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We describe a low-temperature millimeter-waé4 GH2 surface impedance measurement
instrument based on the cavity perturbation method. In this instrument, all millimeter-wave paths at
low temperatureg§including the cavity resonatgrare 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 a®He pot attached to a cavity, a sample can be cooled well below 1 K. We present
experimental results which demonstrate the performance of the instrumern200® American
Institute of Physics.[DOI: 10.1063/1.1606539

I. INTRODUCTION plex response function, such as the surface impedance, is of

primary importance. In both cases, measurements are gener-

Measurements of the_h|gh frequency electrodynamic reéllly made using the cavity perturbation mettfotihe com-
sponse of solids play an important role in condensed mattegL

hvsi F le. th i b i ex response function is obtained by measuring both the
physIcs. For examplé, theé magnetoresonance absorption ality factorQ and the resonance frequenicgf the cavity,
electromagnetic waves at microwave and millimeter-wave

f ies leads to the techni t elect : correcting for the values of the blank cavity. Therefore, for
requencies leads to ine techniques of electron spin res%’omplex conductivity measurements, the instrument should

nance and cyclotron resonance. B¢§|des t_hese resonange highly stable despite repetitive opening and closing of the
measurements, the complex conductivity at high frequenmeg

. C7 . . Cavity for exchange of the sample and possible changes in
and low temperatures also provides rich information. Exotig Y g P P g

terial h h Jspin densit tem he environment during the measurements. These restrictions
materials such as charge/spin density wave Systemsavy g somewhat relaxed for magnetoresonance measurements.
fermion compound3 and transition metal oxid&sften have

I lecti itati hich ch terize thei Here, we describe the design and performance of a highly
ow energy coflective excitations which charactenze elrgap e mijlimeter-wave surface impedance measurement in-

ground _s_tates. Microwave and_ m_|II|meter—wave _Comp_lexstrument based on the cavity perturbation method. Our in-
conductivity measurements are indispensable to mvestlgatéetrumem can operate over a very wide range of temperatures
the details of such excitations since their characteristic ene

) o ) . from 0.5 to above 100 K, and in magnetic fields up to 7 T.
gies often lie in regions where standard optical spectroscopy

is impossible. Complex conductivity measurements also play

an important role in superconductivity research. Information

on quasiparticles, superfluids, and vortex dynamics can be

extracted from the complex conductivity’ Il. INSTRUMENTATION

The most important quantity in magnetoresonance mea- )

surements is the strength of the magnetic field at which thé- LOW-temperature insert

resonance occurs, while the absolute value of the absorption At low temperatures, there are several factors which re-
is of secondary importance. However, in the case of complexluce the stability of a millimeter-wave measurement system.
conductivity measurements, the absolute value of the conFirst, any exchange gas used to control the thermal link be-
tween the sample and the cryogen reduces the reproducibility
dAuthor to whom correspondence should be addressed; electronic main the backgroundQ andf. This is because it is difficult to
hanaguri@k.u-tokyo.ac.jp reproducibly control the pressure of the exchange gas, and
Ppresent address: Yokohama R&D Laboratories, The Furukawa Electriyence its dielectric constant. Second, direct immersion of the

Co., Ltd., 2-4-3, Okano, Nishi-ku, Yokohama 220-0073, Japan. ; ; i
9Present address: Research Center for Quantum Effect Electronics, Tokyvc\>/avte'"de in the cryogen makes the measurements sensitive

Institute of Technology, 2-12-1, O-okayama, Meguro-ku, Tokyo 152-8552,{0 the. cryogen level. To remove these problems, we PUt ?1”
Japan. the millimeter-wave paths inside the vacuum tube, which is
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FIG. 2. Schematic of the radiation trafd) evacuation tube2) upper OFC
plug, (3) waveguides(4) lower OFC plug,5) flange of the vacuum cai®)
3He pumping line, and7) feedthrough for the wires.

are bent into S shapes and the top and bottom of each bend
are silver soldered to plugs made of oxygen-free copper
FIG. 1. Schematic of the low temperature insét: waveguides(2) bel- (OFOQ) [(2) and (4)]. These plugs are in direct contact with

lows, (3) evacuation tube(4) *He pumping line,(5) radiation trap,(6) L L
vacuum can(7) *He pot, and(@) cavity resonator. liquid He to cool the bend and therefore trap the radiation.

evacuated to a vacuum better tham iTorr. Such a design, B. Cavity resonator and detection scheme
free of exchange gas, also enables us to operate the instru- . .
The design of the cavity resonator depends on the exact

ment over a very wide temperature range.
nature of the measurement. Here, we focus on a resonator

