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We analyze microwave cavity perturbation methods, and show that the technique is an excellent,
precision method to study the dynamic magnetic and dielectric response in the GHz frequency
range. Using superconducting cavities, we obtain exceptionally high precision and sensitivity for
measurements of relative changes. A dynamic electromagnetic suscepiiiliyy=¢'+i¢" is
introduced, which is obtained from the measured parameters: the shift of cavity resonant frequency
o6f and quality factorQ. We focus on the case of a spherical sample placed at the center of a
cylindrical cavity resonant in the T mode. Depending on the sample characteristics, the
magnetic permeabilityz, the dielectric permittivitye= e’ +i¢”, and the complex conductivity
=o'+io” can be extracted frondy . A full spherical wave analysis of the cavity perturbation
indicates that:(i) In highly insulating samples with dielectric constait-1, the measured

~%wm . enabling direct measurement of the magnetic susceptibility. The sensitivity of the method
equals or surpasses that of dc superconducting quantum interference device measurements for the
relative changes in magnetic susceptibilitjyi) For moderatee and conductivityo, /€
+iwoley— 1, thus enabling direct measurement of the sample dielectric corestawntn though the
sample is placed in a microwave magnetic fiélil) For largec we recover the surface impedance
limit. (iv) Expressions are provided for the general case of a lossy dielectric represented by
+iwol€ey,. We show that an inversion procedure can be used to obtaimo/ e, in a wide range

of parameter values. This analysis has led to the observation of new phenomena in novel
low-dimensional materials. We discuss results on magneto dynamics of the three-dime(@nal
antiferromagnetic state of the spin chain compoundC80;. In dielectric susceptibility
measurements in §CWw 40,1, We directly observe a dielectric loss peak. Dimensional resonances
in the paraelectric material SrTi@re shown to occur due to the rapid increase of dielectric constant
with decreasing temperature. The cavity perturbation methods are thus an extremely sensitive probe
of charge and spin dynamics in electronic materials. 2@0 American Institute of Physics.
[S0034-67480)04008-9

I. INTRODUCTION changes of the cavity parameters: the shift in frequeficy
and quality factorQ. Subsequently the concept of the “hot
The continuing discovery of new electronic materialsfinger” technique introduced in Ref. 1 has been used in mea-
calls for new methods of measuring their electric and magsyrements in other laboratories also with the purpose of
netic properties. Microwave cavity perturbation techniquesstydying HTS®’
have proved to be very useful for the study of transport dy- |, this article, we present a re-analysis of the cavity per-
namics at microwave frequencits, in materials such as  rhation technique, and describe a new application ufilizing
semiconductors, magnetic ferrites, and exotic materials sUc§perconducting microwave cavities, to study dynamic elec-
as charge and spin density wav@DW, SDW).° tric and magnetic susceptibilities of strongly correlated elec-

In all of these previous studies normal metal cavitieSyonic materials. We focus on the configuration where the
were used. To study thihen newly discovered high tem- g3 e is placed at a microwave magnetic field maximum of
perature superconductofidTS), the use of superconducting 4 TEy,, mode.

cavities was introduced by Sridhar and Kennédye reduc- ~

tion in background absorption by a factor of“1lom a (1) We introduce an electromagnetic susceptibility- ¢’
normal metal cavity enabled the measurement of absorption +i¢”, which provides a useful framework to discuss the
in small, single crystal superconductors and thin films. The  results of the microwave measurements. We {js€o
surface impedanc&,=R;—iXs was obtained in terms of note the case where the sample is measured in a micro-
wave magnetic fielde.g., in the Th;; mode, and (¢
“Author to whom correspondence should be addressed:; electronic mail: ~When the sample is placed in a microwave electric field
srinivas@neu.edu (e.g., in the TM;0mode. Depending on sample proper-
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unique information on spin and charge dynamics at sho
time scales between neutron scatterifS) and nuclear Microwaves were generated with a HP8510B network

ties, the measured parametércan be related to the |l. DESCRIPTION OF APPARATUS AND
sample magnetic permeabilityeee 1+7y,) and dielec- MEASUREMENT TECHNIQUE

tric permittivity (e=1+yp), where yy(xe) are the
magnetic(electrig susceptibilities, the conductivity,
and the surface impedan@g. These various limits are

A right cylindrical cavity (inner radius 7/8 in. and axial
length 1 in) was made of pure niobiuntNb), which is a
. . o ) superconductor below,=8.9 K. The cavity was fabricated
dlscu§sed n deta}ll in the artlclg. ) _inthree pieces: two end plates with the needed holes and one
For highly insulating samples with~ 1, the technique is  .anter ring. The top plate has a center pumping (866
a very sensitive~method of measuring the magnetic Susym diametey, and two coupling hole$3.56 mm diameter
ceptibility, since{~xm=xm+ixy . The sensitivity of the bottom plate has one centrally located h&& mm di-
this technique is compared with others, and it is showrametey, through which the sample is inserted into the cavity.
that the microwave method, when superconducting caviThe TEy; mode is degenerate with the TM mode. As
ties are used, can equal or even exceed that of a dEEoi1 is the desired operating mode, the diameter of these
superconducting quantum interference devis®UID) coqpling holes was chosen to provide enough pertu_rbation to
for relative changes in susceptibility, such as with changSPit the two modes more than 40 MHz apart. The high qual-
ing T. It also yields results on samplégypically mm ity Nb stock was carefully machined at very low speed to the

sized in which comparable ac susceptibility measure_needed shape and then polished without lubricant, which

