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Mechanical measurement of vortex phase transition in YBa2Cu3O71d
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Using the vibrating-reed technique, the internal friction~IF! Q21 and modulus as functions of temperature
were measured for a YBa2Cu3O71d single crystal at low applied magnetic fields up to 0.5 T. The frequency
dependence of the IF related to the vortex is reported. No obvious shift of the IF peak position can be observed
by varying the measurement frequency ranging from 102 to 103 Hz but the IF peak height satisfies a power law
Q21}v2n (1,n,2). This is speculated to originate from a phase transition associated with the melting or a
glass transition of the vortex lattice. These results provide a fundamental measurement of the phase diagram of
vortices in high-Tc superconductors.@S0163-1829~97!03030-0#
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I. INTRODUCTION

The mixed state of high-Tc superconductors has a ve
complicated phase diagram. Among them, the most sa
feature of the phase diagram is the theoretically propo
existence of a vortex-lattice melting line which separate
vortex-liquid phase from a vortex-solid phase. The nature
the different vortex phases and the thermodynamic tra
tions between them are of fundamental and applicable in
est, and are subjects of substantial recent theoretical and
perimental efforts.1–5 It is generally accepted that below th
mean-fieldHc2 line, a vortex-liquid state persists down to
glass-transition line associated with a second-order trans
to a vortex-glass or Bose glass state or a melting line a
ciated with a first-order transition into an Abrikosov vorte
lattice, which depends on the type and strength of the di
der. In highly disordered systems involving large amounts
point defects, the vortex liquid is predicted to undergo
second-order phase transition into a vortex-glass state. H
ever, in very clean systems a first-order transition from
vortex liquid to an Abrikosov vortex lattice is predicted. R
cently, Safaret al.6 reported a measurement of current vo
age that the presence of first-order melting is an intrin
thermodynamic transition, not created by the pinning pot
tial.

In order to investigate the physical properties of differe
phases of the vortex, many techniques, such as measure
of the magnetization, the susceptibility, the critical curre
and the mechanical response of the vortex were develo
The first mechanical measurements developed were
audio-frequency measurements using vibrating reeds7 and a
high-Q mechanical oscillator.8 These techniques involv
measuring the resonance frequency and dissipation in an
cillator made of a superconductor, or which has a superc
ductor attached. A feature common to all the mechan
measurements of vortex motion in superconductor mate
is that a dissipation peak and corresponding decreases i
stiffness of vortex line are seen belowTc when temperature
is swept at constant magnetic field. There has been a co
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versy as to the origin of this feature. While some auth
considered it to be evidence for flux-lattice melting2,3 or
some transition to a glassy state of the flux structure,9 others
interpret the measurements in terms of thermally activa
flux diffusion.10 As discussed quantitatively for vibrating su
perconductors by Brandtet al.,11 the dissipation peak arise
when flux diffuses through the sample in a characteris
time that matches the inverse of the oscillation frequen
without invoking a phase transition of any sort. The char
teristic time is related to the geometry of the sample and
vortex pinning. For a given field, because the diffusiv
changes with the temperature, this condition will be m
once during a temperature sweep for each particular di
sion mode. Because the dissipation behavior is dependen
the flux diffusivity which is, in turn, dependent on the ac
vation energy, it is a thermally activated process and
internal friction~IF! peak temperature will be frequency d
pendent and shifts to higher temperature with increas
measurement frequency. However, as proposed by Gam
et al., ‘‘melting of the vortex’’ is responsible for the occur
rence of the dissipation peak. Due to the characteristic
phase transition for the ‘‘melting’’ process, the position
the IF peak should be frequency independent but the ma
tude of IF should be dependent on measurement freque
Therefore, detecting the frequency dependence of the
peak temperature and the magnitude of IF becomes cru
for determining the actual mechanism of the vortex dissi
tion at lower frequency range.

In this paper, we reported on mechanical measuremen
dissipation associated with vortex motion by using t
vibrating-reed technique in YBa2Cu3O71d single crystals.
Within our experimental errors, no obvious shift of IF pe
position is observed in the audio-frequency ranging fro
102 to 103 Hz. However, the inversely proportional depe
dence of IFQ21 on vn (1,n,2), in which v is the mea-
surement frequency, is observed in our measurement.
cording to our experimental results, the IF peak is though
be originated from a ‘‘melting’’ phase transformation of vo
tex, no matter whether first order or second order.
3488 © 1997 The American Physical Society
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II. EXPERIMENT BASIC

The sample used in our experiment is a twinn
YBa2Cu3O71d single crystal. The critical temperature is 92
K. The vibrating reed consists of a platelet clamped at o
end, while two electrodes near the free end serve to drive
detect its motion electrostatically. The platelet is a Si crys
sputtered with a metal film, with the superconducting sam
glued near the free end. The configuration can be seen
where in detail.10 The magnetic field is a transverse field u
to 0.5 T.