Figure 1 shows a schematic illustration of the low- itable f : call les in the ski
temperature insert, which can be placed in a liquid He DewapU!tabl€ Tor easurements on metallic samples in the skin
depth regimé&.In this case, the relevant property is the sur-

with a 7 T superconducting magrieA cavity resonatot8) is . ; .
P gmeg y ® face impedanc&,=Rs+iXs. The surface resistanég, and

located inside the vacuum c&6) and tightly bolted onto a H ; lated df b
®He pot(7). Two Cu—Ni waveguidegl) are connected to the the surface reactancé are related t@Q an y

cavity in order to introduce and transmit the millimeter-wave 1 1

signals. The waveguides run inside the thin-wall stainless- RSIG(—— —) (1)
2Q 2Qg

steel tube(3) used to evacuate the vacuum can, and do not

directly contact with liquid He. To absorb the difference in f—fg

thermal contraction between the stainless-steel tube and the Xs=—G fa C,

waveguides, we put bellow&) on the top flange of the

insert. In this design, the waveguides are mechanically and Af  Afg

thermally fixed at two well defined positions: the top of the ( ) '

bellows and the radiation tragb) at the bottom of the

stainless-steel tube. During a measurement, the temperaturdsre, Qg and fg are the blank cavity values d and f,

at these two positions are kept constant at room temperaturespectivelyAf andAfg are the resonance frequency shifts

and liquid He temperature, respectively. Therefore, the envieaused by the change in temperature/magnetic fidlénd

ronment around the waveguides does not change at all, evef are the reference frequencies from whikh andAfg are

if the liquid He level changes. measuredG, C, and C' are constants determined by the
To achieve temperatures below 1 K, the radiation fromgeometries of the cavity and the sampleandC’ differ by

room temperature must be carefully trapped. The structure oB(f°— fg)/fg. One can calculate the complex conductivity

the radiation trap is illustrated in Fig. 2. The wavegui®s o=0;,—i0, using

@)
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FIG. 3. Schematic of théHe pot and the cavity resonatdt) *He pot, (2)
end flange for waveguide€3) cavity top plate(4) cavity body, and5) end
plate with a sapphire pin.

2RX @
1= Uow ,
R RZEXD)
XZ—R2 @
Tr= UoW ~—5 755,
2= Mo (R§+X§)2
and the complex resistivitp=p,+ip, using
2RX,
= , ©)
pP1 Lo®
X2—R?
=——. (6)
p2 Lo®

Here, uq is the vacuum permeability and=2xf.

Hanaguri et al.

' IIOmm

FIG. 4. Cross section of the cavity resonator. A magnified view of the joint
between the cavity body and the end plate is also shown.

three parts: a 0.25 mm thick top plat8), the cavity body
(4), and an end platé5). Both the inner diameter and the
height of the cavity are 9 mm, giving a resonant frequency of
44 GHz. All the parts are made of OFC and the inner wall
was carefully polished with a polishing pasteCoupling to

the waveguides occurs through two slits in the top plate, their
locations crossing the antinodal line of the millimeter-wave
currents. To reconcile the high coupliriyg (which requires
small slit9 and the sufficient signal intensitgwhich de-
mands large slits Qg is tuned to be 1.2 10* at room tem-
perature and reaches X@0* at 4.2 K.

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

The sample is placed at the center of the cavtte
antinode of the millimeter-wave magnetic figlly mounting
on a 0.5 mm diam sapphire rod using a small amount of
Apiezon N greasé' The other end of the sapphire rod is
inserted into the hole which passes through the center of the
end plate and is epoxide using Stycast 1¥66he radiation
loss from the hole is negligible because there is essentially
no current crossing the hole.

To change the sample, the end plate needs to be removed
from the body of the cavity. To remove any irreproducibility
associated with this process, we adopt the following design.

For typical measurements, the sample is located at thAs shown in Fig. 4, the end plate has stepped mounds. The

antinode of the millimeter-wave magnetic field inside thebottom of the cavity body is spot faced to accept the outer
cavity. We adopted a cylindrical cavity which resonates inmound of the end plate with little play between them. There-
the TE);; mode because of its higQg and the ease of ma- fore, the sapphire rod can be located exactly at the center of
chining. For surface impedance measurements at low tenthe cavity in a reproducible manner. The inner mound works
peratures, the cavity should fulfill the following require- as a mode trap which removes the degeneracy betwegn TE
ments. First, the cavity should be thermally connected to thend TM;;; modes. The end plate is bolted on the cavity body
3He pot for effective cooling. Second, it should be removableby six M2 screws with a torque of 1.5 kgf cm.

