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The complex resistivityp(w) of the vortex lattice in an untwinned crystal of 93-K YR2;0, has been
measured at frequencieg2s from 100 kHz to 20 MHz in a 2-T fieldH||c, using a four-probe rf transmission
technique that enables continuous measurements verand temperaturé. As T is increased, the inductance
L« w)=Imp(w)/w increases steeply to a cusp at the melting temperafreand then undergoes a steep
collapse consistent with vanishing of the shear modugs We discuss in detail the separation of the
vortex-lattice inductance from the “volume” inductance, and other skin-depth effects. To analyze the spectra,
we consider a weakly disordered lattice with a low pin density. Close fits are obtaipe(id over 2 decades
in w. Values of the pinning parametar and shear modulusgg obtained show thatgg collapses by over 4
decades aT,,, whereas« remains finite.
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. INTRODUCTION these frequencie$ 3 However, the response in high-purity
single crystals is qualitatively different. Wu, Ong, Gagnon,
The investigation of the response of vortices in type-lland TaillefertWOGT) (Ref. 10 investigated the ac response
superconductors to an alternating driving current has had @ untwinned crystals of YBCO in the MHz range, and found
long and fruitful history, beginning with the experiment of that the inductance vBl exhibits a stepwise change at the
Gittleman and RosenblufGR) on Pbin and Nb alloy$.In  melting field. As a liquid cannot produce an inductive re-
cuprate superconductors, these investigations have been pgponse, the stepwise change in the inductance is direct evi-
formed on YBaCuwO; (YBCO) over a broad range of fre- gence for a collapse of the shear modutygat T,,.
q_uencies extending from 100 kHz to a few THz. At freque_n- The two-probe experiments of WOGT were performed at
cies w below a few 100 MHz, the vortex response is fiyeq T versusH. This approach cannot be extended to mea-
obtained by directly measuring the sample’s complex resisg ;aments in whicff is continuously varied in fixedH be-
tivity p(w). At microwave frequencied0 to 100 GHz, cav-  cause variations in the background sigfedm T-dependent
ity perturbation techniques have been the primary approackiray cable reactangeswamp the sample signal. We report
although bolometric absorption techniques have been moresults obtained by the use of an RF four-probe technique
useful at the high microwave end. that circumvents this obstacle. The four-probe technique al-
The occurence of the vortex solid-to-liquid melting tran- jows high-resolution impedance measurements versus each
sition in the cuprates is one of the most interesting phenomof the three quantities, H, andT. We find that the collapse
ena in the investigaton of “vortex matter” in of the inductance is even more abrupt whers scanned at
superconductorsThe melting transition al,, has been in-  fixed H. While we largely confirm the fixed- results of
vestigated in some detail by high-resolution measurements Qf/OGT, the swepf experiments provide a more direct pic-
the magnetizatiort;! heat capacity,and dc resistivity:” In - tyre of the behavior of the vortex resistivity and inductance
any solid-to-liquid transition, the key quantity of interest is 35 T is increased above the melting line. With the broader
the shear modulus which vanishes in the ||qU|d The reSiStinerspective’ we correct a previous inference regarding a
ity profile (p vs T) in a crystal of B}S,CaCyOg in which  “remanent” shear modulus in the vortex liquid state. A de-
alternating strong and weak pinning channels are created ligjiled discussion of how the vortex-lattice inductance is
ion irradiation was interpreted as a loss of shear strength afeparated from the “volume” inductance is provided. To-
Trm.® The effect of the vanishing shear modulusTatonp  gether with the measurements of WOGT, the present results
when the fieldH is tilted relative to the twin boundaries in provide a complete experimental picture of the linear re-
twinned YBCO crystals was also demonstrated. sponse of the pinned lattice in a high-purity cuprate crystal to
The standard approach to investigating how the sheagn ac driving current in the MHz frequency range. The two

modulus changes in a system undergoing a solid-to-liquidyjgtinguishing features are the strong dispersiop(a$) ob-
transition is by observing itdynamical responst® an oscil- served even at lows (just below the melting temperature
lating driving force. The frequency dependencepb) in  T,) and the striking abrupt collapse of the inductanc® at

the vortex state in YBCO has been investigated by several To understand the spectra, we have adopted a model in
groups at frequencies in the 1 to 100 MHz range. Initialwhich the vortex lattice is weakly disordered by pinning to a
measurements using thin-film samples found tipéto) low density of pins®” A mean-field solution proposed by
=p,(w)+jp,(w) displays strong, featureless dispersion atOng and Wu(OW) (Ref. 18 is used to fit the measured
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resistivity spectra. By measuring the damping viscosity) they can be minimized by empirically adjusting the ground-
independently, we reduce the number of adjustable paramng strap configuration.

eters to just two numbers at eathWe show that the OW With the four-probe method, we may vary independently
solution can achieve close fits tg(w) extending over two each of the variablebl (0-8 T), » (100 kHz to 20 MHz,
decades inw. The fits enable us to find botkh andcgg (fo  andT. To confirm that we are in the linear-response regime,

within a multiplicative constantat eachT. The latter exhibits e checked that curves cff(w) measured with incident
a remarkable four-decade collapse to zero withiK of T,. power at—15.5 dBm and at 4.5 dBm are closely similar
~In Sec. Il a summary of the experimental approach isexcept for a higher noise content in thel5.5 dBm curve
given. Section Ill discusses Skln-depth effects and the VOl'for Pz) We report all measurements in terms of the Samp|e’s
ume” inductance. In Sec. IV, we report measurements versug i ) — " — ;
' omplex resistivit =Z bc/a')= + ,
T andH at constant. The central results—the spectramf whefe a’'=0.68 rz’r)rgag theS(;)e)rgaratio)n Ol;lt(ﬁue) V(J)Iliééﬁ) con-

