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Using high-Q double-torsional silicon oscillators vibrating at extremely low amplitude, numerous
minima and maxima have been observed in the dissipation vs temperature data for certain chara
fields perpendicular to thec axis in single crystal YBa2Cu3O72d. These features are mirrored i
the frequency shift vs temperature data. An intrinsic pinning model in which the dissipation mi
correspond to conditions of commensureability between the interlayer spacing and both the coh
length and Abrikosov lattice spacing is suggested to explain these features. [S0031-9007(96)00

PACS numbers: 74.60.Ge, 74.25.Ha, 74.72.Bk, 74.80.Dm
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Artificially layered NbyCu superconductors hav
shown interesting field-dependent maxima in th
magnetization [1]. The layering is used to achie
the condition l (penetration depth).d (characteristic
dimension).j (coherence length), as is also the ca
for high-Tc materials, but for the multilayers, the laye
spacing merely determines the mass anisotropy, s
the coherence length remains relatively long. Sho
coherence length materials such as YBa2Cu3O72d

(YBCO) should show additional effects [2,3], since t
layer spacing is the characteristic dimension of intere
One such effect is due to the phenomena of “intrin
pinning”: For fields parallel to the layers, the vortice
prefer to sit between the superconducting CuO2 planes,
since the suppression of the superconducting or
parameter between the planes provides a vortex en
minimum there [4]. Such additional pinning can lead
small perturbations in the field and temperature dep
dencies normally seen in magnetization measurem
[5]. Oscillatory tilting of a superconductor in a d
field is one technique for probing the effects of pinni
[6,7]. Such studies measure frequency and dissipa
changes in the mechanical resonance of the vibra
superconductor. For dissipation studies, such as th
done with ac susceptibility or vibrating reeds (or oth
mechanical oscillators), one normally sees one or t
peaks in the dissipation vs temperature data [8,9]. S
peaks arise when flux diffuses through the sample
a characteristic time that matches the inverse of
oscillation frequency. The characteristic time is rela
to the geometry of the sample and the vortex pinni
For a given field, because the diffusivity changes w
the temperature, this condition will be met once duri
a temperature sweep for each particular diffusion mo
leading to a peak [10]. Typically, one mode dominat
thus, only one dissipation peak is generally seen.
is important to keep the oscillation amplitude small
these studies in order to remain in the linear damp
region where local thermally activated depinning eve
dominate; otherwise, hysteretic damping where the
0031-9007y96y77(4)y731(4)$10.00
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fusion is nonlinear will set in. In this Letter, we prese
extremely low amplitude mechanical oscillator da
which exhibit numerous unusual maxima and minima
the dissipation data for YBCO as a function of temper
ture. These additional fine structures, superimposed
the dissipation peaks normally seen, have characteri
properties with regard to field and amplitude. A simp
and appealing model based on intrinsic pinning
suggested to explain these features.

As discussed quantitatively for vibrating supercondu
tors by Brandt [11], an ac field applied to a type II supe
conductor will result in dissipation. The dissipation of a
oscillatory system is proportional to1yQ, whereQ is the
usual quality factor. Because the dissipation is depend
on the flux diffusivity which is, in turn, dependent on th
activation energy [10], it will be sensitive to various pin
ning effects throughout the crystal. Besides the dissi
tion, one may also see changes in the resonant freque
depending on the depth of the pinning potential; i.e.,
more strongly pinned vortex which cannot move relati
to the crystal will cause an increase in the line tensio
and hence restoring force, when the crystal is tilted. T
dissipation and resonant frequency are the measured q
tities in these oscillator experiments.

Single crystal YBa2Cu3O72d crystals were grown
from a flux in zirconia crucibles and oxygenated
described previously [12]. A rectangular sample w
chosen from the batch. The sample used had
area of 1.38 3 0.82 mm2 and mass of192 mg. The
10%–90% transition width of the sample was 1 K wi
the transition onset at 92 K as determined by SQU
magnetometry. The sample was glued 3.5 mm out o
the head of a single crystal silicon double-torsion
oscillator which had a frequency of8 3 103 Hz and
Q of 300 000 at 100 K [13]. TheQ’s as a func-
tion of temperature were determined from capa
tive amplitude measurements. The oscillator was driv
sinusoidally across a second capacitive gap, achiev
tilt angles between4 3 1026 and 5 3 1028 rad. For
this study, a dc field was applied that was nea
© 1996 The American Physical Society 731
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perpendicular to the crystallographicc axis; the os-
cillator stage was oriented at various small ang
(typically 0.5±–3±) with respect to the field to enable ti
oscillations. Fields between 1 and 8 T and temperatu
between 100 and 70 K were employed for most of th
studies. Typically, sweeps (requiring many hours, d
to the highQ’s employed) were started from above th
transition to reduce hysteretic effects from trapped fl
of the previous runs.