- o would otherwise cause oxidation on the Nb surface. Each
ments do not have sufficient sensitivity. As an example

. . L . X piece was then annealed, and the grains, which grew due to
of this technique we show that it yields information on

= : ) i annealing, vary from sub millimeter size to roughly 4 mm
magnetodynamics in a spin chain materiagjCaro;. diameter. The three-piece cavity was tightly held by a stain-

When the sample conductivity or dielectric constant isjess steel assembly consisting of a top ring, a center piece for
substantial, the measurements are dominated by theggignment, and a bottom ring. The whole resonator was then
parameters. For insulating samples with even moderatgounted in an alignment frame, supported on the top by a
dielectric constantg’, the experiments are a direct mea- stainless steel Dewar pro@0.16 cm diameter and 1 m
surement o= ¢’ +i€”. Thus we are able to measuée long) and, on the bottom, with a sealed copper ¢Up.16 cm
even though the sample is placed in a microwave magdiameter and 10.16 cm lopgvith a removable bottom cop-
netic field maximumIn fact, theH , field measurements Per plate. Indium seals were used so that the entire assembly
of & have an advantage over, measurements as they Was vacuum_tight. Su_perconducting operation of the cavity
are not subject to the so-called depolarization peale ~ Was accomplished using a bath of liquide.

describe an inversion procedure to obtain the complex A §mal| piece of sample was mounted on t.he top of a
. . o~ sapphire rod1.56 mm diametex52 mm long using very
dielectric constankt+io/we, from the measured data. . : ; .
little Apiezon-N grease. The anisotropic response of the

A spectaculgr examplg of thg dielectric measurements Igample can be measured by mounting the sample in different
the observation of a dielectric loss peakel(T) due 0, jentations with respect to the applied microwave field for a
dielectric relaxation in the spin ladder compound given mode, as shown in the set-up diagréfig. 1). The
S114C&404; - sapphire rod with sample was inserted into the cavity, along
For sufficiently largee’, dimensional resonances can oc-jts axis from the bottom, such that the sample is stationed
cur when the microwave essentially enters into theexactly at the center of the cavity. Support and adjustment of
sample. A striking example of this is presented in datathe sapphire rod was provided by a copper tiB@ mm

on SrTiG;. long), the overlap between copper tube and sapphire rod is
When the conductivityr is appreciable, it can lead to an adjustable and finally fixed with GE-varnish to guarantee
eddy current contribution resulting in a peak in absorp-good thermal contact. The copper tube was brazed at the end
tion with increasing conductivity(This is the magnetic {0 @ 6.35-mm-diam stainless tubeall thickness 0.15 min
analog of the so-called depolarization peak oy field and the stainless tube was brazed to the bot_tom copper plate
measurementsFor large conductivity the results tend to to' form qthermal path to the bottom plate which is in contact
the surface impedance limit. This is the limit used inW'th liquid 4He.

revious measurements of the surface impedance of met- To heat the sample to higher temperature, ating
P P coil (0.1 mm Nichrome wire of 6.%)/ft) was wound around

als and superconductors. This article presents a unifieﬂle copper tube, and the control of the sample temperature
approach which encompasses both the insulating angas accomplished using an external temperature controller
highly metallic limits. (Lake Shore DRC 82 I with a silicon diode temperature

. . ) .. sensor(Lake Shore DT 47Pwhich is attached to the sap-
The cavity perturbation method discussed here y'elehire rod outside the cavity. Another temperature sensor is

'but in the helium chamber to monitor the bath temperature.

magnetic resonand®&iMR) and muon spin resonan¢eSR),  analyzer, a HP8341B synthesized sweeper, and a HP8513A
and has led to the observation of some unique phenomena feflection/transmission test set, and coupled into and out of
guantum magnets, dielectrics, and superconductors. the resonator from the top, through two adjustable(5060-
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tively, with (subscripts) and without (subscript c) the
sample.Af is the full width at half maximum{(FWHM) of

the power transmission spectrum and is related to the cavity
Q factor byAf=f/Q. (U) is the energy stored in the cavity
of the resonant modeH(, ,E,) and(H,E) are the cavity field
configurations before and after the sample perturbation. A
time dependence '“! is assumed. The termsand & are

SN the complex permittivity and permeability. We define the

SRR 177 5anat . - ~ ~ ; .

o \H‘ “? ot {1k magnetic susceptibility agy=u— 1= xy+ixy and the di-

i Pheee st RSO . T =~ a4
Nb cavity | e ! IEERSEE electric susceptibility ayp=€—1=xp+ixp. _
e (R A R AN It is convenient to discuss experimental results in terms
. s it NS~ s . . . .
SIPPhIS TOd [ - - St fUL L BN o et of an effective dynamic or electromagnetic susceptibility

of=—gl=-g({'+il"), v

copper T whereg is the sample geometrical factor, which is specific to
cup 4 = the mode geometry and sample shape. Under appropriate

heater = \\\\\\ conditions,{ can be directly associated with the conventional

— "I’(E_;.‘Eullllln.“ magnetic’y,, or dielectric yp susceptibilities, as will be
ki sanles <%, shown below.

! sl B = 2 To proceed further requires additional assumptions.