and p,/w—are reported in Sec. V. Section VI explains the o : _
fits of the spectra to the weakly disordered lattice model, an |f(|:(t:§ li?wdpulif;nggz(éoe)f,":teas Tﬁéezglicio ?Aiizsst;g?%e
Sec. VIl discusses the temperature dependence of the shear (bc/a’)]. Dividing p, by issolaztes the divergent E)e—
mOdU|us Uea“'m- Appendledesc_nbes the_four-probe tech- havior of £L; asw— 0, thereby highlighting the dramatic col-
nigue, while Appendix B summarizes the impedance Calcuiapse ofL, at the lattice melting temperature
lation for a sample with elliptical cross section. Appendix C s '
summarizes the linear response of the weakly disordered lat-

tice to an ac current. IIl. SKIN-DEPTH AND VOLUME INDUCTANCE

In zero magnetic field, the impedangg(w) of a super-
conductor(in the form of a cylindermay be calculated from
Il. EXPERIMENTAL DETAILS the 2D Helmholtz equationV?+ k%) A=0, wherex?=\ "2
As in WOGT? a weak, alternating currerdte!®! is ap-  +2] 52 (here,\ is the London penetration length aAdhe

plied within the CuQ plane (||a) in the presence of a field skin depth determined by the quasiparticle conductivity

H||E. The average velocity response of the vortices is de- F|rst, we conS|derthe_ hormal-state mpedan‘t':e»(fc) by
letting \ — o, and replacing by the normal-state skin depth

tected as a complex resistivip( w) =v (w)B/J,. N - ; S
Because contact resistances on YBCO crystals are typé“_h 2pn/ @ (Wherep rE).'f thehnormgl—sltate reS|st|V|kt1y ﬁnd
cally a fraction of an Ohm, they add Bdependent back- Mo the vacuum permea iy W Enw 1S 1arge enoug t a.t
ground that dominates the sample signal. In an experiment iﬁ”< A Jis confmed to the skin erth, and the_effectwe
which the fieldH is swept at constant (as in WOGT), this s(w) mcrgasesA IS thg cross;)sectmn argdror a circular
large background may be subtracted, by reference to thE0SS sectionZy(w) is given by
zero-field data at each. However, wheri is swept at con- 16, Jo(%)
stantH, the contact background leads to substantial errors. Z(w)= _@H0lon o —
The problem is exacerbated by tfiedependence of the di- Zwro\/ﬁ J1(X)
electric filling in the long coax cables. We minimized this by . .
using special cables with low-density Polytetrafluoroethylenavherex=—jr\2j/3,, Jn(x) is the Bessel function of or-
(Teflon) dielectric. The higher propagation velocity (0c85 derm, andrq (1) is the radius(length of the sample. The
versus 0.66) is also an advantage. case of elliptical cross section is treated in Appendix B.
The four-probe design was developed to remove the back- Equation (1) shows that, at large o, Ry(w)
ground altogether. The samplempedanceZ =R +jwl) —pll(27ry6,), as expected. More important for our induc-
shunts the inner and outer conductors of both the inciderf@nce discussion, the rf field energy at highis confined to
and transmission coaxial cablsee Appendix A If Z,<Z, the skin depth. Therefore, the inductaricgw) decreases
(the line impedandethe incident signal is strongly reflected, monotonically to zero as— <. As this inductance expresses
and the transmitted signal is highly sensitive to smallthe rf energy stored in the volume ofs&raight cylinder, we
changes irZ,. By phase detecting the latter we may deter-refer to it as the “volume” inductance,(w) to distinguish
mine Z. By inserting broadband transformers in both theit from the vortex-lattice inductance which is the main focus
incident and transmission cables, we can achieve true fou®f this work(and from stray, geometric inductances that arise
probe measurement at frequencies up to 50 Mifapendix ~ from coil-coil flux linkage. From Eq.(1), we find that
A describes the calibration procedure
The measurements were made on a detwinned crystal of lim L :E “_OI_ )
YBCO (of dimensiona=1.11 mm, b=0.41 mm, andc woo 2 47
=55 um), in which the dc resistivity displays a sharp tran- ) ) )
sition (width of 0.2 K) at T,=93.3 K. The RF resistivity FOr @ high-purity Cu wire pc=0.4 mm|=3 mm) at 300
was measured with the rf current densilja andHl|c. Al- K, Lvoi(®@) equals 120 pH at low, but falls to a tenth of this
though all measurements were performed in a screene¢flue at 20 MHz. _ o _
room, radio broadcast signals are picked up as weak reso- Bélow T¢, the penetration of the rf fieldsn zeroH) is
nance lines in the spectra. Parasitic line resonances, detectset by the London length, i.ex— X 1. As the in-plane\ in
as weak resonances, are the hardest to eliminate. HowevefBCO is very short ¢-0.2 wm), we may regard the stored

@
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FIG. 1. Calculated impedancgy(w)=R¢(w)+jwlL (w) of a
conducting cylinder of elliptical cross section and resistivity
=4 pQ cm. The inductancd ¢ is entirely volume inductance
Lyo - The parameterg,=0.108 andh=250 um are selected to
match the sample cross section.

rf field energy to be nominally zero. Hence the changédn
(in zero field betweenT. and, say 60 K, provides a direct
measurement of . Applying Eq.(2) to a cylinder with a
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FIG. 2. (Main panel Temperature dependence of the total
sample inductanc€y(w,T,H)=p,(w,T,H)/w measured in a 2-T
field (H|c) at the frequencies indicated. Here, “15” means 15.4
MHz andH (in Teslg is in parantheses. A§ approached ,, from
below, £s (measured at 1-4 MHzrises to a sharp cusp before
collapsing to the valué&,, observed in the normal state. For com-
parison, the zero-field traces taken at 1 and 15.4 MHz are also

circular cross-section area equal to that in our crystal, W&pown. The inductance scale has an arbitrary ofigétause of the

find that IimaH Lyoi=34 pH (corresponding tol,,=1.2

0

term Lyg in Eq. (3)]. The portion of the curve 10 T) below 90 K

%1013 Hcm). This tiny inductance may be measured with SETves as our reference line. Inductance signals measured relative to

about 2% resolution by our four-probe method.