In Fig. 1, we show dissipation data as a function
temperature for the torsional oscillator and supercond
ing crystal system. The various curves are sequentia
oscillation amplitude, which decreases from top to b
tom. This series of runs was taken at the same app
field, 8 T; however, by virtue of the decreasing amp
tude, the effective ac field seen by the sample decre
through the series shown. Note that for the,1 mm long
crystal the corresponding angular amplitudes are s
ply related, e.g.,5 3 1028 rad for the 0.5 Å amplitude
Clearly, the largest amplitude shows the least amo
of structure; there is basically a broad peak with
sharper peak nearTc. Mechanical oscillator data take
at much larger amplitudes,,1023 rad, generally show a
single smooth peak [14]. As the amplitude drops,
sharper peak becomes more prominent, and, eventu
the broader peak develops structure with several max
Other data indicate that these features, and others
cussed in this paper, remain in the same relative posit

FIG. 1. Dissipation datas1yQd as a function of temperatur
for a YBa2Cu3O72d single crystal with the magnetic field
H  8 T applied parallel to the CuO2 planes. Different frames
are for different tilt oscillation amplitudes, given in absolu
amplitude (angstroms) and in angular amplitude (radians). N
that the fine structure becomes evident for tilt amplitud
comparable to or less than the superconducting layer spacin
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when the temperature is cycled up or down. Apparen
this fine structure in the dissipation is sensitive to bei
overdriven. This would be reasonable for any very
cal pinning potential such as intrinsic pinning, where, f
large amplitudes, vortices would be driven across ma
pinning barriers, washing out any small effects. No
that the majority of the maxima start to become defin
between 4 and 20 Å amplitude; this is consistent with
intrinsic pinning picture, where the superconducting la
ers are separated byd  11.8 Å.

Figure 2 shows the lowest amplitude data forH 
8 T. Upon examining the structure of these low amp
tude data in more detail, one finds a gradual incre
in the minima spacing with decreasing temperature.
simple and appealing possible explanation both for
multiple dissipation maxima and for this spacing is
follows: Using a first-order approximation of a hard co
(with semiminor elliptical radiusj  jc) in a sinusoidal
intrinsic pinning potential, a vortex would be periodical
locked between the planes when the coherence lengj

is approximately equal to some integern times the su-
perconducting plane spacingd:

jn ø nd . (1)

From Ginzburg-Landau theory, the coherence length
function of temperature [15],

jsT d 
j0

s1 2 TyTcd1y2
, (2)

where j0 is a parameter [for example, WHHM theor
[16,17], j0 is related to the zero-temperature coheren
length js0d by j0  1.20js0d]. Thus the condition for
maximum intrinsic pinning, Eq. (1), would be satisfie

FIG. 2. Smoothed dissipation datas1yQd as a function of tem-
perature atH  8 T for Hk planes for the smallest tilt oscilla
tion amplitude studied—approximately5 3 1028 rad. Several
secondary maxima and minima are resolved. The numbe
bars indicate the characteristic temperatures of commensur
ity between the coherence length and the superconducting l
spacing, reflecting the locations of dissipation minima in an
trinsic pinning model.
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at various characteristic temperatures,Tn, obtained by
simply inverting Eq. (2):

Tn  Tc

∑
1 2

µ
j0

nd

∂2∏
. (3)

Using our value of the fitting parameterj0  5.4 Å,
one finds the characteristic temperatures denoted by
vertical bars in Fig. 2, wheren runs from 2 to 6. Thus,
the minima of the dissipation curve match the intrins
pinning maxima which correspond to a commensurabi
of the coherence length and the intrinsic pinning latt
planes.