S~ Various approximations have been made, called the “quasi-

static” (Q9), “extended quasistatic(EQS, and spherical
wave(SW) analysis, depending on the approximation used to
obtain the field¢H,E). An extensive analysis was carried out

| e - I
sample
by Brodwin and Parson@P),® which covers essentially all

FIG. 1. (Left) Diagram for 10 GHz superconducting resonant cavity, show-tha regimes needed for the experimental measurement dis-

ing the sample location and the hot finger arrangement to vary sample tem- .
perature, while keeping the cavity walls at the bath temperature. By varyin ussed here. In the following we use BP and analyze the

sample orientation with respect té, as shown, the anisotropic response Varlous regimes.
can also be measure(Right) Field configuration in the Tg&; mode. Also
shown is the(top) H,, field lines in the ¢,z) plane plane, antottom E,,
fields at the centralr(#,z=L/2) plane of the cavity. For this mode the
sample is located at thid , field maximum, and aE_,=0.

Electric field is zeroatr=0 (E# #)

IV. SPHERICAL SAMPLE IN TE y;; MODE

The Tk, configuration is well suited as a probe of the
axial lines, each terminated in a loop. One very useful featurenicrowave response of materials because of the very high
of the design is the ability to vary the coupling to the reso-Q's achievable in this mode. In the present experiments, the
nator by moving the lines in and out along the axis of thesample is located at the center of the cavity on the axis. In
resonator. Thus it is possible to achieve critical coupling andhis location we have maximum uniform axial magnetic field
weak coupling over a wide range of the resonator qualityH and zero electric fiel&. (See Fig. 1 for spatial profiles of
factor Q(10°—10P). For fixed coupling, input microwave theH andE fields). In the following we use the analysis of
power can be easily varied and the nonlinear effect of som@P, details of which are given in the Appendix.
samples can be observBd.When operated in the T The geometrical factog of a spherical sample is given
mode the resonant cavity has the highest quality faGor as

=2x1C® at a bath temperature of 2 K. f

V
I1l. ELECTRODYNAMIC BASIS OF THE c
MEASUREMENT

I5(Borro)| 1+

T )2
LBo1
A small sample of volum& placed in a resonant cavity whereV, is the volume of the empty cavity,r, is the first

causes the resonant frequentyand quality Q factor to  root of Bessel function(Br,)=0. Using the cavity inner
change by a small amourdf. Assuming the shift in fre-  radius r,=7/8in., and axial lengthL=11in., we getg

guency is much smaller than the resonant freque®y, ~1.036x 10®. Vs[m‘3-s‘l], where V, is the sample vol-

<f, the change in cavity parameters can be expressegme.

asht0-12 The important parameters that define the analysis are the
5 (- 1) 2 (e-1)e, wave vectors outside and inside the s.ample.: w/c a_nd!<

- = WJ H-H dV+ W E-EodVs, =k,Vetiol/we, The full-wave analysis yields in principle

) (see Appendix A results for the frequency shift due to

_ sample perturbation for a large range of sample sizes and
where the complex frequency shifif = 5f —iAf/2. Equa- material properties. However, in all cases of experimental
tions 6f=fs—f. andAf=Afs— Af, are the changes in the interest, the sample size is much smaller than the cavity di-
resonant frequency and the resonance widthf, respec- mensions, so that the conditidga<1 is rigorously satis-
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TABLE |. The comparison of magnetic susceptibility measurements for microwave cavity technique and other

technigues.
Method M [A-m?] Accuracy in[m®/V,] x value
Superconducting cavity 1078 (in f=10 GH2 Relative
dc SQUID 101t 10716 Absolute
ac—y 5x1071° 5x1071° Absolute
Vibrating sample magnetometer x8.0°8 5x10 13 Absolute
Alternating gradient force magnetometer “1b 10716 Absolute

fied. For example, ih=1 mm and the measuring frequency used  techniques  for ~magnetic  susceptibilityy

is 10 GHz, therk,a=0.2. In this limit, we obtain measurementS. In these measurementggenerally has the
~ form®3
~ 3[(2u+1)ji(ka)—sinka) 4
"2\ i Dia(ka) +sin(ka) | @ M
X~VH (7)
S

We use the subscrigtl to denote that the electromagnetic
(EM) susceptibility is being measured with an applied mi- whereM is the magnetic moment {iA-m?], H is the applied
crowave magnetic fieldH , . magnetic field ifA-m™1]. If the same sample with volume
This general form is in principle valid for arbitradya V. is used for all these measurements, assuming an applied
which is determined by material propertigs €, and o. field of H=10° A/m corresponding to typical microwave
However, in this form it is not very useful. It is therefore fields, we can compare their sensitivities, as listed in Table I.
necessary to consider the different limits of this expressionNote that Eq.(6) gives the magnetic volume susceptibility
Below we discuss the various limits and their applicability. y,,=dM/dH in unit of Systeme InternationdBI) [dimen-
sionles$. In centimeter-gram-secon(d.g.s) it is usually ex-
pressed ifemucm™2]. To convert from cgs to SI, a conver-
A. Magnetic permeability and susceptibility sion multiplying factor of 4r is used.
measurements The table shows that the hot finger cavity perturbation
More generally the result in this limit can be written as technique undoubtedly has one of the highest measurement
~ sensitivities available. While other methods may require
T s » (ka)?|. relatively large sample size and large applied fididthese
(n+2) are not required in the microwave measurements. However,
®  this high sensitivity is achieved only for relative changes,
Clearly the experiment measurgsonly if the second termis  such as, for instance, with varying temperature. The preci-
negligible. This may be possible in ferromagnetic samplesion for absolute measurements is much less due to small
where u'>1 provided the spins continue to respond at mi-uncertainties in sample location.
crowave frequencies. For weakly paramagnetic samples, we Another factor which decreases the precision of the ab-