In the resistive stateH>H_,), the rf penetration is de-
termined by p,(w) (i.e. k?=2j8; ?, where the flux-flow
skin depth 8;=+2p1/wwg). As p; may be as large as
8 uQ) cm for H=2 T, the volume inductanck,, nearly
recovers its full value given by Edql). However, in our

this reference are identified as contributions from the sample. The
step change &t in zeroH reflects the Meissner expulsion of the
stored rf field energyreduction of volume inductancg,,). The
inset showsgp, measured at the same

analysis. Throughout the low-region near the melting tran-
sition, the correction is less than 0.5%, so that the unifdrm-

measurements, the inductance increase is actually far in &%ssumption is valid.
cess ofL,, . The excess inductance arises purely from the

vortex lattice.

Returning to the resistive componeRi(w), we have
converted it top, by the assumption thak is uniform over
the cross sectiofi.e., p1(w) =Rs(w)bc/a’]. However, if §
is comparable to the half thicknes$2, Ry(w) is signifi-
cantly enhanced by the skin-depth effect, gndwill be

IV. FIXED-FREQUENCY MEASUREMENTS

All the data reported here are taken either in zero field or
in a fixed field of 2 T. In the resistive state, the inductance of
YBCO varies strongly withw and T. We first display the
variation of L4(w, T,H) versusT measured at selectedlin a

overestimated. We now address this concern. As the aspegtT field as well as in zero fielémain panel of Fig. 2 The

ratio b/c=8.3, we cannot rely on Eql) for quantitative
guidance. In Appendix B, we have calculatégd w) for a

inset shows the corresponding curves fgr
In the main panel, we have plotted the specific inductance

normal-state sample with an elliptical cross section using: =p,/w with an arbitrary origin, because the total ob-

Mathieu functions. The variation dRs(w) and L,y (w) is
shown in Fig. 1 for a sample with this high ellipticity. We
assumed the normal-state resistivity=4 wQcm.

As the results depend only o), values forRg(w) and
L,o(w) at other values op,, are obtained by rescaling thxe
axis. For example, at 85.9 k,; measured in a field of 2 T
with w/2mr=3 MHz equals~1 pQ cm. Rescaling the fre-
qguency axis in Fig. 1 by a factor of 4, we see thaw#2r
=12 MHz, Ry(w) andL,y,(w) deviate by only 5 and 3 %,
respectively, from their low-frequendy.e., uniform distribu-
tion) values. At the lowesT (<84 K), however, the devia-
tions may be up to 20% fan/27>10 MHz, but these low-
T-high-w data will not play any significant role in our

served inductanck,,sis the sum of the sample contributions
(Lyo and the vortex lattice terrh,) and an arbitrary back-
ground L4 that arises from small uncertainties in setting
“null” in the phase setting of the lock-in amplifiers, viz.
Lobs™ I-v_"l-vol"_l—bg- (3

We take the portion of the curve at 1 MHz—0 T below 90 K
as our reference, and identify sample inductance signals rela-
tive to this reference curve.

We first discuss the 1 MHz curve in zero field. Asn-
creases from 60 KL (w4, T,0) is nearlyT independent until,
atT., it undergoes a step increase to the normal-state value
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(w1/2m=1 MHz). Clearly, the step corresponds to the col- 25 [
lapse of the Meissner effect &, as discussed above. The 20
difference betweenci(wl,T,O) measured at 100 and 60 K = _ ™" 1 n
gives L,=1.0x10 ' Hcm, rather close to the value 1.2 E bt N /a
X 10" " Hcm estimated in Eq(2). Hence we identify the & = K%

. . . Q,
step change in the curv€s(w;,T,0) with the maximum  ~_ ,,
(specifig volume inductancel,, of our sample. The curve = ° .
L(wq5,T,0) measured atw,427=15.4 MHz shows a = 05
closely similar step, as expected from Meissner flux expul-
sion. 00

When a fieldHy=2 T is applied, the sample inductance
is dominated by that of the vortex lattice. We follow the
curve at 1 MHz and 2 T, starting at 60 K. Asincreases,
Ls(wq,T,Hp) increases rapidly, rising to a cusp just below
the melting temperature of the lattidg,~88.5 K. Curves at
higher frequencies show a similar but reduced peak. Above
Tm, L collapses rapidly to a value very close to the normal
state value. Because of the finite value of the rf vortex resis-

tivity p4 (insed, expulsion of the rf fields from the interior is
now determined by the flux-flow skin depthd;
=\2p1/pow (6:=N\). At these temperaturesi;>c/2, so

the rf fields are uniform in the vortex liquid state; there is no

change inLg in crossingT,=93.5 K.
The sharp increase iig as T approached,, from below

is one of our main results. The collapse of the inductance

aboveT,, is the constanH-scan version of the collapse ob-
served by WOGT in constafit-scans versusl. (As men-
tioned in Sec. |, the present sweptscans provide a much
clearer picture of how the inductance evolves into th
normal-state value. In WOGH, the finite value of£s above

ugH (M)

FIG. 3. The high frequency resistivity;(w) measured atw
15.4 MHz versus applied field| c at temperatures close T in

untwinned YBCO (||c). The minimum is caused by the “peak
effect” which appears close to the melting figtt),, . At eachT, the
initial slope of p; vs H is used to determine the viscosig(T).

