tube, which can
be inserted into a 7 T superconducting magnet. This design, which is free of exchange gas, enables
measurements over a wide temperature range as well as providing stable and reproducible operation.
By pumping a3He pot attached to a cavity, a sample can be cooled well below 1 K. We present
experimental results which demonstrate the performance of the instrument. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1606539#
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I. INTRODUCTION

Measurements of the high frequency electrodynamic
sponse of solids play an important role in condensed ma
physics. For example, the magnetoresonance absorptio
electromagnetic waves at microwave and millimeter-wa
frequencies leads to the techniques of electron spin r
nance and cyclotron resonance. Besides these reson
measurements, the complex conductivity at high frequen
and low temperatures also provides rich information. Exo
materials such as charge/spin density wave systems,1,2 heavy
fermion compounds,3 and transition metal oxides4 often have
low energy collective excitations which characterize th
ground states. Microwave and millimeter-wave comp
conductivity measurements are indispensable to investi
the details of such excitations since their characteristic e
gies often lie in regions where standard optical spectrosc
is impossible. Complex conductivity measurements also p
an important role in superconductivity research. Informat
on quasiparticles, superfluids, and vortex dynamics can
extracted from the complex conductivity.5–7

The most important quantity in magnetoresonance m
surements is the strength of the magnetic field at which
resonance occurs, while the absolute value of the absorp
is of secondary importance. However, in the case of comp
conductivity measurements, the absolute value of the c
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plex response function, such as the surface impedance,
primary importance. In both cases, measurements are ge
ally made using the cavity perturbation method.8 The com-
plex response function is obtained by measuring both
quality factorQ and the resonance frequencyf of the cavity,
correcting for the values of the blank cavity. Therefore,
complex conductivity measurements, the instrument sho
be highly stable despite repetitive opening and closing of
cavity for exchange of the sample and possible change
the environment during the measurements. These restrict
are somewhat relaxed for magnetoresonance measurem
Here, we describe the design and performance of a hig
stable millimeter-wave surface impedance measuremen
strument based on the cavity perturbation method. Our
strument can operate over a very wide range of temperat
from 0.5 to above 100 K, and in magnetic fields up to 7

II. INSTRUMENTATION

A. Low-temperature insert

At low temperatures, there are several factors which
duce the stability of a millimeter-wave measurement syste
First, any exchange gas used to control the thermal link
tween the sample and the cryogen reduces the reproducib
of the backgroundQ and f. This is because it is difficult to
reproducibly control the pressure of the exchange gas,
hence its dielectric constant. Second, direct immersion of
waveguide in the cryogen makes the measurements sens
to the cryogen level. To remove these problems, we put
the millimeter-wave paths inside the vacuum tube, which
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4437Rev. Sci. Instrum., Vol. 74, No. 10, October 2003 Stable cryogenic cavity resonator
evacuated to a vacuum better than 1026 Torr. Such a design
free of exchange gas, also enables us to operate the in
ment over a very wide temperature range.

Figure 1 shows a schematic illustration of the lo
temperature insert, which can be placed in a liquid He De
with a 7 T superconducting magnet.9 A cavity resonator~8! is
located inside the vacuum can~6! and tightly bolted onto a
3He pot~7!. Two Cu–Ni waveguides~1! are connected to the
cavity in order to introduce and transmit the millimeter-wa
signals. The waveguides run inside the thin-wall stainle
steel tube~3! used to evacuate the vacuum can, and do
directly contact with liquid He. To absorb the difference
thermal contraction between the stainless-steel tube and
waveguides, we put bellows~2! on the top flange of the
insert. In this design, the waveguides are mechanically
thermally fixed at two well defined positions: the top of t
bellows and the radiation trap~5! at the bottom of the
stainless-steel tube. During a measurement, the tempera
at these two positions are kept constant at room tempera
and liquid He temperature, respectively. Therefore, the e
ronment around the waveguides does not change at all,
if the liquid He level changes.

To achieve temperatures below 1 K, the radiation fro
room temperature must be carefully trapped. The structur
the radiation trap is illustrated in Fig. 2. The waveguides~3!