It must be noted that our experiment includes a compo
d
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reed, therefore, it is important to make some modificatio
We consider first that the damping and the frequency cha
ing of the composite sample are produced by gluing a su
conductor of thicknessds , lengthl s , and widthws on a host
reed of thicknessdh , length l h , and widthwh . Secondly,
with the restriction thatl s! l h andds!dh , we can solve this
problem with the procedure used by Morse12 in a nonuni-
form system. Here, it is an assumption of an adhere su
conductor. The modified resonance frequencyv and IF
Q21, as obtained in the Appendix, are shown in followin
form, respectively:
v5
2p

Arh /Mhkh
2 S b1

2l h
D 2A11h0~rh ,rs ,ks ,kh ,ds ,dh!1aS 4l s

l h
1

4&F~ l h!99 l s

l h
D Ms

Mh
, ~1!
also
in-
the
e of

y
f
d
f

-
tud-

the
ak
whererh(rs) is the density of host reed~superconductor!,
Mh (Ms) is the modulus of the host reed~superconductor!,
andkh (ks) is the radius of gyration of the host reed~super-
conductor!. b1 is a constant51.015,h0 is a parameter which
is independent ofMh andMs , F (I h)99 is the fourth-order deri-

vation of the wave function of the reed at the free end, ana
is given in the Appendix:

Q215Qh
211j

l s

l h
•

Ms

Mh
Qs

21, ~2!

where Qh
21 is the IF of host reed andQs

21 is the IF of
superconductor,j is a shape parameter. Owing to the low
of the Si host, about 1025– 1026, Q21 is nearly proportional
to Qs

21. Modifications~1! and~2! are used in our following
discussion.

III. EXPERIMENT AND DISCUSSION

Figure 1 is our main result. As displayed in Fig. 1, the
peak position does not shift obviously with varying the me
surement frequency in the range 102<v<103 Hz within our
experiment errors~about 0.5 K!. The frequency dependenc
of the dissipation of the vibrating superconductor at cons
temperature and dc magnetic field can be used to test
mode of the vortex dynamics. However, it is impossible
achieve the vibrating-reed measurements in a frequency
dow which spans several decades. Guptaet al.13 fabricated
vibrating reeds with the same thicknessd but different length
l . The resonance frequency of these reeds varies accordi
v}d/ l 2. Thus one can expect a frequency-independent
sipation since only the productv l 2 enters the expression fo
the dissipation within the frame of thermally activate
diffusion.10 However, in our measurements, we regulate
vibrating frequency by varying the length of the Si host w
the superconducting sample’s length unchanged. There
the frequency-dependent IF peak should be found if the
motion is a thermally activated diffusion. The independen
of the IF peak temperature on frequency in our measurem
is not consistent with the prediction of thermally activat
-
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diffusion theory. The independence observed here can
be explained, however, simply as the narrow frequency w
dow spans in our experiment. Unambiguous evidence for
phase transition, in this case, is the frequency dependenc
the IF magnitude displayed in Fig. 1.

The power law of the IF peak heightQ21}v21 is obvi-
ously shown in Fig. 1. Using Eq.~2!, and keeping in mind
that resonance frequencyv of the composite reed is nearl
inversely proportional tol h

2, it can be obtained that the IF o
superconductorQs

21 approximately satisfies the modifie
power lawQs

21}v21.5, which indicates a characteristic o
phase transformation.

The internal friction peakQ21 developing near the first
order phase transition at low-frequency range has been s

FIG. 1. Temperature dependence of the IFQ21 for a different
measurement frequency of the mechanical oscillator with
YBa2Cu3O71d single crystal attached. The inset shows the IF pe
height as a function of 1/v.
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ied extensively and is known to consist of tw
components:14,15

~i! Transient componentQt
21, the internal friction mea-

sured on cooling or heating at finite rate (ṪÞ0) is in many
cases proportional toṪ and inversely proportional to fre
quencyv. This means the dissipation is proportional to t
transformation amount of vortex per cycle.

~ii ! Stationary or equilibrium componentQe
21, the iso-

thermal measurement on step cooling or heating (Ṫ50) is
independent of frequency in the low-frequency rangev
,kHz) which exhibits the characteristic of a static hystere
loss.