®TheT dependence ofy, is plotted in the inset#y, obtained from a

second sample is also plotfedNear T, 7,~(1—T/T)® while

the melting fieldH ,, was interpreted as evidence for a small, , (1 _1/T)).

residual shear rigidity in the vortex liquid staftheir Fig.

1(b)]. This inference is incorrect. As discussed here, the re

sidual inductance aboug,, is simply the volume inductance
Lo - Within our resolution, the shear rigidity in the vortex

liquid state is zero. This removes the need for the arbitrar

“background” liquid termpg introduced by WOTG?)

At our highest frequencies, the lattice response is pre
dominantly resistive. As discussed below, the friction term in
this limit dominates the lattice forces and pinning forces, s

that p, is proportional to the reciprocal of the viscosity
7(T). Figure 3(main panel displays the field dependence of
p1(w) measured at the frequeney27=15.4 MHz at tem-
peratures close t@. (the current is along tha axis). At each

T, we have fitted the initial slope to tHé&ee) flux-flow ex-
pressionp;=B¢oy/ 7 in order to find (T) (plotted in the
insed [ po=h/2e is the flux quanturh We measured;(T) in
two untwinned crystals. In the geometija, the uncertainty
in determiningz, is large because the broad “peak effect”
restricts the range dfl over whichp, vs H is truly linear.
More reliable results are obtaindtbr 7,) in the geometry

J||b, where the peak effect is much narrower. The two sets %0

viscosity 7, and 7, are shown in Fig. insej. The viscosity
data are used in the fits discussed in Sec. VI.

V. FREQUENCY DEPENDENCE OF THE COMPLEX
RESISTIVITY

Figure 4 displays
p1(w,T,Hp) at temperatures from 80.6 to 88.9 K (is fixed

0

at 2 T). At temperature§ <T,,~88.5 K, the value op; in
the limit «—0 is zero. However, abové&,,, the limiting
value becomes finite. At the highest p, approaches the

)éardeen—Stephen value for free flux-flow (inset of Fig. 2.

Below T,,, p; is strongly dispersive. Close t®,,, p;
displays a crossover from a sharply increasing region at low
o to a gradual region at highh. The “knee” feature sepa-
rating the two regions rapidly moves to high frequencie¥ as
falls below T, by a few K, eventually moving out of our
frequency window.

Figure 5 displaysLs(w,T,Hp) versusw for temperatures
below and abovd ,, (with Hy=2 T). As explained follow-
ing Eg. (3), we identify the sample inductance using the
zero-field curve(below 90 K as reference, viz.

Lo, T,H)=[Lepd®,T,H)—Lopdw,T,0)](bc/a’).

As discussed in Sec. IVLg rises to a sharp cusp &b
—T,,, before undergoing a steep collapse abdye The
st pronounced dispersion occurs at lewhereL shows
divergent behavior in the limitv— 0.

Although the spectra of the inductance are not used in our
fitting process in Sec. VI, we discuss various contributions to
the observed inductance sign@hich includes the volume
inductance for the sake of completeness. We may estimate

the frequency dependence ofl,(w,T,H) by appealing to the observgd and the calcu-

lated curves in Fig. 1. Note that,, can never exceed 0.12
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FIG. 5. The frequency dependence of the sample inductance
L(w,T,Hg) measured in a 2-T fieltHy|c. L (referenced to the
zero-field inductance curyas the sum of£, and £, . The upper
and lower panels are measurements taken below and above 87.95
K, respectively. AsT—T,, from below (a), the vortex term.,
increases sharply, especially at law Just belowT,, (b), it col-
lapses to zero, leaving the nominally flat spectrum that we identify
as the volume inductancg,, .

Frequency (MHz)

FIG. 4. (a) The frequency dependence pf(w,T,Hg) at tem-
peratures 80.6 to 88.9 K in a 2-T fieldy|c. The curves forp,
become increasingly dependent a3,,(~88.5 K) is approached . ) . )
from below. In the vortex liquid state above,, p, rapidly ap-  twinned YBCO at rf frequencies. In the following sections,
proaches a nominally-independent valuécurve at 88.9 K (b)) A~ We interpret the measurements within a specific model, in
subset of the data in upper panel plotted againstidg show the — order to extract the temperature dependence of the vortex-

low-w region. The solid lines are fits discussed in Sec. VI. lattice shear modulus.

pHcm. At high frequenciesf, is negligible, so that the VI. FITS TO THE SPECTRA

curve at 15.4 MHZ2 T) in Fig. 2 may be taken as that for _ _

L, Vs T at largew (we ignore the slight dip nedr,,). Using A. Discussion of the model

the values op; measured at 15.4 MHEig. 4), we find this In the model used by GRthe vortex equation of motion

interpretation is consistent with the calculations in Fig. 1. g
We may also use the observed valuespgfto estimate

Ly, at low frequencies. At the temperatures of interest

(85-90 K), p; is sufficiently large, even at 200 KHz, to

satisfy the uniform3 condition, i.e.,C,,, is close to its maxi- whereu is the vortex displacement from equilibrium, and
mum value 0.12 pHcm. With increasing, £, decreases P q '

slowly to its highe value as seen in Fig. 2. For example atandK are the damping viscosity and the Labusch parameter,

88.2 K[in Fig. 5b)], our estimate of the volume inductance respectwellzy, andB|z. Measurements ofp in thin-film
spectrum is a curve that starts at 0.12 pHcm at tovand samples"* and in untwinned crystal$ of YBCO are n
decreases slowly te-0.06 pHcm at highw. The divergent strong disagreement with the Lorentzian response
vortex term is easy to distinguish from this small, featurele3§(B¢o/7])[1*jwp/w]_l predicted by Eq.(4) (here v,
background. =kl 7). In particular, the dramatic dispersion observed when

This concludes the purely experimental part of the reportthe lattice melting line is approached, in either constant-
The spectra in Figs. 4 and 5, complemented by the measureeangWOGT) or in the constant scans reported here, can-
ments of WOTGY constitute a rather complete quantitative not be reproduced by E@4), even if one replaces by an
description of the linear response of the vortex lattice in un-‘effective” parameter that depends an andB.