FIG. 1. Schematic of the low temperature insert:~1! waveguides,~2! bel-
lows, ~3! evacuation tube,~4! 3He pumping line,~5! radiation trap,~6!
vacuum can,~7! 3He pot, and~8! cavity resonator.
Downloaded 01 Jun 2009 to 152.78.66.27. Redistribution subject to AIP
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are bent into S shapes and the top and bottom of each b
are silver soldered to plugs made of oxygen-free cop
~OFC! @~2! and ~4!#. These plugs are in direct contact wit
liquid He to cool the bend and therefore trap the radiatio

B. Cavity resonator and detection scheme

The design of the cavity resonator depends on the e
nature of the measurement. Here, we focus on a reson
suitable for measurements on metallic samples in the s
depth regime.8 In this case, the relevant property is the su
face impedanceZs5Rs1 iXs . The surface resistanceRs and
the surface reactanceXs are related toQ and f by

Rs5GS 1

2Q
2

1

2QB
D , ~1!

Xs52GS f 2 f B

f B
D1C,

;2GS D f

f 0 2
D f B

f B
0 D 1C8. ~2!

Here, QB and f B are the blank cavity values ofQ and f,
respectively.D f andD f B are the resonance frequency shi
caused by the change in temperature/magnetic field.f 0 and
f B

0 are the reference frequencies from whichD f andD f B are
measured.G, C, and C8 are constants determined by th
geometries of the cavity and the sample.C andC8 differ by
G( f 02 f B

0)/ f B
0. One can calculate the complex conductivi

s5s12 is2 using

FIG. 2. Schematic of the radiation trap:~1! evacuation tube,~2! upper OFC
plug, ~3! waveguides,~4! lower OFC plug,~5! flange of the vacuum can,~6!
3He pumping line, and~7! feedthrough for the wires.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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4438 Rev. Sci. Instrum., Vol. 74, No. 10, October 2003 Hanaguri et al.
s15m0v
2RsXs

~Rs
21Xs

2!2 , ~3!

s25m0v
Xs

22Rs
2

~Rs
21Xs

2!2 , ~4!

and the complex resistivityr5r11 ir2 using

r15
2RsXs

m0v
, ~5!

r25
Xs

22Rs
2

m0v
. ~6!

Here,m0 is the vacuum permeability andv52p f .
For typical measurements, the sample is located at

antinode of the millimeter-wave magnetic field inside t
cavity. We adopted a cylindrical cavity which resonates
the TE011 mode because of its highQB and the ease of ma
chining. For surface impedance measurements at low t
peratures, the cavity should fulfill the following require
ments. First, the cavity should be thermally connected to
3He pot for effective cooling. Second, it should be remova
from the insert in order to re-polish or replace the cav
Finally, the cavity should be stable after repetitive open
and closing to exchange the sample. Based on these fac
we designed the cavity as illustrated in Fig. 3. It consists

FIG. 3. Schematic of the3He pot and the cavity resonator:~1! 3He pot,~2!
end flange for waveguides,~3! cavity top plate,~4! cavity body, and~5! end
plate with a sapphire pin.
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three parts: a 0.25 mm thick top plate~3!, the cavity body
~4!, and an end plate~5!. Both the inner diameter and th
height of the cavity are 9 mm, giving a resonant frequency
44 GHz. All the parts are made of OFC and the inner w
was carefully polished with a polishing paste.10 Coupling to
the waveguides occurs through two slits in the top plate, th
locations crossing the antinodal line of the millimeter-wa
currents. To reconcile the high couplingQ ~which requires
small slits! and the sufficient signal intensity~which de-
mands large slits!, QB is tuned to be 1.23104 at room tem-
perature and reaches 2.63104 at 4.2 K.

The incident and transmission waveguides end at
OFC flange~2! on which the cavity is bolted. To minimize
the direct coupling between the two waveguides, we sa
wiched a thin indium sheet between the end flange and
top plate of the cavity. The end flange is tightly bolted on t
bottom of the OFC3He pot to ensure good thermal contac
All the screws can be accessed from the bottom and thus
cavity can be easily removed from the insert.

The sample is placed at the center of the cavity~the
antinode of the millimeter-wave magnetic field! by mounting
on a 0.5 mm diam sapphire rod using a small amount
Apiezon N grease.11 The other end of the sapphire rod
inserted into the hole which passes through the center of
end plate and is epoxide using Stycast 1266.12 The radiation
loss from the hole is negligible because there is essent
no current crossing the hole.