~ _p—1 9[pP-6ut4
=322 T 10| (mr2z o

have solute susceptibility measurements is the arbitrary shape of
~ - o~ the sample. Throughout this article we have calculated the
{w=xwm; where (ksa)“Xp<xm - (6)  complex frequency shift for spherical samples only. These

This limit is only achieved provided the sample is highly results can be generalized for samples with ellipsoidal

insulating and the dielectric constant is nearly 1. geometry which in particular cases could well approximate

needle-like, plate-like, and rectangular parallelepipedic
1. Sensitivity and accuracy of magnetic susceptibility samples. Although the frequency shift is dependent on the
measurements shape of the measured sample, we are often interested in the
. . . . .variation of §f with the temperature, which up to an overall

Ha\;;gﬁiteftaglls,hiﬂ t,r,1e ;%Iar';:onshlf dbeiwetfnmmagnt?t'%eometrical constant determines with high precision the rela-
susceptibiiity ym=xm ™1 Xy and measured electromagnelic ;o changes in the electric and magnetic susceptibilities.
susceptibility £y in Eq. (6), we can estimate the measure-
ment sensitivity of the technique. Clearly the sensitivity is
associated with both the size of samples and the cavity reso- _ _ o
nant frequencyf. The bigger the sample size is, the higherB. Lossy dielectric, permittivity, and surface
the sensitivity is, as seen from Eq®), (3), and(6), provided ~ impedance measurements

we still retain the small perturbation limit. Assuming a typi-  For even moderate conductivity and dielectric constants,
cal small sample has the dimension 0fs~1X1  the magnetic contribution is overwhelmed by the dielectric

X0.5mn?, as in our experiment, we can detect the fre-and conductivity contributions. Taking~1, in the limit
quency shiftéf and the absorption widthf as small as 1y, <(k,a)%xp, we have

Hz in a resonant frequency of fHz. This results in a sen-
sitivity limit of 8¢;,~10"® and henceSx;,~ 10 °. For com- Tom 3 1— 3 N 3 cotka ®
parison, Table | lists the sensitivities of some commonly H 2 (ka)? ka |’
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1. Dielectric permittivity and susceptibility 1 T T . .
measurements

The smallka limit of this result leads directly to a mea-
surement of the dielectric permittivity or susceptibility

Ty~ & (koa)2(e+i7/weg—1);
when yu<(k,a)%xp, and ka<1
~ 15 (ko) *Xp
when =0, Yyu<(k,a)%xp, and ka<1. (9)

Therefore, in the Tk ; modeone can measure the di-
electric properties of a sample even though the sample is0-51
placed in a pure microwave magnetic fielthis has nothing
to do with the spatial variation of thié field near the cavity
axis. It simply arises from the wave equation ahdlds,
within geometric factors, even in a homogenous magnetic -1
field and with zero electric fieJdsuch as can be achieved in
a split ring resonatot.

This method of measuring has one important advan-
tage overE-field cavity perturbation measurements. The _15 s . " '
measured quantity is directly proportionalde- 1 and holds 10° 10’ 10° 10° 10° 10°
even whene>1 so long as K,a)?(e—1)<1, while in the ofwe,

E-field method the measured frequency shifts are propor-

tional to (E 1)/(}—}— 2), due to so-called depolarization ef- FIG. 2. The calculated dependence of the electromagnetic suscepthility
fects (see Appendix B and can obscure the direct interpre- and{y, on the conductivityr/ we, . This shows the conductivity peak ads
tation of the results. varied.

For generale Eq. (8) can be inverted to obtaig from
the measuredy . Examples of such inversions are presentedThe normalization factor 3/{,wa) is specific to the spheri-
later. cal sample and Td; mode geometries. Note that in this

Note that the dielectric permittivity measured is that ap-limit the measured data arel/\/o.
propriate to the plane perpendicular to the direction of the It is worth noting that this resul¢11) is also valid for
magnetic fieldH,, . This is the direction of the displacement complex conductivityo=o,+io, such as for a supercon-
currents, and also the induced conduction currents. If theluctor. The above treatment assumes that displacement cur-
response in the plane is anisotropic then the measuveitl rent effects are negligible. If they are also present and can be
be an appropriate mixture of the responses in the differentepresented in terms of a dielectric constanthen we can
axes in the perpendicular plane. This must be viewed as also write
drawback compared to thefield method, where in principle .
the response along each axis can be measured using a needle 5 Z.=R—iX = ! “"“j _ (12)

shaped specimen elongated in the direction of interest. o—iwe

3. Conductivity (eddy current), peaks and dielectric

loss peaks
2. Surface impedance measurements (skin depth or p

eddy current limit) As noted above, the measured changes in the cavity
resonance parameters expressed here in terms of the electro-
magnetic susceptibilityy change from ao dependence for
small o to a «1/\/o dependence for large. Thus asc is
varied this results in a peak in the absorption ojn, ac-
g y (X HiRY): companied by a change df, from 0 to {/,,=—1.5, as
Hee = s shown in Fig. 2. This conductivity or eddy current peak is
similar to the depolarization peak observedHsiield mea-
when yu~0, a>4, ka>1. (100 surements. Of course the location of the conductivity peak is

In Eq (10) ZH is referenced to the Comp|ete d|amagnet|cdetermined by both the COI’]dUCtiVity and the Sample dimen-
result¢},..= — 3/2 for a sphere. Thus in this limit the data are SIONS.

