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Unified order-disorder vortex phase transition in high-T . superconductors
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The diversity of vortex melting and solid-solid transition lines measured in different higiuperconduct-
ors is explained, postulating a unified order-disorder phase transition driven by both thermally- and disorder-
induced fluctuations. The temperature dependence of the transition line and the nature of the disordered phase
(solid, liquid, or pinned liquigl are determined by the relative contributions of these fluctuations and by the
pinning mechanism. By varying the pinning mechanism and the pinning strength one obtains a spectrum of
monotonic and nonmonotonic transition lines similar to those measured,8L,BACYOg, YBa,Cu;O7_ 5,
Ndy g5C€ 15CUO, — 5, Biy 6P1y.4SHCaCY0g, 5, and (L@ g3S1o.0692CUO;.
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Vortex matter phase transitions have been under closito a jump in reversible magnetizatidhdemonstrating that
scrutiny in recent years. Both experimehtdl and the melting and the solid-solid transition lines are different
theoretical™'* works have indicated the existence of two manifestations of thesamephenomenon, i.e., a transition
order-disorder phase transitions: A transition from a quasiorfrom an ordered phase to a disordered phase.
dered solid phase to a liquid phase driven by thermal fluc- Motivated by the above results, and based on a recent
tuations, and a transition to a disordered solid phase drivetheoretical model, ™ we present in this paper a unified ap-
by disorder-induced fluctuations. In magnetization experifroach to the vortex order-disorder phase transition, postu-
ments, the melting transition is signified by a jump in thelating that this transition is driven byoth thermal and
reversible magnetizatiohwhereas the solid-solid transition disorder-induced fluctuatiort$?*~**Our simplified analysis
is associated with the appearance of a second magnetizatighcapable of reproducing the markedly different behavior of
peal® (“fishtail” ). A variety of experiments indicate that the the transition lines observed experimentally in different
melting as well as the solid-solid transititft3 are of first ~samples. A spectrum of different transition lines, with mono-
order. tonic or nonmonotonic behavior, is obtained by tuning the

While melting lines measured in different samples exhibitpinning strength incorporated into different pinning mecha-
qualitatively similar behavior, with the melting field decreas- nisms.
ing monotonically as temperature is increasédhe solid- A recent model ! applies the Lindemann criterion to de-
solid transition lines measured in different samples differfine a transition from an ordered state to a disordered one.
markedly: A flat transition line in underdoped Previous approaches to this modelg., Refs. 4—6, and 10
Bi,Sr,CaCy0g (BSSCO,* which terminates at intermedi- commonly dealt with the melting and the solid-solid transi-
ate temperatures; a flat transition line followed by a mono-ions separately, postulating that the former is driven by ther-
tonic convex decrease towafd in Bi, gPly ¢S,CaCyOg,;  Mal fluctuations and the latter by disorder-induced fluctua-
(Ref. 15 and Nd gC&, 1<CuQ,_ 5 (NCCO);° a steep concave tions. Accordingly, the melting line By(T) was
decrease throughout the whole temperature range in
(Lag 9351069 2,Cu0,  (LaSCO (Ref. 8 and some
YBa,Cu,0;_ 5 (YBCO) samples!® and a nonmonotonous 1.0
behavior exhibiting a peak in YBC&>131’Bsccol#1819 o
and Bi ¢Phy, ,SLCaCyOg, s (Pb-BSCCO.” The diverse 0.8 YBCO
temperature dependence of the vortex solid-solid transition '
line is illustrated in Fig. 1 for YBCG? NCCOP? and LaSCO -
(Ref. 8 samples measured in our laboratory. — 0.6