To change the sample, the end plate needs to be rem
from the body of the cavity. To remove any irreproducibili
associated with this process, we adopt the following des
As shown in Fig. 4, the end plate has stepped mounds.
bottom of the cavity body is spot faced to accept the ou
mound of the end plate with little play between them. The
fore, the sapphire rod can be located exactly at the cente
the cavity in a reproducible manner. The inner mound wo
as a mode trap which removes the degeneracy between T011

and TM111 modes. The end plate is bolted on the cavity bo
by six M2 screws with a torque of 1.5 kgf cm.

The values ofQ and f for the cavity are obtained by
fitting the resonance curve to a Lorentzian at ea
temperature/magnetic field. The resonance curve is meas
in the standard transmission configuration. Input signals

FIG. 4. Cross section of the cavity resonator. A magnified view of the jo
between the cavity body and the end plate is also shown.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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4439Rev. Sci. Instrum., Vol. 74, No. 10, October 2003 Stable cryogenic cavity resonator
supplied from a synthesized sweeper with a millimeter-wa
source module13 and are fed into the incident waveguide.
portion of the supplied signal is separated by a directio
coupler and used as a reference. The transmitted and r
ence signals are detected and the power ratio between
is measured as a function of frequency by a scalar netw
analyzer.14 We typically use a frequency span of about 1
times the full width at half maximum of the resonance cur
All the systems are controlled via general purpose interf
bus.

C. Cooling scheme and temperature regulation

The sample and cavity are cooled together through
thermal connection provided by the sapphire rod. By pum
ing the main He bath with a 1200 l/min rotary pump, we c
reach temperatures down to 1.5 K.15 To go below 1.5 K, 5 l
of 3He gas are liquefied within the3He pot, which is then
pumped by a 200 l/min rotary pump through a 12 mm dia
eter thin-wall stainless-steel tube. The lowest attainable t
perature is about 0.5 K and the3He duration time is about 3
h. In order to check the temperature difference between
sample and the cavity, we measured the resonant frequ
of the cavity when loaded with zinc and thus evaluated
superconducting transition temperatureTc . At an incident
millimeter-wave power of212 dB m, the measuredTc was
0.72 K, which is lower than the standard value of 0.85
This difference can be attributed to the remanent field of
superconducting magnet and the self heating of the sam
By examining the millimeter-wave power dependence,
estimated that the effect of the self-heating is about 15 mK
212 dB m. This value can be reduced by using a lower
cident power, in which case, a low-noise amplifier in t
transmission path is required to enhance the signal-to-n
ratio.

The temperature of the cavity is monitored and regula
by a calibrated Cernox thermometer16 and a manganin wire
heater wound around the3He pot. Using a commercial tem
perature controller,17 temperature stability of the order of61
mK may be achieved at temperatures from 0.5 to above
K. The heater power needed to keep the sample at 100
about 0.1 W. Measurements at higher temperatures, eve
room temperature, are possible, although naturally the liq
He consumption is increased.

III. RESULTS

A. Stability of the cavity

Figure 5 shows the temperature dependence of the b
cavity parameters, 1/2QB and D f B / f B

0. The reference fre-
quenciesf B

0 ’s are the resonance frequencies at the low
temperature. Because of the thermal expansion of the ca
D f B / f B

0 shows rather large temperature dependence. The
shows the results of 5 different experimental runs ove
period of more than 1 yr. Between the runs, the system
warmed up and the cavity opened. Despite such treatm
the reproducibility of the data is quite good.18 To estimate the
run-to-run variations in more detail, the background te
perature dependence should be subtracted. To do this
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used a polynomial fit to all the data for 1/2QB or D f B / f B
0 and

subtracted it from the data from each experimental run. T
deviations from the polynomial are labeled asd(1/2QB) or
d(D f B / f B

0). We found that ud(1/2QB)u,3.031027 and
ud(D f B / f B

0)u,1.031026 up to 120 K. Below 40 K, the re-
producibility of D f B / f B

0 increases because of the decrease
the thermal expansion coefficient. Overall, bothd(1/2QB)
andd(D f B / f B

0) are comparable to the scatter of the data
each run (;1.031027).

We also checked the magnetic-field dependence
1/2QB and D f B / f B

0. There was no sign of any parasit
signals, such as electron spin resonances from the para
netic impurities in the sapphire rod. The parameters for
blank cavity show weak monotonic magnetic-fie
dependence (1/2QB(0.5 K,7 T)21/2QB(0.5 K,0 T);24.0
31027, D f B (0.5 K,7 T) / f B

0 2 D f B (0.5 K, 0 T) / f B
0 ; 3.0

31027) and the changes become smaller with increas
temperature. Although the origin of the magnetic-field d
pendence is unclear, the blank cavity parameters are s
ciently stable, with run-to-run variations of less than 1
31027 in magnetic fields up to 7 T.