Transient components are to a considerable extent cha
terized by the real structure of the heterophase system,
by the formation and volume of a new phase. The followi
expression is obtained for the transient componentQt

21 of
internal friction:16–18

Qt
215KGṁ/v, ~3!

whereK is a constant,G is the shear modulus,v is the cyclic
oscillation frequency, andṁ is the relative phase transitio
rate. This theory predicts the height of the peakQ21 varies
inversely proportional to the measurement frequencyv with
ṁ5dm/dT•Ṫ5const. For the equilibrium componen
Qe

21, the mechanism of the stress-induced movement of
interface15,16,19,20 has been widely accepted. Most expe
mental results show thatQe

21 is independent of measureme
frequency in the low-frequency range (v,KHz).15,21 How-
ever, in the case of the vortex melting transition here, i
speculated that the equilibrium componentQe

21 originates
from the viscous dissipation of vortex. In the vicinity of th
melting from a Abrikosov vortex lattice,22,23 the viscosity
appears to diverge at this temperature. Although an ac
viscosity divergence associated with continuous melting
pears in the theory of melting dynamics of classical partic
in two dimensions,24 such a divergence of the viscosi
would also result from the very long entanglement relaxat
times estimated in Ref. 25. In this scenario, barriers to fl
cutting would increaseLeff(T) with increasing temperatur
until Leff(T).L, at which point the viscosity h(L)
'u0tcoll(L) is effectively infinite. Thus the viscous dissipa
tion of the vortex at the point of melting temperature pla
an important role in the dissipation of the vortex. In t
vortex melting transition, the isothermal transformati
would continue whileṪ50, soQe

21 would be attributed to
the dissipation caused by the viscous movement of the vo
just melting. As indicated in Ref. 26, the viscous dissipat
is inversely proportional to the measurement frequencyv.
Furthermore, the amount of the vortex which leads to t
dissipation is equal to the amount of vortex just transform
from vortex solid to vortex liquid per cycle, and in turn
proportional to 1/v. Thus, it can be obtained that the equ
librium dissipation Qe

21 is inversely proportional to the
square of the frequencyv.

Around the second-order phase transition, the ultraso
attenuationa is proportional to v2 at high frequency
(.MHz) for the relaxation of the order parameter. So, t
l-type peak appearing in the MHz range cannot be dete
in the kHz range. Otherwise, owing to the absence of
s
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nucleation process and coexistence of new and pa
phases, all theories consider that there is no internal fric
peak related to the second-order phase transition in the lo
frequency range. But Wanget al.20 reported that there exist
an IF peak in the kHz range around the second-order ph
transition temperatureTc in the La12xNdxP5O14~LNPP! crys-
tal. The height of this peak decreases with increasing
quency. They attributed it to the fluctuation of a new pha
around the phase-transition temperature and the appear
of a preferential state of the transient new phase caused b
external field which destroys the equilibrium state. Althou
it does not have a stable nucleus, owing to the fluctuat
nearTc , the new phase may appear instantaneously in so
small region of the parent phase. When no external field
applied, the various domains with different orientation a
pear or disappear with equal probability. However, since
new phase is accompanied by spontaneous strain, the ap
stress will destroy the equilibrium state and those favora
domains will appear more frequently than others, which
sults in nonelastic strain and then IF. They also deduced
IF expression related to the second-order phase transitio
a form:

Q2nd
21}dF/dt•v2n with n.0, ~4!

wheren is a constant, dependent on material and charac
istic of phase transition.dF/dt is the quantity of fluctuation
per unit time, which exhibits a peak aroundTc , and thus
leads to the IF peak nearTc . In the present context, th
fluctuation of the transition can be interpreted as a meas
of the typical spatial extent of the domains of a vortex liqu
which are present in the vortex solid. The amount of the
domains controls the mechanical dissipation behavior of
system.27 As analyzed above, it is considered that the inve
proportion of the IFQ21 to frequencyv and the frequency-
independent IF peak position, measured at finite rateṪ, is a
demonstration for the phase transformation of the vortex,
matter whether first order or second order.

