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Mechanical measurement of vortex phase transition in YBsgCu;O,, 5
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Using the vibrating-reed technique, the internal fricti®#®) Q! and modulus as functions of temperature
were measured for a YB@u;O,, 5 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 fromtdL0* Hz but the IF peak height satisfies a power law
Q lxw " (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 highT, superconductor§S0163-18207)03030-0

[. INTRODUCTION versy as to the origin of this feature. While some authors
considered it to be evidence for flux-lattice melfifigor

The mixed state of high- superconductors has a very some transition to a glassy state of the flux structusthers
complicated phase diagram. Among them, the most salierititerpret the measurements in terms of thermally activated
feature of the phase diagram is the theoretically proposeflux diffusion® As discussed quantitatively for vibrating su-
existence of a vortex-lattice melting line which separates gerconductors by Brandit al.'! the dissipation peak arises
vortex-liquid phase from a vortex-solid phase. The nature ofvhen flux diffuses through the sample in a characteristic
the different vortex phases and the thermodynamic transitime that matches the inverse of the oscillation frequency,
tions between them are of fundamental and applicable intewithout invoking a phase transition of any sort. The charac-
est, and are subjects of substantial recent theoretical and eteristic time is related to the geometry of the sample and the
perimental efforts° It is generally accepted that below the vortex pinning. For a given field, because the diffusivity
mean-fieldH, line, a vortex-liquid state persists down to a changes with the temperature, this condition will be met
glass-transition line associated with a second-order transitioance during a temperature sweep for each particular diffu-
to a vortex-glass or Bose glass state or a melting line ass&ion mode. Because the dissipation behavior is dependent on
ciated with a first-order transition into an Abrikosov vortex the flux diffusivity which is, in turn, dependent on the acti-
lattice, which depends on the type and strength of the disovation energy, it is a thermally activated process and the
der. In highly disordered systems involving large amounts ofnternal friction(IF) peak temperature will be frequency de-
point defects, the vortex liquid is predicted to undergo apendent and shifts to higher temperature with increasing
second-order phase transition into a vortex-glass state. Howneasurement frequency. However, as proposed by Gammel
ever, in very clean systems a first-order transition from aet al, “melting of the vortex” is responsible for the occur-
vortex liquid to an Abrikosov vortex lattice is predicted. Re- rence of the dissipation peak. Due to the characteristic of
cently, Safaret al® reported a measurement of current volt- phase transition for the “melting” process, the position of
age that the presence of first-order melting is an intrinsicthe IF peak should be frequency independent but the magni-
thermodynamic transition, not created by the pinning potentude of IF should be dependent on measurement frequency.
tial. Therefore, detecting the frequency dependence of the IF

In order to investigate the physical properties of differentpeak temperature and the magnitude of IF becomes crucial
phases of the vortex, many techniques, such as measureméat determining the actual mechanism of the vortex dissipa-
of the magnetization, the susceptibility, the critical current,tion at lower frequency range.
and the mechanical response of the vortex were developed. In this paper, we reported on mechanical measurement of
The first mechanical measurements developed were thdissipation associated with vortex motion by using the
audio-frequency measurements using vibrating readd a  vibrating-reed technique in YB&uO,., s single crystals.
high-Q mechanical oscillatdt. These techniques involve Within our experimental errors, no obvious shift of IF peak
measuring the resonance frequency and dissipation in an opesition is observed in the audio-frequency ranging from
cillator made of a superconductor, or which has a supercorit? to 10° Hz. However, the inversely proportional depen-
ductor attached. A feature common to all the mechanicatlence of IFQ ™! on w" (1<n<2), in whichw is the mea-
measurements of vortex motion in superconductor materialsurement frequency, is observed in our measurement. Ac-
is that a dissipation peak and corresponding decreases in tieerding to our experimental results, the IF peak is thought to
stiffness of vortex line are seen beldw when temperature be originated from a “melting” phase transformation of vor-
is swept at constant magnetic field. There has been a contrtex, no matter whether first order or second order.
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Il. EXPERIMENT BASIC reed, therefore, it is important to make some modifications.