The other useful limit is for a highly conducting mate-
rial, where ka=(1+i)a/6=(1+i)aJu,wo. The skin
depthé=1/\Ju,0w<a, hence

a direct measure of the surface impedance In certain materials, particularly the oxides, there are di-
i electric loss peaks intrinsic to the material, arising from a
5 R _iX.— _lf),“o (11) dielectric constané=¢' +ie”"=€(0)/(1+iw7). Usually ris
sosTs o a strong function of temperaturg and hence whef is
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S0 @ 300 © V. EXPERIMENTAL PROCEDURES
a, C
200 In the experiment, we first carry out a background run to
J seloulated 100 sTio, measure the resonance frequentyT) and the width
N F oo ; Af.(T) of the empty cavity as a function of. Then the
( © | sample is inserted and corresponding parameig) and
190 Afy(T) are measured,;= ¢/,(T) +i £} (T) is obtained using
-200
1
_500 2000 4000 6000 _3000 50 100 150 200 250 gH(T) == a [fS(T) - fC(T)]i
TK)
e . (13)
300 Y(T)=—=[Af«(T)—Af(T)].
" " GH(T)=GIAT(T) = Af(T)]
250 150
200 The termg is given by Eq.(3). In practice, while relative
. changes 6&f(T)=f(T)—f(Te) or Of(T)=F(T)

3 calculated + 100 $ITio,

150 F —f(T.) referred to a reference temperaturg; can be
100 % measured with extremely high precision, there can be larger
5 errors in the absolute value 6f(T)—f.(T). For this reason

we represent the data as
00 2000 4000 6000 00 50 100 150 200 250 1
; T Sh(T) == G{I81(T) = 8T e(T)]+ 61 (Tre) - (14
FIG. 3. (8) ¢} and(b) ¢}, vs e calculated using E(8). The plots show the
dimensional resonances which occur whea= (n+1/2)wr. Experimental In many cases, the background correctiig(T) can be

data of(c) 8¢y, and(d) £}, vs T for SITiO;. The dimensional resonances, negligible. It is convenient to present the datac?i’%(T)
similar to (@) and (b), are clearly visible. In this material the dielectric :gr (T)—g” (T ) instead 0f§' (T) To get the absolute
constante’ increases with decreasifig H pH\ Tref T HA get !
value of {},, calibration can be made by putting the sample
into the cavity to measurk; and then immediately taking the

varied, a peak ine’(T) occurs at a peak temperatuife sample out to measurk, at a fixed temperature, and thus
where wr(T,)=1. Sincer(T) increases with decreasiig ~ OPtain &f(Trey). For many samplese.g., see SECUOy
this peak shifts to lower peak temperatufgswhen the mea- laten), gH(,Tref)f ¢n(T) particularly at highT, so that in these
surement frequency is decreased. Sifiges proportional to Cases Ly~ Ly
€ in the appropriate limit, a peak will be observedZihalso A Inversion of experimental ¢ or Z. data to obtain €
asT is varied. and o

In such materiale-(T) is also a strong function of and . . .
typically is semiconductingo(T) = o, exp(—Tg/T). Under The next key step 1S to qbtam th~e fundament.all m~ater|al
such conditions, the experimental data will display twoProPery, the sample dielectric functianor conductivityo,
peaks, one a dielectric loss peak and the other a conductivifjo™ the experimental data represented either ar the
peak, asT is varied. When the measuring frequeneyis surface impedancg;. Two approaches are possible here:

reduced, the dielectric loss peak will move to lowewhile (1) a direct inversion of Eq8) forZ(T) data or Eq(11) for
the conductivity peak will move to higher, i.e., the peaks > (T) data to extrack(T) — i we(T)
S l

move apart on thd axis with decreasing. A specific ex- f2) modeling of o(T) —i we(T) to quantitatively match the
ample of a dielectric loss peak in the spin ladder materia Z(T) data using Eq(8) orz (T) data using Eq(11)
Sr4Cuw,y40,; is discussed later. 9= s 9 EQLD-

We discuss both these procedures below.

1. Inversion of equations

4. Dimensional resonances s~
We have successfully solved E(B) to obtainz=ka

A remarkable prediction of Eq8) is the occurrence of =k,a\e+io/we, using the subroutine FSOLVE in
dimensional resonances when the dielectric constant variddATLAB. The success of the solution depends crucially on
strongly. This is shown in Figs.(8 and 3b). The reso- the values off or equivalentlyz. For values of’, {'~1,
nances occur whenevka=(n+ 1/2)7 and are quite sharp. which is well in the QS or EQS limits, the solution is very
They correspond to situations where the electromagnetiaccurate and yields the sample-iwe with ease. In this
field essentially resonates inside the sample, just like a diimit Z<1, corresponding to typical dielectric constants
electric resonator. We have observed such resonances #<=1000 (for the sample and cavity sizes discussed in this
SrTiO;, which can be viewed as a quantum paraelectric witharticle) and not too smalk”. Thus for lossy dielectrics, the

transition temperature a&t=0, and in which materiat’ in- results fore can be easily obtained. The results of such a
creases rapidly with decreasiiigo values approaching sev- solution for the material $5Cu,4,0,4, are discussed later in
eral thousands. Results are discussed later. this article. Results on several other materials which have
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similar properties, such as grsNiO,, YBa,CusOg g, 3.E-04 @
and PrBaCu;0; ,, are described in previous and forthcom- e
ing articles*®

Great care must be exercised in two regimes of param-
eter values:

2.E-04 |

(1) When {’>1, and ’<1, which corresponds t&a>1 1.E-04
(¢'>1000 for the conditions of the experiments in this
article). Here the resonances of cjt(enter whenka / ______________________________________ Xde
_ : : , . 0.E+00 ' ' '
=(n+1)w/2, leading to dimensional resonances dis-
cussed in other sections.