Both the melting and the solid-solid transitions may be o NCCO
observed in the same sample in different temperature re- 0.4
gimes. The melting line, appearing in the high temperature LaSCO
region, terminates at a “critical” poiRt® and a second line, 0.2
associated with the solid-solid transition, emerg&&ecent '
experiment$?! demonstrated that the two transition lines 02 04 06 08 10
are in fact a single line along which order is destroyed; the TIT
melting of the quasi ordered solid into a liquid at high tem- ¢
peratures changes its character into a solid-solid transition at FiG, 1. vortex solid-solid transition lines measured in YBCO
low temperatures due to slower dynamics. Striking evidencetriangles, NCCO (squarey and LaSCQ(circles, exhibit different
for the unified nature of these two lines was recently found irqualitative behavior. The transition field is normalized to its value at
vortex “shaking” experiments which show that by enhancing lowest temperature 20.5 kOe, 260 G, 11.8 kOe, respectively; tem-
relaxation effects, the second peak anomaly is transformegkrature is normalized by,=93, 26, 32 K, respectively.
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determined!® by a competition between the vortex lattice
elastic energy and the thermal energy, whereas the solid-solid
transition lineB¢(T) was determined by a competition be-
tween the elastic energy and the pinning energy. Following
this approach one encounters several difficulties. For ex-
ample, one cannot explain the effect of point defects on the
melting line observed experimentalfy2® In addition, this
approach cannot explain the wide spectrum of qualitatively

different solid-solid transition lines obtained in different ma- ‘E 0.0021
terials, and even in different samples of the same material. In 3
particular, contrary to the predictions of the model, which g
dictates a temperature independ&t(T) at low tempera- o 0.001;
tures, a wide spectrum of temperature dependences is ob-
served experimentalf7.813-19

The above difficulties are resolved by considering the ef- 0.000
fect of both thermal fluctuations and disorder-induced fluc- 1x10°

tuations in destroying the vortex lattice. The basic premise of

our analysis is that an order-disorder transition occurs when

the sum of the average thermal and the disorder-induced dis- 5x107
placements of the flux liney? and u?;, respectively, ex-

ceeds a certain fraction of the vortex lattice constant??°

A more accurate analysis should involve the averaged total 0 . , , , ;
displacement of the flux line, which is not necessarily the 00 02 04 06 08 10
sum of u? and uj. Yet, our simplified approach yields a T/IT,

qualitative description, and provides important insight. Uti-
lizing the Lindemann criterion for the destruction of order, FIG. 2. Calculated order-disorder transition lifBa;5(T) (solid

the transition lineBop(T), will obey the expression: curve, irreversibility line B;,(T) (dashed “pure” melting line
B(T) (dotted, and “pure” solid-solid transition lineBg(T)
U3(Lo,0)+UZis(Lo,0)=c?a?, (1)  (dashed-dotted for three different values of pinning strength as-

suming 6T .-pinning mechanism. Stars mark critical points.

where u%(LO,O)z L. kT/(2€,¢?) is the transverse excursion
caused by thermal agitation andi.(L,,0)=(£%2) ning strengthy,. In the calculations we use the explicit tem-
X(Lo/L.)®® is the disorder-induced fluctuation. Here, ~ Perature dependences of the coherence lergthé,[1
—2¢a, is the characteristic length for the longitudinal fluc- —(T/Tg)*1"*? and the penetration  depthA =X\,[1
tuations, L= (¢*€2£%/y)¥? is the size of the coherently —(T/Tc)*]”Y% We also consider two pinning mechanisms:
pinned segment of the vorté% e, = (po/4m\)?% is the vortex  Either “6T. pinning,” caused by spatial fluctuations of the
line tension,e=+/m,/m, is the anisotropy ratiog, is the transition temperatur&, or “4l pinning,” caused by fluc-
Lindemann numbera,=/'é,/B is the Abrikosov lattice tuatlorg of the charge carrier mean free path near a _Iattlce
constantp,=2.07<10 7 Gcn? is the flux quantum, ang deftict. In the4 fgrmer case the pmnmg parametez }4:5
is the pinning strength. =vy,[1—(T/T)"]° and in the lattery=y,[1—(T/T¢)"]

The transition lineBop(T) can also be derivédby con-  (Ref. 4, where eitheryg or ¥, replacey, in the expression
sidering the energy balance at the transition: The transitiofPr I'o-
occurs when the sum of pinning energy and thermal energy Figure 2 shows the calculated order-disorder transition

exceeds the elastic energy barrier: line Bop(T) (solid curve in the figure Also shown is the
irreversibility line B, (T) (dashed curveestimated byE;,
Eei=EpintKT, (20 =kT, for three different values of['y, assuming

o6T.-pinning mechanism. For comparison we also show in

where E|=£€,C{a, is the elastic energy near the transi- Fig. 2 the ‘pure’ solid-solid transition lin@®.{(T) (dash-
tion line, Epin=Uqp(Lo/Lc)"° is the pinning energy of dotted and “pure” melting line B,(T) (dotted. Bo(T) is
a single vortex calculated in the framework of the cagegerived fromEg = Epin, Which neglects the thermal energy,
model?*®andU 4= (ye2€,£*) M is the single vortex depin-  therefore it is independent of temperature in intermediate
ning energy. Both Eqg1) and(2) yield thesameexpression  temperature range and descends towardas a result of the
for Bop(T). temperature  dependences of the superconducting