U+ KU=JIX Zdhg, (4)
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In the context of the vortex glas8 Dorsey® has derived
scaling relations for thes-dependent conductivity-(w) at Wep=
the vortex glass-to-liquid transition, viz:(w)~(—iw)®. In
thin-film samples of YBCO, the measured spectra do in fact
display power laws ino over 2—3 decaded -500 MH2.22  Rg falls below the average pin spacify. The majority of
The situation in untwinned crystals is very different, how- vortices now respond as if they are free, gndrapidly ap-
ever. The spectra reported h¢ead in WOGT(Ref. 10] do  proaches the Bardeen-Stephen free flux-flow vajue
not follow power laws at all. Further, the melting transition is =B o/ 7 while £, decreases to zero.
abrupt and weakly first order rather than the continuous tran- The crossover is observed as the kneepinat T just
sition of the vortex glass. Under the high-purity conditionsbelow T, [see Fig. 48)]. As T approached, from below,
found in untwinned YBCO crystals, the observed spectra arghe rapid softening otee causes this crossover to occur at
more consistent with that of a weakly disordered vortex latprogressively lower frequencies. Finally, in the liquid state
tice with random pins than a vortex gla@s we now shoyv ~ aboveT,,, the vanishing otggs implies that virtually all the

In their theory of the depinned vortex lattice, Schmid andvortices are decoupled from the ping: equalsp; at all w in
Hauget® and Larkin and OvchinikoV represented the rigid- the rf range, whileC, is zero.
ity of the moving periodic structure by the lattice force ma-
trix Df,,. As discussed below, the non-Debye spectrum of

f)(w) and its rapid change vEin the vicinity of T, reflect a ) ] ) )
rapidly changing length scale in the problem. To describe As discussed in Appendix C, the OW solution has four
this, it is necessary to retain tigg(wave vector dependence adjustable parameters at ea€hviz. «(T), Ces(T), 7(T),

of the Fourier transfornD4(q) of D} .. [Clem and Coffe}? and_RO. Empirically, the fits are not sensltlve to the particular
have shown that approximatin@'s(q) by a constantD choice ofR; (as long afk,>ag). Following WOGT, we set
merely reproduces a Debye-like spectrlidvith inclusion of Ro=7ag for B=1 T.

the pinning forces, the equation of motiort%is As discussed in Sec. 1V, the viscosigy(T) may be ob-
tained from the initial slope op; vs H measured at 15.4

MHz (Fig. 3). Adopting the viscosity data in the inset of Fig.
. Lon 3, we then have onlywo adjustable parameters at eath
nu,+; Du,.u,,ﬂZi U8 1= JIX 2dbo, ® iz, k(T) andce(T) [equivalently,w,(T) and wes(T)]. As
we have acontinuousspectrum measured over 2 decades in

) o ) ] o frequency to find two numbers, the fitting problem is evi-
where the sites with pins are indexed ib{the pinning force dently strongly overconstrained.

is short-ranged To match the strong dispegfion observed, The fitting procedure consists in selecting seed values for
oW assumed that the pin dlstrlbutpn Is spardRy>as, wp and wgg SO that the quantityS(») [Eq. (C4)] can be
wh_ereR0 |s_the average pin separation, aag— \/qS_O/B the computed by summing the propagat@,p(R;®) [Eq.
lattice spacing Appendix C summarizes the solution of OW. (C10] over an area much larger thﬁf; (the pins are ar-

antldn Le;sp;g??hgov?rfegr\l/vellnogcigu\;(ra(?gee d’ot\?:r ng;;%;?e rayed in a triagular superlattice of spaciRg, and the sum is
P ® 9 typically extended to 12 impurity “shells” from the origin

!oroduces the ac voltage that dejcer.mlrpesAt_ low w, the With $(w), we may compute the complex resistiviyo),
intervortex forces dominate the friction foregu, so the ve- i

locity response is predominantly inductiveo£,>pq). In

the opposite limit of largev, nu is dominant. AsC,—0, p;

approaches the free-flow vallBxp,/ 7. Thus £, is a mea- - By wpa’ 1

sure of the average restraining force on each vortex. It is plw)= 7 1- 0R2) 1+ ()|’ @
largest if the restraining forces are dominant, but vanishes 0

when viscous damping dominates.