The sample used in our experiment is a twinnedwe consider first that the damping and the frequency chang-

YBa,Cu;05, s single crystal. The critical temperature is 92.5 ing of the composne sample are produce_d by gluing a super-
K. The vibrating reed consists of a platelet clamped at on&°nductor of thicknesds, lengthls, and widthws on a host
end, while two electrodes near the free end serve to drive arf§ed of thicknessly, lengthly,, and widthwy . Secondly,
detect its motion electrostatically. The platelet is a Si crystalVith the restriction thats<l, andds<dp, we can solve this
sputtered with a metal film, with the superconducting samplé®roblem with the procedure used by Mofsé a nonuni-
glued near the free end. The configuration can be seen elsirm system. Here, it is an assumption of an adhere super-
where in detail® The magnetic field is a transverse field up conductor. The modified resonance frequensyand IF
to 0.5 T. Q1, as obtained in the Appendix, are shown in following
It must be noted that our experiment includes a compositéorm, respectively:

2n (B 2\/ 41, W20

Ms

M, 1

I Iy

where p,(ps) is the density of host ree@superconductgr  diffusion theory. The independence observed here can also
M, (My) is the modulus of the host redduperconductdy  be explained, however, simply as the narrow frequency win-
andky, (k) is the radius of gyration of the host reéliper-  dow spans in our experiment. Unambiguous evidence for the
conductoy. 3, is a constant 1.015, 7, is a parameter which phase transition, in this case, is the frequency dependence of
is independent ok, andMs, ®(/", is the fourth-order deri-  the IF magnitude displayed in Fig. 1.

. _1 _l . .
vation of the wave function of the reed at the free end,and 1€ power law of the IF peak height ™ <"~ is obvi-

is given in the Appendix: ously shown in Fig. 1. Using Eq2), and keeping _in mind
that resonance frequeney of the composite reed is nearly
. M inversely proportional td?, it can be obtained that the IF of
Q_1=QE1+§ﬁ : M_: Q™ (20 superconductoiQ_ ' approximately satisfies the modified

power lawQ; *=w %5 which indicates a characteristic of
where Q! is the IF of host reed an®; ' is the IF of phase transformation. N _ _
superconductof is a shape parameter. Owing to the low IF ~ The internal friction pealQ ™~ developing near the first-

of the Si host, about I°—10"%, Q1 is nearly proportional order phase transition at low-frequency range has been stud-
to Qs_l. Modifications(1) and(2) are used in our following

discussion. 30610

| o f=195Hz 2
Ill. EXPERIMENT AND DISCUSSION o f=630Hz QF‘D"_:./
g

2.5x1073 _
Figure 1 is our main result. As displayed in Fig. 1, the IF | s f=1593hHz o

peak position does not shift obviously with varying the mea-

surement frequency in the range?¥w=10* Hz within our 2.0x1073+
experiment errorgabout 0.5 K. The frequency dependence ]
of the dissipation of the vibrating superconductor at constant dgﬁ
temperature and dc magnetic field can be used to test thes 1.5x10°°1

mode of the vortex dynamics. However, it is impossible to © ) o
achieve the vibrating-reed measurements in a frequency win- 3
dow which spans several decades. Gugttal'® fabricated 1.0x10™ 7
vibrating reeds with the same thicknesbut different length

I. The resonance frequency of these reeds varies according t
w>d/12. Thus one can expect a frequency-independent dis-
sipation since only the produat|? enters the expression for
the dissipation within the frame of thermally activated 0.0 . . . .
diffusion® However, in our measurements, we regulate the 86 88 '90 92 94

vibrating frequency by varying the length of the Si host with T(K)

the superconducting sample’s length unchanged. Therefore,

the frequency-dependent IF peak should be found if the flux FIG. 1. Temperature dependence of theQF! for a different
motion is a thermally activated diffusion. The independenceneasurement frequency of the mechanical oscillator with the
of the IF peak temperature on frequency in our measurememBa,Cu,0;, 5 single crystal attached. The inset shows the IF peak
is not consistent with the prediction of thermally activatedheight as a function of .

[n]
a .0
E 2 4 6 81012141618
frequency( 10% Hz
[u}
[w]