2 'I_'h(_a _m_etallic limit, wh(_ang’ﬂ—l.S, and{"<1. _In this 2 E-06 3.8E-05
limit it is more appropriate to use the surface impedance (b) (c)
limit Eq. (11) rather than Eq(8).

The principal difficulty in the above two limits is that 5
there are many nearby minima of the underlying function,
and the program quickly converges to spurious solutions.
Future work will focus on this important problem.

0.E+00 : . : 3.3E-05 = .

6
2. Modeling the conductivity and dielectric constant T (K) T (K)
to match the data

Even if the solution procedure is successful and the mat'G: 4 (@ Measured microwave magnetic susceptibilly vs T for

=~ s _S,CuG;. For this sample the IimEHw}}M applies. Also shown is the dc
terial fT lwe IS succe;sfully extracted, a qu%,n“tatlv_e under susceptibility(dashed lingfrom Ref. 19;(b) and(c) are lowT data of ¢},
standing of the eXpe”m_ent"f‘l results ﬁF""‘? requires a  and¢y,, showing signatures of the 3D AF transitionTat-5 K.
model. Where the solution is not easily attained due to the

difficulties mentioned above, we have found it necessary to  a¢ |ow temperatures, additional features are observed in
bypass the solution procedure and instead use model CaICHbth s¢l, and 8¢}, as shown in Figs. ®) and 4c). These

lations of o —iwe to describe the data using Eqs(8) and peaks are microwave signatures of the 3D long range anti-

(1D). ferromagnetic ordefAF) transition atTy~5 K.1” These 3D
Heisenberg antiferromagnetic transitions occuring & are
VI. EXPERIMENTAL RESULTS rather small features that have been seen only in high sensi-

) ) tivity dc-SQUID magnetic measurements. The very high
We describe below measurements on three different Masensitivity of the technique utilizing a superconducting cav-

terials all in single crystal form. These crystals have typicality js evident from the similarity between the dc-SQUID and
dimensions of X1x0.5 mn? and have been extensively microwave data in Fig. 4.

characterized by a vast array of measurements: dc resistivity,

de SQUID susceptibility, x-ray diffractiofXRD), NS, and g pjelectric loss peaks in the spin ladder material
high pressure studies. Structural studies of the single crystalsy, ,cu,,0,,

show that of all of these measurements indicate single phase,

high quality crystals. There is increasing interest f_o_r studying spi_n/lad_der

o _ . . compounds because superconductivity can be obtained in Ca
A. Magnetodynamics in the spin chain material doped Sp,Cu, O, under high pressuréé.In Fig. 5, we
Sr,Cu0O, =

show the results off(T) in the case ofH,|IC axis for
Sr,CuO; single crystals were prepared by the floating ShaCly4O4;. The striking feature of the data is the rapid
zone techniqué® It is an insulator in a large range of tem- drop with decreasing in 6¢},(T) below approximately 200
perature, and it only possesses linear Cu—O chains and I accompanied by a relatively sharp peakdfy(T) at T
regarded as an ideal one-dimensional spin 1/2 chain. In the 170K, which is not seen in the dc magnetic susceptibility
measurement, the sample is mounted in such a way that thieeasuremengFig. 5b)]. The extraordinary dynamic range
microwave fieldH |IC axis. Figure 4a) shows the plot of (over four orders of magnitude i) of the superconducting
SLL(M=¢L(M)—¢L(2K) vs T and ¢4(T) vs T for cavity enables us to see an additional peak at Toin Fig.
Sr,CuG;. The termd¢), shows a monotonic increase with 5(b) [the semilog plot ofa) datd. Although a similar peak is
temperaturel, and £}, has insignificant changes from 6 to also observed ing(T), the magnitude is about ten times
260 K. These results are comparable in magnitude with themaller than{{,(T). At high temperatures, the measured
dc magnetic susceptibility measuremeHttss shown in the L Xde™ 10°. Thus in this material the dielectric contribu-
dashed line of Fig. @), and indicate that the sample pertur- tions dominate, i.e.,K,a)*yp>Yu, and we are thus mea-
bation effect is in the magnetic susceptibility limit suring the dielectric constant.
(koa)*xp<xm, SO that{y=%u. Thus in this material we Figure Sc) shows the dielectric constaet and € ob-
are essentially measuring the magnetic susceptibility. tained from the measurefidata and inverting Eq8). The
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problematical because of the dimensional resonances. Here
as noted before the solutions do not appear to be unique and
spurious solutions are found.