The main feature of the solution is that the lattice propa-  The calculated curve is then compared with the measured
gator G(R,w), which transmits information on the vortex spectra ofp,(w), and the fit parameters are changed in an
displacement at sit® to its surroundings, has agffective ijterative manner until the fit is optimizetthe inductance
range Ry;=ag\/Cgs/ 7w that varies as 1jw [Eq. (C8)]. At  data are not used in the optimizatjofror spectra near,,,
low frequenciesRg>ag, which implies that the motion of the high-frequency curvature is most sensitivepwhereas
any one vortex is strongly correlated with that of a hugethe curvature at low is largely determined by the choice of
number of neighbors, a subset of which are pinfteeé 2D g, as expected on physical groun@dse value ofy mainly
correlation volume is~R2). Hence the velocity response is fixes the overall scale gf;). As shown in Fig. 4b), close fits
large and inductive. With increasing, the average vortex is to the data are achieved over the two-decade range éf
restrained by fewer and fewer pinned vorticesRgsshrinks.  low w, the calculateg, is capable of matching the curvature
The in-phasédissipative component of the average velocity of the measurements to a surprising degneih only two
increases, while the inductance drops. Wheexceeds the adjustable parametgrdhe close agreement achieved in Fig.
characteristic frequency 4(b) offers encouraging support for the validity of the model.

2
47TCGG aB

TR_S' (6)

B. The fitting procedure
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FIG. 6. Comparison of calculated(w)/w (solid lines with the
measured vortex inductand® (»,T,Hy) (open symbolsover the
frequency range 100 kHz to 20 MHz in a fidth=2 T. py(w)/w
is calculated from Eq(7) using the values ob, and wegs derived
from the fits top, in Fig. 4(b). The estimated volume inductance
has been subtracted from the total sample inductdsee text
Above 87 K, L, strongly diverges a®—0, while at 83.9 K, the
divergence is not observed.

FIG. 7. (a) Values of the Labusch parameteobtained from the
fits, using eithery, (open circle or 7, (solid squares The sharp
peak (right scal¢ is the behavior of the sample inductantg
=p,/w measured at 1 MHz in a 2-T fieldhe zero ofZ; is arbi-
trary (Sec. IV]. (b) The normalized shear modulggg (log scalg

With the parameters, and wgg Optimized at eacil, we  versusT obtained from the fits, using eithey, (open circleor 7,
may calculate the vortex-lattice inductan€g. As discussed (solid squaresin Fig. 3. NearT,,,, cg decreases by four orders of
above, in the limitw—0, the extended range of the propa- magnitude within an interval of 0.5 K. The solid line represents
gator G,p(R,w) implies that each vortex is restrained by a values ofcgg obtained from fits tg(w) with o fixed at 1 MHz, and
great many pins. Hence the velocity response is purely inH=2 T, usingz,. The dashed line is obtained with fixed at 2
ductive. The calculated’, displays the strong divergence MHz, but usingz,.
observed in the rf measurements. In Fig. 6, we compare at
four selectedT the calculated’, (solid lines with the ob-

C. Calculated inductance

refinements of the fit parameters were made in comparing

served(, (open symbols _ with £,). As T approaches ,=88.5 K, the lowe diver-
The sample inductance is the sum of the vortex-latticyence in the observed, progresses to lower frequencies
term £, and the volume inductancg,q, viz. (see the curves at 87.9, 88.2, and 88.4 K in the jnJdte

calculated curves also match this progression. At [dw
however,(83.9 K curve, the agreement is not as good be-
The volume term cannot be measured directly at lowe-  cause the unifornd-assumption used to extragtis increas-
cause it is much weaker than the vortex term. However, aingly suspect.
frequencies above-3-10 MHz (depending onTl), it ac-
counts for nearly all of the sample inductarisee Sec. IV.
Because of this uncertainty, we used the spectr@ofo VII. FIT RESULTS
optimize the fit parameters.

The contribution of the volume inductance has to be esti-
mated to isolate the vortex-lattice tefifag. (8)]. In Sec. 1V, The values ofc(T) andcgg(T), obtained fromw,(T) and
this was carried out using the obseryedtogether with cal-  wgg(T), respectively, are shown in panél and (b) of Fig.
culations for a sample with elliptical section. The estimated/. In each case, we show two sets of values depending on
Lo has been subtracted to isolate the vortex t&kmn the  whetherz, or 7, has been used in the fits. We interpret the
plots displayed in Fig. 6. Although the uncertainties in thedecrease ok asT— T [panel(a)] as reflecting the decrease
estimated’,, are largest at loww, they have the least im- in condensation energy. We note thatemains finite at the
pact on the comparison becaubg diverges steeply in this melting temperaturel,,. Hence our fit strongly argues
limit. The comparison(inse) shows good agreement be- against models in which the transitionBf, is interpreted in
tween calculation and measurement above 8h& further  terms of a vanishing.

Lo, TH)=L,(0,T,H)+ Lyg(w,T,H). (8)

A. Collapse of the shear modulus
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The critical parameter is the shear modulg which (a)
undergoes a steep collapse by more than 3 decades within € g ggng T —
interval of 1 K. The collapse occurs over the background from synthesizer Load resistors PAR100
(gradual decrease otgg associated with the power-law de- | \
crease of the condensate densityTas T.. Because of the m»
rapid collapse irtgg, the steep increase iy at temperatures
below T, is interrupted. Within a 1-K intervalCs drops to "\ transformer T4 sample” P— T
its normal-state valuébackground curve in Fig. 7b T1-6-KK81

Each of the discrete data points foyg is derived from a (b)

full spectrum forp,. To follow the collapse in more detail,
we have also adopted a different procedure, using the 1 MH:
curve for Lg and p; measuredcontinuouslyvs T, together
with interpolated values ofy, and 7. This allows us to
determinecgg as a continuous curve very close 1@, (the
fitting procedure becomes unstable at lowgr We show
these continuous curves as solid and broken lines in Fig. FIG. 8. (@) Schematic diagram of the measurement circuit. The
7(b). At low T, the continuous-fit values are slightly larger sample shunts the inner and outer conductors, so that the transmit-
than the spectra-based fits which are more accurate, but clo&# signal is highly sensitive to slight changes in the sample imped-

to T,,, they match very well. The continuous curve allows usanceZ,. Transformers T1 and T2 are inserted to decouple grounds
to monitor the decrease @fg over four decades. in the four-probe technique. The lower figui® shows the labeling