[mi
5.0x10™*




3490 W. TIAN et al. 56

ied extensively and is known to consist of two nucleation process and coexistence of new and parent
componentg#1® phases, all theories consider that there is no internal friction
(i) Transient componer®, 1 the internal friction mea- peak related to the second-order phase transition in the lower

sured on cooling or heating at finite rat€=0) is in many ~ frequency range. But Wangf al*® reported that there exists
cases proportional t& and inversely proportional to fre- a0 IF peak in the kHz range around the second-order phase
quencyw. This means the dissipation is proportional to the{ransition temperaturg. in the Lg _,Nd,PsO1,(LNPP) crys-
transformation amount of vortex per cycle. tal. The height of this peak decreases with increasing fre-
quency. They attributed it to the fluctuation of a new phase
thermal measurement on step cooling or heatifig-0) is around the phase-transmon temperature and the appearance
independent of frequency in the low-frequency range ( of a preferential state of the transient new phase caused by an
. L . : . external field which destroys the equilibrium state. Although
<kHz) which exhibits the characteristic of a static hysteresqt does not have a stable nucleus, owing to the fluctuation

loss. nearT., the new phase may appear instantaneously in some

Transient components are to a considerable extent cha_ragma” region of the parent phase. When no external field is
terized by the real structure of the heterophase system, i.e

b the f i d vol ¢ h The follow applied, the various domains with different orientation ap-
y the Tormation and volume of a hew phase. 1he 1o 0W'ngpear or disappear with equal probability. However, since the
expression is obtained for the transient compor(@nl1 of

_ T T new phase is accompanied by spontaneous strain, the applied
internal friction: stress will destroy the equilibrium state and those favorable
domains will appear more frequently than others, which re-

(i) Stationary or equilibrium componer@; *, ‘the iso-

Q '=KGm o, (3 sults in nonelastic strain and then IF. They also deduced the
. . . . IF expression related to the second-order phase transition as
whereK is a constantG is the shear modulug is the cyclic form:
oscillation frequency, andh is the relative phase transition '
. . . l .
rate. This theory predicts the height of the p&ak- varies Qz_nld“dF/dt- © " with n>0. @

inversely proportional to the measurement frequenayith

m_=1dm/dT~T=const. For the equilibrium component \ heren s a constant, dependent on material and character-
Q. *, the mechanism of the stress-induced movement of thgyiic of phase transitiord F/dt is the quantity of fluctuation
interfacé®>'®!**’has been widely accepted. Most experi- per unit time, which exhibits a peak aroudd, and thus
mental results show thé)e_1 is independent of measurement |eads to the IF peak nedf.. In the present context, the
frequency in the low-frequency range € KHz).*>?*How-  fiyctuation of the transition can be interpreted as a measure
ever, in the case of the vortex melting transition here, it isof the typical spatial extent of the domains of a vortex liquid
speculated that the equilibrium compone®f * originates  which are present in the vortex solid. The amount of these
from the viscous dissipation of vortex. In the vicinity of the domains controls the mechanical dissipation behavior of the
melting from a Abrikosov vortex lattic&?3 the viscosity systent’ As analyzed above, it is considered that the inverse
appears to diverge at this temperature. Although an actugroportion of the IFQ ! to frequencyw and the frequency-
viscosity divergence associated with continuous melting aPmdependent IF peak position, measured at finite Tatis a

pears in the theory of melting dynamics of classical particlegjemonstration for the phase transformation of the vortex, no
in two dimensions; such a divergence of the viscosity matter whether first order or second order.

v_vould als_o result_from the very Io_ng entanglement_ relaxation Figure 2 gives the IF versus temperature in different vi-
times estlmateq in Ref. 25. In FhIS- scenario, barriers to ﬂu}brating amplitudes. It can be seen the IF is amplitude depen-
cutting would increase ¢(T) with increasing temperature gent(hysteretic lossbelow the IF peak temperature and am-
until Lex(T)>L, at which point the viscosity 7(L)  plitude independent(viscous loss above the IF peak
~UoTon(L) is effectively infinite. Thus the viscous dissipa- temperature. The same results were also obtained by other
tion of the vortex at the point of melting temperature playsaythors and were attributed to the couple-decouple of grains
an important role in the dissipation of the vortex. In thejn samples. We thought that this may originate from a stress-
vortex melting transition, the isothermal transformationjnqyced depinning before the flux-line-latti¢eLL) is thor-
would continue whileT=0, soQ, " would be attributed to  oughly melting. Real superconductors exhibit always many
the dissipation caused by the viscous movement of the vortegins per flux line and not many flux lines per pin. Therefore,
just melting. As indicated in Ref. 26, the viscous dissipationan ideally rigid infinite FLL cannot be pinned at all by dense
is inversely proportional to the measurement frequeacy randomly positioned pins since all pinning forces average to
Furthermore, the amount of the vortex which leads to thiszero when there is no correlation between the position of flux
dissipation is equal to the amount of vortex just transformingand pins?® By extending the collective-pinning theory of
from vortex solid to vortex liquid per cycle, and in turns Larkin and Ovchinnikov to finite temperatuf®Feigel'man
proportional to 1. Thus, it can be obtained that the equi- and Vinokur® have argued that the thermal fluctuation of the
librium dissipation le is inversely proportional to the vortex position(u?)=T increases the effective rangg~ ¢
square of the frequenacy. of the pinning forces to,~ (£2+(u?))*2 This thermal mo-
Around the second-order phase transition, the ultrasonition smooths the effective pinning potential and in turn re-
attenuation« is proportional tow? at high frequency  duces the collective-pinning force. Below the temperature of
(>MHz) for the relaxation of the order parameter. So, thethe IF peak, effective pinning potentill exists and the flux
\-type peak appearing in the MHz range cannot be detecteédhe can see a pinning potential so that the amplitude-
in the kHz range. Otherwise, owing to the absence of thelependent dissipation as a result of stress-induced depinning
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FIG. 3. Temperature dependence of the frequency shift for a
different measurement frequency. The inset shows the jump of
modulus defecAM/M as a function of 1.