Figure 2 gives the IF versus temperature in different
brating amplitudes. It can be seen the IF is amplitude dep
dent~hysteretic loss! below the IF peak temperature and am
plitude independent~viscous loss! above the IF peak
temperature. The same results were also obtained by o
authors and were attributed to the couple-decouple of gr
in samples. We thought that this may originate from a stre
induced depinning before the flux-line-lattice~FLL! is thor-
oughly melting. Real superconductors exhibit always ma
pins per flux line and not many flux lines per pin. Therefo
an ideally rigid infinite FLL cannot be pinned at all by den
randomly positioned pins since all pinning forces average
zero when there is no correlation between the position of fl
and pins.28 By extending the collective-pinning theory o
Larkin and Ovchinnikov to finite temperature,29 Feigel’man
and Vinokur30 have argued that the thermal fluctuation of t
vortex position^u2&}T increases the effective ranger p'j
of the pinning forces tor p'(j21^u2&)1/2. This thermal mo-
tion smooths the effective pinning potential and in turn
duces the collective-pinning force. Below the temperature
the IF peak, effective pinning potentialU exists and the flux
line can see a pinning potential so that the amplitu
dependent dissipation as a result of stress-induced depin
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56 3491MECHANICAL MEASUREMENT OF VORTEX PHASE . . .
can be measured, however, above the IF peak tempera
the effective pinning potential is smoothened by therm
fluctuation and the flux line cannot see a pinning potent
and thus can move viscously which leads to an amplitu
independent dissipation.

The IF is thought to be written in the following form:

Qs
215QT

211Qe
211QD

21, ~5!

whereQT
21 is the transient component of the IF associa

with phase transition which is proportional to 1/v, Qe
21 is

the stationary component of the IF which is proportional
1/v2, QD

21 is the IF as a result of stress-induced depinning
the flux line.QD

21 which resulted from the motion of a singl
flux line is much smaller thanQT

21 and Qe
21, thenQs

21 is
mainly attributed to the IF associated with the phase tra
formation of the vortex, thus proportional tov2n in which
1,n,2.

This interpretation is supported by the modulus measu
ment as shown in Fig. 3. Figure 3 gives the temperat
dependence of the resonance frequency at a magnetic
0.433 T. Using Eq.~1!, it is obtained that the modulus defe
DMs /Ms of the superconductor has the following form:

DMs

Ms
5a~414&F~ l h!99 !

l h

l s

2Dv

v

Mh

Ms
. ~6!

It is noted that except forl h , all other parameters in Eq.~6!
remain unchanged with varying the frequency and keep
mind that frequencyv is proportional to 1/l h

2, thus it can be
obtainedDMs /Ms}Dv/v3/2. As shown in Fig. 3, the tota
frequency variationDv is independent of frequencyv, thus
the modulus defect is consequently also inversely prop
tional to 1/v3/2.

According to the thermally activated relaxation theo
~Debye relaxation!, the modulus defect is expressed
follows:26

FIG. 2. Temperature dependence of IFQ21 at different vibrat-
ing amplitudes.
re,
l
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DM

M
5DM

1

11~vt!2 , ~7!

whereDM is the relaxation strength,v is the frequency, and
t is the relaxation time satisfying the Arrenhius equationt
5t0eU/kT. In the case ofvt@1, the modulus defec
DM /M→0; in the other case ofvt!1, the modulus defec
DM /M→DM . Therefore the jump of modulus defec
DM /M becomes equal toDM which is independent of the
frequency. Our results show the jump of modulus def
DM /M is inversely proportional to frequency which cann
be explained in the framework of thermally activated diff
sion. As known to all, the nonelastic strain can be expres
in the form of: «95«191 i«29 , in which the imaginary part
«29 of the nonelastic strain«9 causes internal friction, and th
real part«19 of the nonelastic strain«9 results in a modulus
defect. Owing to the results that the IF and modulus def
are both inversely proportional to the frequency, the none
tic strain thus satisfies the law«9}v21.5, which is consistent
with the phase-transformation theory that the nonela
strain is proportional to the amount of transformation fro
parent phase to new phase per oscillation cycle, in turn
versely proportional to frequencyv.15,20 In the vortex phase-
transformation scenario, the IF results from the difference
the amount between favorable and unfavorable varia
transforming from vortex-solid state to vortex-liquid sta
and the corresponding viscous dissipation caused by the
tex just melting.