B. Application to a superconductor

The instrument was tested on the superconduc
Nb0.8Ta0.2Se2 . This material is a dirtys-wave supercon-
ductor, in which conventional behavior is expected. T
sample was cut into a rectangular shape with dimension
0.830.830.1 mm3 with the shortest dimension along thec
axis. Millimeter-wave magnetic fields were applied along t
c axis.

Figure 6 shows the temperature dependence of 1/2Q and
D f / f 0 for the cavity containing the sample. We also plot t
blank data presented in Fig. 5 as a reference. The value
D f andD f B are measured relative to the resonance frequ
cies at the lowest temperature. It is clear that the run-to-

FIG. 5. Temperature dependence of the blank cavity parameters 1/2QB and
D f B / f B

0. Results of five independent runs are plotted.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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variations of the blank cavity parameters are very small co
pared with the sample signal. Sharp changes in 1/2Q and
D f / f 0 indicate a clear superconducting transition at 5.2 K
spike structure inD f / f 0 just belowTc originates from the
competition between the increase in the skin depth and
decrease in the penetration depth with decreasing temp
ture.

To calculate the absolute value of the surface impeda

FIG. 7. ~Upper panel! Temperature dependence ofRs and Xs of
Nb0.8Ta0.2Se2 . ~Lower panel! Temperature dependence of the real part of
complex resistivity of Nb0.8Ta0.2Se2 . The dc resistivity is also plotted fo
reference.

FIG. 6. Temperature dependence of 1/2Q and D f / f 0 of the cavity loaded
with Nb0.8Ta0.2Se2 . Data of the blank cavity are also plotted for the refe
ence.
Downloaded 01 Jun 2009 to 152.78.66.27. Redistribution subject to AIP
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we should evaluateG and C ~or C8) in Eqs. ~1! and ~2!.
These constants can be estimated from the dc resist
rdc by assuming the Hagen–Rubens relation,Rs5Xs

5Am0vrdc/2, aboveTc . The calculated values forRs , Xs

and r1 of Nb0.8Ta0.2Se2 are plotted in Fig. 7. A very smal
residualRs is consistent with the bulk superconductivity o
the sample. FromXs at the lowest temperature, the in-plan
London penetration depthl is estimated to be 4000 Å. Al-
though a value forl in Nb0.8Ta0.2Se2 has not yet been re
ported, the obtained value seems reasonable considering
the value ofl in pure NbSe2 is estimated to be 1600 Å~Ref.
19! andl becomes longer with increasing impurity conten
In the superconducting state, our instrument has a resist
resolution of 0.1mV cm.

Next we show the data taken in the presence of magn
fields. Figure 8 shows the magnetic-field dependence ofr1 at
0.52 K. Both static and millimeter-wave magnetic fields we
applied along thec axis. At millimeter-wave frequencies, th
effects of vortex pinning can be completely neglected andr1

then reflects the pure flux flow resistivity.7 As expected from
the Bardeen–Stephen theory of flux flow in dir
superconductors,20 r1 changes almost linearly with magnet
field and reaches the normal state value at the upper cri
field Hc2 . The estimatedHc2 is 3.5 T, which is similar to the
value of 3.2 T estimated from specific heat measuremen21

IV. DISCUSSION

We have described a millimeter-wave surface impeda
measurement instrument that works over a very wide te
perature range from 0.5 to above 100 K and in magne
fields up to 7 T. Very high reproducibility of the blank cavit
properties is achieved, for example,ud(1/2QB)u,3.0
31027 andud(D f B / f B

0)u,1.031026. Below 40 K, the run-
to-run variations of the blank cavity properties are comp
rable to the resolution of the measurements. The results
sented here demonstrate that our design is very effective
stable and reproducible operation of the cavity resonator.
design concept can be applied not only to surface impeda
measurements but also to other high-frequency meas
ments based on a cavity perturbation technique.

FIG. 8. Magnetic-field dependence of the real part of the complex resis
ity of Nb0.8Ta0.2Se2 at 0.52 K.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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