FIG. 2. Temperature dependence ofQF ! at different vibrat-
ing amplitudes.

can be measured, however, above the IF peak temperature,

) S O AM 1
the effective pinning potential is smoothened by thermal —=Ay 7, (7)
fluctuation and the flux line cannot see a pinning potential, M M1+ (wr)

gnd thus can move y|scously which leads to an amp"tUde\'NhereAM is the relaxation strengthy is the frequency, and
independent dissipation.

. . . . ) 7 is the relaxation time satisfying the Arrenhius equation:
The IF is thought to be written in the following form: =Y T In the case ofwr>1, the modulus defect
-1_A~-1,A~"1,A~"1 AM/M—0; in the other case abr<1, the modulus defect

= + + , 5 ' ) '

Qs =Qr #Qe ™+ Qo © AM/M—A,,. Therefore the jump of modulus defect
whereQ; ! is the transient component of the IF associatedAM/M becomes equal ta, which is independent of the
with phase transition which is proportional towl/Q.* is  frequency. Our results show the jump of modulus defect
the stationary component of the IF which is proportional toAM/M is inversely proportional to frequency which cannot
Uw?, Q51 is the IF as a result of stress-induced depinning ofbe explained in the framework of thermally activated diffu-
the flux line.Qp * which resulted from the motion of a single sion. As known to all, the nonelastic strain can be expressed
flux line is much smaller tha@7* andQ; %, thenQ; * is in the form of: s";sg+_iag, in whi.ch the imaginary part
mainly attributed to the IF associated with the phase trans€2 Of the nonelastic strain” causes internal friction, and the
formation of the vortex, thus proportional to " in which real parte] of the nonelastic straia” results in a modulus
1<n<?2. defect. Owing to the results that the IF and modulus defect

This interpretation is supported by the modulus measure@re both inversely proportional to the frequency, the nonelas-
ment as shown in Fig. 3. Figure 3 gives the temperaturéiC strain thus satisfies the las¥ =~ which is consistent
dependence of the resonance frequency at a magnetic fielith the phase-transformation theory that the nonelastic
0.433 T. Using Eq(1), it is obtained that the modulus defect Strain is proportional to the amount of transformation from

AM¢/My of the superconductor has the following form: ~ parent phase to new phase per oscillation cycle, in turn in-
versely proportional to frequenay.t>?°In the vortex phase-

s o h 200 My, transformation scenario, the IF results from the difference of

M, = “(4+4‘/2q’<|h>) E Tw M_s (6) the amount between favorable and unfavorable variants

transforming from vortex-solid state to vortex-liquid state

It is noted that except fa,, all other parameters in E¢6)  and the corresponding viscous dissipation caused by the vor-
remain unchanged with varying the frequency and keeps itex just melting.
mind that frequencyw is proportional to ]JFh, thus it can be How to obtain the phase diagram has concentrated exten-
obtainedAM¢/MxAw/»*?2 As shown in Fig. 3, the total sive interest on experimeftNumerous experimental results
frequency variatiomw is independent of frequenay, thus  reported the frequency dependence of the “transition line”
the modulus defect is consequently also inversely propor(TRL) when measured by ac susceptibiffyThe tempera-
tional to 12, ture of the peak in the out-of-phase first harmogig re-