from the insert in order to re-polish or replace the cavity.  The values ofQ andf for the cavity are obtained by
Finally, the cavity should be stable after repetitive openingdfitting the resonance curve to a Lorentzian at each
and closing to exchange the sample. Based on these factotemperature/magnetic field. The resonance curve is measured
we designed the cavity as illustrated in Fig. 3. It consists oin the standard transmission configuration. Input signals are
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supplied from a synthesized sweeper with a millimeter-wave O T
source moduf€ and are fed into the incident waveguide. A

portion of the supplied signal is separated by a directional R 2o : ;fxtd rﬂ?n

coupler and used as a reference. The transmitted and refer- %, 26p ¢ 3d un .
ence signals are detected and the power ratio between them = ,4L v Bthn i
is measured as a function of frequency by a scalar network 4§

analyzett* We typically use a frequency span of about 1.5 8§ 22 y

times the full width at half maximum of the resonance curve. 20
All the systems are controlled via general purpose interface
bus. ———+———t— 1

0
C. Cooling scheme and temperature regulation i 5 ) ]
o —<r -

The sample and cavity are cooled together through the = [ ]
thermal connection provided by the sapphire rod. By pump- “%’ L ]
ing the main He bath with a 1200 I/min rotary pump, we can 3 I 1
reach temperatures down to 1.5'KTo go below 1.5 K, 5 | N
of ®He gas are liquefied within théHe pot, which is then Loy
pumped by a 200 I/min rotary pump through a 12 mm diam- 0 20 40 60 80 100 120
eter thin-wall stainless-steel tube. The lowest attainable tem- Temperature (K)

perature is about 0.5 K and tiele duration time is about 3 S wre d g fthe blank cavity g,
. . 0. lemperature aependence o € Dlank cavity parame

h. In order to check_the temperature difference between thng/fg. Results of five independent runs are plotted.

sample and the cavity, we measured the resonant frequency

of the cavity when loaded with zinc and thus evaluated its d | il fit to all the data f Afo /0 and
superconducting transition temperatufg. At an incident used a polynomial it to all the data for 23 Orafe/Tg an
millimeter-wave power of-12 dB m, the measured, was subtracted it from the data from each experimental run. The

0.72 K, which is lower than the standard value of 0.85 K_deviations from the polynomial are labeled &l/2Qg) or

0 —7

This difference can be attributed to the remanent field of th éAAffB //ffBo)' V\]/-eo foluorlcé that | 51(21(;2|(<DB|)3|<|3.0201?< hand

superconducting magnet and the self heating of the sampl ( B _B_)|< N 0 - up to - below , the re-

By examining the millimeter-wave power dependence, Weorodumbmty ofAfB/]_‘B increases because of the decrease in

estimated that the effect of the self-heating is about 15 mK ae thermal éaxpansmn coefficient. Overall, baifl/2Qg)

—12 dBm. This value can be reduced by using a lower in_and O(Afg/fg) are _c;)mparable to the scatter of the data at

cident power, in which case, a low-noise amplifier in the®2ch run ¢-1.0<10°7). o

transmission path is required to enhance the signal-to-noise We also cheocked the magnet|c-f|eld dependenc-e. of

ratio. 1_/2QB and Afg/fg. There was no sign of any parasitic
The temperature of the cavity is monitored and regulateos'gnal_s' sugh as electron Spin resonances from the paramag-

by a calibrated Cernox thermomefeand a manganin wire netic impurities in the sapphire rod. The'parameters. fo'r the

heater wound around thiéle pot. Using a commercial tem- Piank cavity show weak ~monotonic = magnetic-field

perature controllel’ temperature stability of the order afl depe7n7dence (1£25(0.5K, 7 T)~1/2Q5(0.5K,0 )~ = 4.0

mK may be achieved at temperatures from 0.5 to above 100 1077’ Afg (05K, 7T)/fg — Afg(0.5K,0T) ,/fB = 3.0 .

K. The heater power needed to keep the sample at 100 K i§ 10 *) and the changes become smaller with increasing

about 0.1 W. Measurements at higher temperatures, even &mperature. Although the origin of the magnetic-field de-

room temperature, are possible, although naturally the liqui&ndence is unclear, the blank cavity parameters are suffi-
He consumption is increased. ciently stable, with run-to-run variations of less than 1.0

X 10" in magnetic fields up to 7 T.