An important parameter for microwave applications is
the microwave loss in SrTi) We find thate”(T) varies
between 0.1 and 0.25 in the temperature region between
250 K and about 75 K where smooth solutionsf 850 are
obtained. We also note that the raw experimental data for
indicate that the biggest resonances occur at 62 K and 37 K
which is exactly where dielectric anomalies have been re-
ported in lower temperature measuremefits.

[@

(b) 88y
o1 | .

0.01

0.001 |
% (dc sQuiD)

0.0001 {
0.00001

. 0.01 .
0 100 TK) 200 300 0 100 200 300
D. Discussion

IF'G- 5. EXpe”me”ta'ldata Oféﬁ(*ééﬁ)ba’_‘d gﬁf for iryC:mOufin (;‘) We have shown that a careful analysis of cavity pertur-
T A%, bation methods, combined with the use of superconduciing
(dashed lingis the fit of the dielectric response to a Cole—Davidson form. Cavities, leads to a powerful method of measuring transport
(d) Data of (c) in a semilog plot, showing an additional feature at 110 K properties at microwave frequencies. The method can lead to
coincident with the opening of the magnetic gap reported in this system. exceptionally high sensitivities for the material properties.

A surprising result is that dielectric constants can be
loss peak ine” is clearly evident, and is accompanied by ameasured even though the sample is placed in a microwave
change of state of . These data indicate an essentially puremagnetic field. One consequence of this conclusion is that
dielectric relaxation process in this spin ladder material, arismany such experiments which use samples in microwave
ing from the presence of charges due to doping. magnetic fields, such as nonresonant microwave absorption

The dielectric mode is well described by a Cole— measurement®, should be carefully analyzed for the influ-
Davidson form €(w,T)=¢€(0)/[1+iw7(T)]?, with €0) ence of dielectric properties, and not just the magnetic prop-
=27, B=0.6, and an activated relaxation tim€T)=1.6 erties.

X107 18.exp(To/T)[s], with an activation energyT ., The resulting microwave measurements show new dy-
=2000K. When the relaxation rate *(T) varies rapidly namic phenomena with time scales corresponding to the
with T and crosses the measurement frequeacya peak GHz frequency ranges which is not seen in static dc SQUID
occurs afT,, wherew7(T,)=1, as shown in Fig. 5. In this susceptibility measurements. The microwave measurements
material the relaxation time(T) appears to follow the con- yield information on dynamics at time scalesl0™ 's com-
ductivity o(T), indicating that the free carriers determine the parable to NS, but shorter than NMR and nuclear quadruple
polarization relaxation. Extensive details of the polarizationresonancéNQR) (10~ ’s) anduSR (10 2s), and are a sen-
dynamics in this material and in the related sitive probe of charge and spin dynamics in novel electronic
Sr4-«CaCu0y4 family are discussed in a forthcoming materials. These results will lead us to a new perspective of
publication®® how to understand other cuprates. In future publications, we
will discuss the results of measurements on low-dimensional

C. Dimensional resonances in SITIO 4 spin systems and high temperature superconductors.

One of the striking predictions of the above analysis is
the occurrence of dimensional resonances discussed in &ACKNOWLEDGMENTS
earlier section. These resonances occur when the dielectric o .
constant is so large that the conditika= (n+ 1/2)r is sat- The authors thank R. S. Markiewicz for useful discus-

isfied. We have experimentally observed such resonances fons: This research was supported by NSF-9711910,
single crystal samples of SrTiOneasured in a Tz, cavity. AFOSR-F30602-95-2-0011, ONR-N00014-00-1-0002, and
The single crystal samples were purchased from Aesar Mfd.\'SF'|NT‘9726801-
Co. The experimental data are shown in Figg) &nd 3d),
where8¢,(T) and{},(T) are shown as a function dffor a
sample with dimensions 0:8).5x0.5 mn?. The data clearly
show resonances as a function©fIn this materiale’ in-
creases strongly with decreasifigapproaching values of Brodwin and Parsons treated a spherical homogeneous
nearly 1000. The experimental data shown in Figs) and  sample with radius in a resonant cavity when the restric-
3(d) are quantitatively consistent with the behaviofahand  tions ka<1 andk,a<1 are removed. They use a method
(b). developed by Strattéhin which the electric and magnetic
Inversion of Eq.(8) shows a weaklyT-dependent fields inside and outside the perturbing sample are expressed
€' ~850 between 250 K and about 75 K. This value is en-as expansions of spherical vector potential functions.
tirely consistent with other measuremetitsHowever, at The field configurations of the T mode in cylindrical
lower temperatures the inversion of the data to obtaire is  coordination ,¢,z) are expressed as

APPENDIX A: SPHERICAL SAMPLE IN MAGNETIC
FIELD MAXIMUM OF TE,;; MODE
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™ TZ\
H(r,¢,2)=—H Bl 1(,801r)co{ L)
+H Jo(,er)sm( 2)2
nz\ (A1)
E(r,p,2)=Hy—— /3 . 1(,801r)sm( 3 )go,

Dielectric and magnetic susceptibility 3159

Considering the cavity resonant frequencywm,,

=c\/B2+p?m?IL?, y for the Ty, mode can be rewritten

as

n

Y= (A5)

J5(Boa o) 1+

-2
,301L)

This series in Eq(A2) is rapidly convergent for samples

whereH, is the maximum magnetic field in the center of the with diameters less thai/2m, therefore the leading term

cavity, r, is the radius of the cavityl. is the cavity axial
length, andggr, is the first root of the Bessel function
Jo(Bro)=0. A time dependence '“! is assumed irH and
E. When a small sample with radiasis put inside the cav-
ity, the complex frequency shiio for TE,;; mode is given
by the following expression:

_i9psifa & 2(2n+1)
233(Boyro) i1 3n(n+1)

P!/(cosa)]® [al

sina

0w

on

(A2)

whereB= k2= h?=k, sina, h= /L, andn=V,/V, is the
filling factor. The termay, is the coefficient corresponding to
the reflectedscatteregifield and is given by the following
expression wittp=k,a andNp=Kka:

r_ —in(Np)[pin(p)]"+jn(p)[Npjn(Np)]’
Lin(Np)[phi(p)]" —ha(p)[Npjn(Np)]"

(A3)

In the following we define the sample geometrical factor

v as
7 Sirt a

_psime A4
7 S Boro) (A4)

gives a good approximation for the frequency shift

lof7)

i9vya)

Using the spherical Bessel functiongi(p)=[sin(p)

—pcosp)lp®, h{Y(p)=—e"(p+i)/p?, and [pji(p)]’
= —[sin(p)—p cosp))/p?+sin(p), we can examine the results
of dw in various limits.

A. Extended quasistatic limit  k,a<<1

In this approximation, j1(p)=p/3—p%30, h{(p)
=—ilp2=il2+ p/3+ O(3), and[pji(p)] =2p/3—2p>/15,
[ph{P(p)] =ilp?—il2+2pI3+0O(3), Eq. (A2), can be
written as

37 21j1(Np) —[Npj1(Np)]’
1j1(Np)+[Npj1(Np)]’

+ Al : ( koa) 2,
(A7)

whereA; is the coefficient of the second order termkga
and it is given by

3y 47LJ'1(NP)—[NPJ'1(NP)]}

1720 | j1(Np)+[Npj1(Np)]"| 4

1. Quasistatic limit k ,a<<1

ConsideringNp=ka<1 the frequency shif6® can be
reduced to

9y[RP-6n+4

10 W(koa) +ﬁz(ka) (A9)

If w=1+ym~1, in addition tok,a, ka<1, then the
above equation reduces to

0w

?”—7(/7—1)=—7}M=—7(Xr’w+ix’n’/| (A10)

Here the frequency shiféw is a measurement of the
complex magnetic susceptibilify, .

37[{2M11(NP) [Npj1(Np)T" Hmj1(Np)—[Npj1(Np)]'}
{12]1(Np)+[Npj1(Np)]'}?

} (A8)

2. Pure conductor: Eddy current or skin depth limit:
p=1,e=1, o=0

In this limit ka=(1+i)a/s, whereé=1/\Ju, 0w is the
skin depth. Retaining the first order in the series of &),
we obtain the complex frequency shifo:

@Z_3_7[211<Np>—[Np11(Np>]']

w J1(Np) +[Npj1(Np)]’
_ 3y 3 3 coska
=t ka2 ka (ALD)

By using cotk+iy)=sin 2x/(cosh 3/—cos X)—i sinh 2/
(cosh 2—cos X), we obtain the Landau and Lifshitz expres-
sions
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, hza 28
. 5o\ 3y . 3(s\ | M
w| 2 2\a 25 25| |’
cosh——cos—
a a
(A12)

_h25+ 28

| 55)_9)/521 sinh—-+sin—

M|~ alal | *\5 26 2o

cosh——cos—
a a

In the low frequency limit wher&>a the above formu-
las become

5o\ 4y [s\*
Re(?)zmsa :

(&.0) (82 (A13)
Iml—|==|=

w 5la

In the high frequency limit wheré&<a we obtain the
expressions

R 6’&)_3)/ 9y (&6
W)~ 2 a\a)
(5’&)) 9y (s (A14)
Im|—|=—|—].
w 4 \a

Therefore the complex frequency shii@ could be writ-
ten in terms of surface impedanZg=R,—iXg:
ow 3y

® 2 Y-}

with Rg=Xs= Jo u/20.

(A15)

(Xs+iRs)}

3. Lossy dielectric: p=1, e=€ +i€’, o=0

In this case,k?=(w/c)?(e+iv/we,), the frequency

shift has a similar expression with the one derived for as

Zhai et al.

For a sample placed in the cavity center at the microwave
electric field maximum, the frequency shiff is

§® 197 2(2n+1)
AJ5(Bhro) =1 3n(n+1)

[PH(0)1%5 (b—)
n On p3
(B1)

with the reflection coefficiert

. —€in(Np)[pin(p)]" +in(p)[Npjn(Np)]’

TG NPT NN PN (Np)T
The first order of Eq(B1) becomes
5 _ 37" ZEia(Np)~[Npis(Np) ) ®3)
® 2 | €j1(Np)+[Npj1(Np) ]’
with a new geometrical factoy’ given by
Y ®

where kgf ,, is the first root of the Bessel functiaihy(«r )
=0.
In the limit whereka<1 the frequency shift becomes

Sw e—1
—=—-3y'=——=+0(2).

w €+2 (B5)
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where yp=€—1=¢'—1+ie’"=xp+ixp. Here the fre-

guency shifté® is a measurement of the complex dielectric
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APPENDIX B: SAMPLE IN TM 4,9 ELECTRIC FIELD
MAXIMUM

Although we have focused on the JilEmode, it is also
possible to carry out measurements using the;;fvhode.
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