According to the thermally activated relaxation theory sponse shifts with varying the frequency, which indicates it
(Debye relaxation the modulus defect is expressed asis not actually a measurement of the TRL. Deztlal > re-
follows:2® ported the frequency-independent of the vortex-glass phase
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= 0.3 1 @ APPENDIX: DERIVATION OF EQS. (1) AND (2):
T z ; The derivation of Eqs(1l) and(2) is similar to the proce-
0.2 dure used in Ref. 12. The derivation is given for the slab
1 A geometry G<x<l,. It is shown that the superconductor is
0.1 glued at the free end of the host reed and its typical dimen-
a sion is far smaller than that of the host reed. The composite
0.0 reed is a nonuniform system and we give its dengjtgross

895 900 905 910 915 920 " 925 section area, and the radius of gyration of cross section
as a function ok along the length of the reed:
T(K)
Con(I+90),  Th=1s<x<lIj,
FIG. 4. The magnetic phase diagram for our sample. For com- Peo= pn., oOthers,
parison, the data of Farredt al. and Safart al. are also shown.

(A1)
where

transition in a YBaCu;O-, s thin film in the frequency range o= dsWs  ps—pn
from 107 to 1 Hz by resistance measurement. They 7 dpwh+dws  pp

thought their results provide a fundamental measurement % which w is the width,d is the thickness, ang is the

TRL. Because our measurement_ 01_‘ the mechanical respon%%nsity’ the subscrigt ands indicate the host and supercon-
of the vortex shows a characteristic of “phase transformay,ctor respectively. Also

tion,” we think our results also provide a method to deter-

mine the phase diagram of the vortex. Figure 4 displays the dWh(1+a(y), Th—1s<x<ly,

phase diagram in which the transition temperature is deter- S = dyw;, others, (A2)
mined from the temperature of the IF peak. According to the

melting theory® an approximated power lawB (T)  Where

=Bo(1-T/Ty)" is expected, where<2. The best fit for dow

our result leads ta= 1.9 which is consistent with the theory. a(x)zﬁ

For comparison, the data of Farrell al*® and Safaret al® hWh

are also shown in Fig. 4. To within our errors, our phase lineand

appears to agree with that obtained by Fare¢léal. as mea-

sured with a low-frequencys{< 1 Hz) mechanical oscillator = ks(1+0p0),  Ih—ls<x<lI (A3)
and by Safaret al. as measured by static current-voltage 7| ks, others,

(w=0Hz) on a Y-Ba-Cu-O single crystal. The coinciding where o, = (Mg/My)a+ B in which Mg and M, indicate
data show that mechanical dissipation behavior is determinegie modulus of the host reed and superconductor, respec-

by the vortex phase transformation. tively. a=(1/s)f?5+§zzdz and ﬁ:(l/s)fédhwzzdz in
which
IV. CONCLUSION - M (d2— M d2
In summary, we present results about the frequency de- 2(dsMg+dpMy)°

pendence of mechanical dissipation of a vortex in twinned

YBa,Cw,0;, 5. The inverse proportion of the IF peak to fre-  Due to_ the equation given in Ref. 12, the resonance fre-
guencyw"(1<n<2) indicates that the mechanical dissipa- quUéncyw Is

tion peak originates from a phase transition between the

vortex-liquid state and the vortex-solid state, no matter _ 2m Bi\? ——
whether first or second order. As previously proposed by ©= /ph/MhKﬁ (Fh 1+, (A4)

Gammelet al, the mechanical dissipation peak measured by _ o _
the highQ oscillator is the evidence for flux melting; our in which 8;=1.057 andy is given as the following form:
measurements in the audio-frequency range by using the

4 3
vibrating-reed technique also give a demonstration for the __ E 'n _ h dlato) d°@,
" . = D (c—g) P+ 2 .
phase transition of the vortex as further proof of their propo- Ih Jo TP dx dx
sition. Furthermore, how to determine whether a first-order ) )
lattice-liquid melting or a second-order glass-liquid melting i d*(a+o) d°0, dx (A5)
occurs, needs further investigation dx? dx? '
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Inserting Egs(A1)—(A3) into Eg. (A5), it can be obtained

that

=1+ 9+ a (AB)

4, A2, s) M,

_J’_ —,
In I Mp,

where 7, is a constant independent & and M,,, and

@) is the fourth-order derivation of the wave function of

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

3493
_ 277' (ﬁl)z
Vo /M \ 2ln
4l 4‘/2<D/(’I/|:)Is Mg
)\ 1+ ot al 2+ —— 2] T (A7)
I Ih My,

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

ls Mg __
Q’1=QE1+§E “w, Qs L (A8)
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