There is another condition that one might expect
these minima indeed arise from intrinsic pinning. B
cause the dissipation is a measurement which aver
over the whole crystal, having only a few of the vortic
located at intrinsic pinning sites is not enough for app
ciable effects on dissipation. However, there should e
special fields, for which the anisotropic Abrikosov latti
is commensurate with the interlayer spacing, which all
for coherent vortex trapping across the whole crystal,
sulting in the dissipation maxima and minima describ
above. Commensurate field effects have been see
much lower temperatures in the cuprates, as well as
multilayer systems [1,5,18]. The special fields for su
commensurate behavior are given by [5]

Hk 

p
3 F0

2Gd2k2
, (4)

whereF0 is the flux quantum,G is the mass anisotrop
parameterfG ; sm'ymkd1y2g, andk is an integer starting
at 1. The lower inset in Fig. 3 shows the fields for whi
the vortex lattice is commensurate with the crystal
graphic lattice spacing (calculated using our magn
cally measured value ofG  5.8, which is typical of
values obtained by other groups [19,20]). One sho
see fine structure only near these field values, e.g., 2.
(for k  10), 2.6 T, 3.2 T, 4.2 T, 5.8 T, 8.3 T (tok  5,
respectively), etc., up to 210 Tsk  1d. From Figs. 1
and 2, appreciable fine structure was evident near 8
From Fig. 3, one also sees fine structure near 6 T, yet
5 T data do not show fine structure; it is comparative
smooth, as it should be because it is not near a comm
surate field. The upper inset of Fig. 3 shows the dissi
tion as a function of field at the temperature indicated
the arrow in Fig. 3 (a secondary maximum). Althou
oscillations do appear using this method, they cannot
be directly attributed to commensurability alone. As t
field is changed, the dissipation curves also shift do
in position relative to the transition temperature in ze
field. Any changes in the peak due to commensurabi
are somewhat obscured by the shifting pattern, espec
as the large irreversibility peak moves through this po
For this reason, it is actually more instructive to perfo
temperature sweeps at different fields so that the fi
evolution can be decoupled from the pattern shift.
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FIG. 3. Dissipation data as a function of temperature forH 
5 and 6 T forHk planes. Like the 8 T data, minima are evide
at 6 T; however, they are absent at 5 T. Lower inset: verti
lines indicate the positions of characteristic magnetic fields
which the crystal lattice and vortex lattice are commensura
Note that magnetic field values of 6 and 8 T are quite clo
to commensurate fields, whileH  5 T falls well between
characteristic commensurability fields. Upper inset: dissipat
as a function of field at the temperature shown by the arrow

Finally, we wish to comment on features that acco
pany the frequency shift which is measured in additi
to the dissipation peak. Because of frequency chan
rapidly in a small temperature range belowTc (due to the
varying penetration depth), any small additional chang
in the line tension of a vortex will only appear as very su
tle perturbations in the slope of the frequency vs tempe
ture data as seen in Fig. 4(a). The actual changes bec
more visible by taking the second derivative with respe
to temperature. These second derivative data are c
pared to the corresponding dissipation peak in Fig. 4(
It is apparent that the oscillations in the curvature of t
frequency, i.e., of the vortex stiffness, match the dissi
tion oscillations discussed above.

In summary, a number of dissipation minima an
maxima have been observed for YBa2Cu3O72d using
high-Q mechanical oscillators; corresponding features
observed in the oscillator frequency shift. This fine stru
ture can be explained within the framework of an i
trinsic pinning mechanism. A simple model, in whic
a hard-core vortex is strongly pinned when the coh
ence length is an integer multiple of the supercondu
ing plane spacing and also when the Abrikosov latt
is commensurate with the plane spacing, has been
gested to explain the temperature and field behav
respectively.

Viewed in reverse, such measurements can be like
to a spectroscopy, where the crystal lattice spac
733
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FIG. 4. (a) Mechanical oscillator resonant frequency as
function of temperature forH  6 T, Hk planes, for tempera-
tures near Tc, with a tilt oscillation amplitude of sev-
eral angstroms. On this expanded scale, subtle variat
in the frequency shift are barely evident. Inset: F
quency shift over a broader temperature range. (b)
second derivative of the frequency shift of (a) with r
spect to temperature and the dissipation data, both a
function of temperature. Note that the frequency sh
(vortex stiffness) curvature and the dissipation peaks
correlated.

provides the measuring scale to determine the temp
ture dependence of the superconducting coherence le
as well as, through field-dependent data, the superc
ducting mass anisotropy.
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