From Fig. 7, we conclude that the transitionTat is as-  ©f the contactimpedancés;, Zg;, which may greatly exceed, in

sociated with a rapid collapse of the shear modulus. Howgmp“tUde'

ever, the Labusch parameterremains finite. This provides
firm evidence that the transition involves tbellapse of the ~anceZ, [Fig. 8@]. The load resistorg,; andZ; are 100€)
shear modulusrather than the vanishing of the Labusch thin-film resistors. This configuration maximizes the sensi-
parameter. tivity of the transmitted wave to small changes4pn when
|Z,|<Z,. The incident wave is transmitted with transmission
B. Summary coefficient]'r, and reflected with reflection coefficieht,
where

In summary, we have performed measurements(af)
of the vortex lattice in an untwinned YBCO crystal to inves-

tigate the collapse of the lattice inductance at the melting — 2202, (A1)
temperature, using a high-resolution four-probe rf technique. Z,(2Zo+ 21+ Z}) +(Zo+Z1)(Zo+2Z})

At all T investigated, the resistivity,(w) is strongly disper-

sive. Over the frequency range 100 kHz—20 MHhbz, in- 747 7.7

creases from zero to the free-flow valBsp,/7, with a e Sl (A2)

crossover frequency scalesfs) that rapidly decreases to- RTTZ0+2y " 2442
wards zero a3 approaches the melting temperatilirgfrom

below. In the solid phase, the inductaneg/w displays a Phase-sensitive detection of the transmitted signal allows
steep divergence as—0. However, atT,,, this low- to be determinedFig. 8@]. The incident power from a syn-
frequency divergence collapses to giveasindependent in-  thesizer (Hewlett Packard 3336Cis typically fixed at
ductance in the vortex-liquid state aboVg. The observed +4.5 dBm, corresponding to a current less than 5 mA at the
spectra are qualitatively different from those in thin-film sample. The transmitted signal is phase detected by a high-
YBCO, and incompatible with the predictions of vortex glassfrequency lock-in Extender/EnhancéPalo Alto Research
theory. To extract the vortex-lattice shear modulus from thes€AR100, which down converts signals in the range 1-25
spectra, we have used the mean-field solution of the Schmid/Hz to 1-50 kHz, suitable for a standard lock-in amplifier
Hauger-Larkin-Ovchinikov model to fit the complex resistiv- (Stanford Research SR830

ity spectra. From the two-parameter fit at each temperature, To modify the technique for four-probe measurements
the normalized shear modulegg(T) displays a remarkable [Fig. 8(@], we inserted an rf transformer T1 of bandwidth 10
four-decade collapse towards zero Bf. Hence the ob- KkHz—150 MHz(Mini-Circuits T1-6-KK81) at the output of
served collapse of the inductance is driven by the vanishin§€ synthesizer. The transmitted signal passes through a sec-
of the shear modulus rather than the vanishing of the pinnin§nd transformer T2 before entering the PAR100. In F{9) 8

strengthx. the contact impedances are represented by the impedances
Zg; andZ;;. The transmission and reflection coefficients are
APPENDIX A: EXPERIMENTAL DETAILS now
We describe first the two-probe method used by WOET. 26,
The sampleZ, bridges the inner and outer conductors of = - 5 (A3)
both the incident and transmission coax cables of line imped- (1+&0)(1+ép)— &
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_ I g2 APPENDIX B: IMPEDANCE OF A CONDUCTOR
(&—D(1+ép—&
R= (A4) WITH ELLIPTICAL CROSS SECTION
’ 27
(I+ép)(1+&p)— &5

The impedanc&y(w) of a conductor with elliptical cross-
where  ér=(Zy+Zay+ Zo+ Za) 2o, E4=(ZL+ 21+ 7, sggtjropzigkgal.ned”p{- sollvmg t(:e fD Helmhol:]z eqy;'itlon
+21)1Z4, andé,=2Z,1Z,. ( k)A=0 in elliptical coordinates &, 7), where k

While the four-probe method provides much higher reso-=2] &, > With A(&,7) = ¢/(¢) #(7)z, the Helmholtz equa-
lution, a drawback is that the inserted transformers introducéon separates into the two Mathieu equations,*Viz.
strong reflections. The largest reflection comes from the up-
stream transformer T1. A wave reflected from the sample is Y N -
reflected again at T1 and adds ardependent contribution d_§2 —[a(q)—2qcoshZ]y=0, (B1)
to the original transmitted wave.

The effect of the multiply reflected wave on the total
transmitted signal at the detector is expressed as

2

2

d?¢ A a
—— tla(a)—2qcos 27]¢$=0, (B2)
dn

\Y ) ) “ “
robs= V—?mzeJk'totl“TF%[lJre12k'1FRF,}z+ .--1, (A5)  whereq=—«?h?/4 (h is the foci spacing With the bound-

in ary conditionA(&y,7)=Ag (i.e., a constant on the surface

1 1 ) o S), the vector potential may be expanded in terms of the
wherel's andI'; are, respectively, the transmission and re-\jatthieu functions as

flection coefficients of T1. The path lengths from T1 to the

detector, and from T1 to the sample, are callgdandl,, * R R

respectively. Higher-order reflection contributiofrsotably A(g,n)=2 CconCern(€,0)cen(7,q). (B3)

from T2) are indicated by - -. In addition, we are now also n=0

sensitive, to inghm—depgngent deviations from unity of the Cey, s expressed by the expansiorCeZn(g,E{)