Ill. RESULTS
A. Stability of the cavity

B. Application to a superconductor

The instrument was tested on the superconductor
Figure 5 shows the temperature dependence of the blarikb, gTa, ,Se. This material is a dirtyswave supercon-
cavity parameters, 1(2; and AfB/fg. The reference fre- ductor, in which conventional behavior is expected. The
quenciesfy's are the resonance frequencies at the lowessample was cut into a rectangular shape with dimensions of

temperature. Because of the thermal expansion of the cavit@.8x 0.8 0.1 mn? with the shortest dimension along tke
AfB/fg shows rather large temperature dependence. The plaixis. Millimeter-wave magnetic fields were applied along the
shows the results of 5 different experimental runs over & axis.

period of more than 1 yr. Between the runs, the system was Figure 6 shows the temperature dependence @ BH2d
warmed up and the cavity opened. Despite such treatmeni f/f° for the cavity containing the sample. We also plot the
the reproducibility of the data is quite godtTo estimate the  blank data presented in Fig. 5 as a reference. The values of
run-to-run variations in more detail, the background tem-Af andAfg are measured relative to the resonance frequen-
perature dependence should be subtracted. To do this, veées at the lowest temperature. It is clear that the run-to-run
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= Hole2
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2.0 o *  p=2RXJuow
’ Bardeen—Stephen

\ 0 L L ] s

it 0 ) 4 5 )
Applied Field (T)

-0.2
—~_0.4 - 1 FIG. 8. Magnetic-field dependence of the real part of the complex resistiv-
LT : ] ity of Nbo gTay ;56 at 0.52 K.
~ 0.6 3 .
~ B i
E —o8p S NbogTagsSe; ] _
-1.0F % . we should evaluat&s and C (or C') in Egs. (1) and (2).
-1.2} 3 These constants can be estimated from the dc resistivity
-1.4} pac by assuming the Hagen—Rubens relatidRy= X
PR WS W N N N WS WANY WONY AN TR SN SR S (T ST T N Y
0 5 10 15 20 = uowpyd2, aboveT.. The calculated values fdRg, X
Temperature (K) and p; of NbygTa, ,Se are plotted in Fig. 7. A very small

residualR is consistent with the bulk superconductivity of
FI_G. 6. Temperature dependence on/a_nd At/ of the cavity loaded the sample. Fronx; at the lowest temperature, the in-plane
\évrlltcher\lbo_gTao_ZSeg. Data of the blank cavity are also plotted for the refer- London penetration deptk is estimated to be 4000 A Al-

though a value foix in NbygTay ,Se has not yet been re-
ported, the obtained value seems reasonable considering that
the value ofx in pure NbSeg s estimated to be 1600 fRef.

Af/£% indicate a clear superconducting transition at 5.2 K. Alg) and\ becomes I.onger with Increasing Impurity CO”.teT“:
. . 0 - In the superconducting state, our instrument has a resistivity
spike structure iMAf/f" just below T, originates from the .
resolution of 0.1u€) cm.

competition between the increase in the skin depth and the Next we show the data taken in the presence of magnetic

decrease in the penetration depth with decreasing temperﬁélds_ Figure 8 shows the magnetic-field dependengs at

ture. . 0.52 K. Both static and millimeter-wave magnetic fields were
To calculate the absolute value of the surface impedance, . . - _
dpplied along the axis. At millimeter-wave frequencies, the

effects of vortex pinning can be completely neglected gnd

e A B then reflects the pure flux flow resistivity\s expected from

the Bardeen—Stephen theory of flux flow in dirty

variations of the blank cavity parameters are very small com
pared with the sample signal. Sharp changes iQ1éhd

0.3 - superconductor? p, changes almost linearly with magnetic
@ - ] field and reaches the normal state value at the upper critical
22 02f ] field H.,. The estimated ., is 3.5 T, which is similar to the
a [ ° ] value of 3.2 T estimated from specific heat measurenfénts.
o of [ g NbysTag2Se; ]
01 - ] f=44 GHz 7
0.0f 3
! . IV. DISCUSSION
E 4op . 4
a We have described a millimeter-wave surface impedance
= - . - measurement instrument that works over a very wide tem-
> J r pERRX e 1 perature range from 0.5 to above 100 K and in magnetic
:% 20 of T Pe . fields up to 7 T. Very high reproducibility of the blank cavity
@ [ . properties is achieved, for exampldd(1/2Qg)|<3.0
c | ’ X107 and|8(Afg/f3)|<1.0x 1076, Below 40 K, the run-
0 _J T N to-run variations of the blank cavity properties are compa-
0 5 10 15 20 rable to the resolution of the measurements. The results pre-
Temperature (K) sented here demonstrate that our design is very effective for

stable and reproducible operation of the cavity resonator. Our
FIG. 7. (Upper panel Temperature dependence d®s and X of

Nby gTay2Se . (Lower panel Temperature dependence of the real part of the design concept can be applied not Or?ly to surface impedance
complex resistivity of NpsTay,S6. The dc resistivity is also plotted for Measurements but al_so to other_ h'Qh'frequenCy measure-
reference. ments based on a cavity perturbation technique.
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