How to obtain the phase diagram has concentrated ex
sive interest on experiment.31 Numerous experimental result
reported the frequency dependence of the ‘‘transition lin
~TRL! when measured by ac susceptibility.32 The tempera-
ture of the peak in the out-of-phase first harmonicxac re-
sponse shifts with varying the frequency, which indicates
is not actually a measurement of the TRL. Deaket al.33 re-
ported the frequency-independent of the vortex-glass ph

FIG. 3. Temperature dependence of the frequency shift fo
different measurement frequency. The inset shows the jump
modulus defectDM /M as a function of 1/v.
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3492 56W. TIAN et al.
transition in a YBa2Cu3O71d thin film in the frequency range
from 1021 to 105 Hz by resistance measurement. Th
thought their results provide a fundamental measuremen
TRL. Because our measurement of the mechanical resp
of the vortex shows a characteristic of ‘‘phase transform
tion,’’ we think our results also provide a method to dete
mine the phase diagram of the vortex. Figure 4 displays
phase diagram in which the transition temperature is de
mined from the temperature of the IF peak. According to
melting theory,34 an approximated power lawBm(T)
5B0(12T/Tc)

n is expected, wheren,2. The best fit for
our result leads ton51.9 which is consistent with the theory
For comparison, the data of Farrellet al.35 and Safaret al.36

are also shown in Fig. 4. To within our errors, our phase l
appears to agree with that obtained by Farrellet al. as mea-
sured with a low-frequency (v,1 Hz) mechanical oscillato
and by Safaret al. as measured by static current-volta
(v50 Hz) on a Y-Ba-Cu-O single crystal. The coincidin
data show that mechanical dissipation behavior is determ
by the vortex phase transformation.

IV. CONCLUSION

In summary, we present results about the frequency
pendence of mechanical dissipation of a vortex in twinn
YBa2Cu3O71d. The inverse proportion of the IF peak to fre
quencyvn(1,n,2) indicates that the mechanical dissip
tion peak originates from a phase transition between
vortex-liquid state and the vortex-solid state, no mat
whether first or second order. As previously proposed
Gammelet al., the mechanical dissipation peak measured
the high-Q oscillator is the evidence for flux melting; ou
measurements in the audio-frequency range by using
vibrating-reed technique also give a demonstration for
phase transition of the vortex as further proof of their prop
sition. Furthermore, how to determine whether a first-or
lattice-liquid melting or a second-order glass-liquid melti
occurs, needs further investigation

FIG. 4. The magnetic phase diagram for our sample. For c
parison, the data of Farrellet al. and Safaret al. are also shown.
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APPENDIX: DERIVATION OF EQS. „1… AND „2…:

The derivation of Eqs.~1! and~2! is similar to the proce-
dure used in Ref. 12. The derivation is given for the s
geometry 0,x, l h . It is shown that the superconductor
glued at the free end of the host reed and its typical dim
sion is far smaller than that of the host reed. The compo
reed is a nonuniform system and we give its densityr, cross
section areas, and the radius of gyration of cross sectionk
as a function ofx along the length of the reed:

r~x!5 H rh~11g~x!!, l h2 l s,x, l h

rh , others, ~A1!

where

g~x!5
dsws

dhwh1dsws

rs2rh

rh

in which w is the width, d is the thickness, andr is the
density, the subscripth ands indicate the host and supercon
ductor, respectively. Also,

s~x!5 Hdhwh~11a~x!!, l h2 l s,x, l h ,
dhwh others, ~A2!

where

a~x!5
dsws

dhwh

and

k~x!5 Hks~11s~x!!, l h2 l s,x, l h

ks , others, ~A3!

wheres (x)5(Ms /Mh)a1b in which Ms and Mh indicate
the modulus of the host reed and superconductor, res
tively. a5(1/s)*z

ds1zz2dz and b5(1/s)*2dh1z
z z2dz in

which

z5
Msdh

22Mhds
2

2~dsMs1dhMh!
.

Due to the equation given in Ref. 12, the resonance
quencyv is

v5
2p

Arh /Mhkh
2 S b1

2l h
D 2

A11h, ~A4!

in which b151.057 andh is given as the following form:

h5
2

l h
E

0

l h
F1H ~s2g!F11S l h

pb1
D 4F2

d~a1s!

dx
•

d3F1

dx

1
d2~a1s!

dx2

d2F1

dx2 G J dx. ~A5!

-
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Inserting Eqs.~A1!–~A3! into Eq. ~A5!, it can be obtained
that

h511h01aS 4l s

l h
1

4&F~ l h!99 l s

l h
D Ms

Mh
, ~A6!

where h0 is a constant independent ofMs and Mh , and
F ( l h)99 is the fourth-order derivation of the wave function o

the reed at the free end.
Then we obtain the resonance frequency:
k
e

y

.

c

in
v5
2p

Arh /Mhkh
2 S b1

2l h
D 2

3A11h01aS 4l s

l h
1

4&F~ l h!99 l s

l h
D Ms

Mh
. ~A7!

Following the same procedure as above, we obtain the I
the following form:

Q215Qh
211j

l s

l h
•

Ms

Mh
Qs

21. ~A8!
ys.
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