PAR100's transfer functiog(w). =37 APVcosh(2é) [the same expansion holds foe,,,
To compensate for these two background contrlbutlonsbut

L , , with cos(27) in place of cosh(&)].
we used a reference combinatiah,z,,,Z,, tailored to The Mathieu functions are not tabulated because the sepa-
have a reflection coefficierit; nearly equal to that of the

sample(hereafterl"s). As |2, <1. the sample'd’s is very ration parameten(q) and the coefficientAZ™ are func-
. s ) . ~ . ~ ~ - g -
close to 0.33, wittZ, andZ,=1000. The best choice for tions of g. For a givenq, a(q) satisfies the continued frac-
' ! ’ i — N2 2 21

the reference combination i€,=10Q, and Z,,=z; ~ ton a=—(q%/2)/i1—(a/4)—(q764)[1~--)]}.*" We
=90.90, which has anv-independent™, of 0.3344. and a truncated Athe continued fraction at the 12th order. The 12
transmission coefficiertt’. = 0.044. roots {a,(q)} generate the full matrbd%™ with (n,r)

With the sample in place, the signal presented at the input 1*,- ' -”’12-_ h th | o d th
of the SR 830 lock-in is given by =g(w)Vou(Zs), Where Finally, W':[Z the ac voltage/(w) = —jwAs and the ac
V. is given by Eq.(A5). If the sample(and load resistoys ~ Currentl = —«*/uofsdédnA(£,7), the impedance may be
are replaced by the reference combination, we haye €xpressed as
=§(w)v0ut(zr). Dividing these two equations removes , (2N\2 ~ o A 71
~ A
g(w). This leaves the multiple reflection fact(quantity in ZJ(w)= le’u“;’ > (As) CGZn(fo,E])
[---]in Eq.(A5)). However, ad '} andT' are nearly iden- (2m?[ " Lan  Cep(£,0)
tical by design, the leading term in - -] is the samethe
other terms are down by a factbf<1). Hence we have

. (B4

where Ce),=dCe,/d¢, and Lyn=[3"cel,(7,q)d7. In
Fig. 1, we display thew dependence oRy(w) and L(w)
. calculated with parameterg,=0.108 and h=250 um,
Ve T matching the sample cross section, gne-4 w() cm.
V—S=F—rT[1+O(r$)], (A6) g P meEs u

J T

APPENDIX C: THE SOLUTION OF ONG AND WU

wherel'; andI'; are given by Eq(A3) with Z,=Z; andZ, We summarize the equations in Ref. 18. The displacement
respectively. Our procedure is to measure and store the CUNyg of a vortex at sitd is described by the equation
of V, vs w at each temperature of interest. Thépis mea-

sured versusw. Sincel'} is known, '} (and Zg) may be : < -

calculated fromV, andV, using Eq.(A6). We checked the ”UIJF;n Dl,m'umJ”‘;Si Ui i=JIXz¢o.  (C1)
reliability of the procedure using a second reference consist- ' P

ing of just a single 5@ resistor connecting the inner con- Only a subset of vortice@t sites indexed bi) are affected
ductors of the two coax cabléthis also had'r=0.333, but by the pins. The remaining vortices are “free,” apart from
a much larged’:=0.667). being restrained by the lattice forces represente(ﬂ)m (s
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=T,L indexes the polarization mogde he displacement at an

Q Jo(gR
arbitrary sitel is related to the displacement of the pinned kG,p(R, ,w)zgf dq%, (C7)
vortices by o [g°+jp7]
Jdo\~ « whereQ= \/47r/a52, Jo(X) is the zeroth order Bessel func-
u(w)= jon)Y "N [;ns u(w) tion, R=|R, |, with R=(R, ,R,), and g the coupling con-
stant k/4mcgg. The frequency dependence appears only in
s e(g)e(q)el Ri=R) the characteristic wave vector
. . ) C2
s.q [Ds(q) +jwn] €2
whereeg(q) is the unit vector for the modg P=Y c66a28 (C8)
At the mean-field level, the displacement of the vortex at
a pin-siteUjn,, is which serves as a cutoff of the logarithmic divergence in the
2D case. SettingR=0 in Eq.(C7), we have
(@) ( Jbo) 1 (C3
Ump(@) =Y —— | ——,
e Njon 1+ 8(w)

kGyp(0w)=g

[ Q% . Q?
In (1+F —mrctar(F”. (C9

As the propagatoB,p(R, w) is used repeatedly in the sum in
(C4) Eq. (C4), it is convenient to adopt the approximati¢accu-
’ rate to a few percent

and w,=«/ 7 is the pinning frequency. The lattice propaga- Y-
tor G(R,w) is defined a®18 «G2(R.w)=g] In [l (YR*+p
o (YR*+Q~*

1 y-e4(q)]2eldR
E[y ()]

- — - - - 2
G(R.v) NS [Ds(a)+jon] " €9 —jarctar{%

where all the interaction effects are in the term

wpa2
S(w)=—"5+x
JoRg

G(0w)+> G(R, o)

1 ]
, 1+(BpR?1?)’
In Eq. (C4), the first term represents the unifoqe-0 mode [1+ (PR
of the transmitted elastic forces. The remaining terms are (C10

elastic forces transmitted to the pinned vortex at the or@gin with 8=0.52 andy=0.85. EquationgC9) and (C10 were

arising from its own displacemep&(0,w)], or the displace- . . tlv in OV [cf. their Eas (1 1
ment of other pinned vorticeS; G(R;,w) (the prime indi- given incorrectly in OW"[cf. their Eqs.(18) and (19)].

cates that thé=0 term is left ou}.
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