The solution of either Eq.1) or (2) yields transition lines parameter§.B,,(T) is a solution toE,=kT, which neglects
of different temperature dependence, depending on the piRhe pinning energy, therefore it is unaffected by changes in
ning parametery and on the anisotropy. To demonstrate pinning strength. We maintain that the experimentally mea-
this variety of behaviors, we present numerical solutions fosured transition line—identified by either a jump in revers-
Boo(T), fixing & so that 16r2\2k/ #3%c?=1 (Ref. 28 and  ible magnetization or the appearance of a second peak in the
varying T',=(2&83:2/c2k*) Y525, i.e. controlling the pin- irreversible magnetization—corresponds to tiB,p(T)
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curve. Since the order-disorder transition is drivenbwogh 3.0x107
pinning and thermal fluctuationB,p(T) will lie below both H
Bn(T) and B(T), both of which utilize only one mecha- i
nism for the destruction of the quasiordered vortex lattice. 1.5x1071
The crossing point betweeB;, (T) and Bgp(T) is the '
“critical point” dividing the Bop(T) line into two segments:
The one lying above the irreversibility line will be mani-
fested by a jump in the reversible magnetization and identi-
fied experimentally as a melting line; the other segment lying
below the irreversibility line will be evinced as a second
magnetization peak and identified experimentally as a solid-
solid transition line.

For I'y=1 (i.e. relatively small pinning paramejerthe
effect of pinning on the order-disorder transition is minor,
thereforeBop(T) lies very close to the ‘pure’ melting line
B,(T) and retains its concave shapeig. 2(a)]. Bop(T)
crosses the irreversibility line at extremely low temperatures,
so that throughout most of the temperature range the transi-
tion will be manifested as a jump in the reversible magneti-
zation, as measured in high purity YBCO.

For I',=1CP (relatively large pinningthe effect of tem- .
perature is small, therefore the order-disorder transition line 00 02 04 06 08 10
lies near the “pure” solid-solid transition lin®,(T) and T/T
adopts its convex shapgsee Fig. 2c)], as observed in c
NCCO (Ref. 6 (see Fig. L In this case, the intersection of
Bop(T) with the irreversibility line is close td ., so that
throughout most of the temperature range the transition wilkhifts systematically to higher temperatures. Furthermore, a
be evinced as a second magnetization peak. dip in the order-disorder transition line becomes noticeable at

ForI',=500 (intermediate pinning strengtthe deviation intermediate temperatures. Such a dip was previously re-
of Bop(T) from bothB,(T) andBsg(T) is marked see Fig. ported for YBCO (Refs. 13 and 17 (see Fig. 1 and for
2(b)]. The shape of the order-disorder transition By (T) Pb-BSCCO, and was attributed to Bean-Livingston
retains the concave shape Bf,(T) but since most of the barriers? or to masking of the fishtail onset by the field of
transition line lies below the irreversibility line, the transition full penetration” Our analysis shows that this dip is due to
will be manifested as a second magnetization peak. This kinthe combined effect of thermally- and disorder-induced fluc-
of behavior ofBop(T) was observed in LaSC(@Ref. 8 (see  tuations in materials wherél pinning is the dominant pin-

Fig. 1. ning mechanism. At low temperatures the elastic and pinning

A nonmonotonous behavior can be obtained by invokingenergies are virtually temperature independent,By(T) is
6l-pinning mechanism, as depicted in Fig. 3. In this caseflat. Thermal fluctuations, however, become stronger as the
Bs«(T) is independent of temperature at intermediate temtemperature is increased causing a deviatioBgf(T) from
peraturesincreaseswith temperature and diverges néay. B.(T). The two linegFig. 3(b)] merge at low temperature,
For I',=10" (relatively large pinniny the incorporation of but as the temperature is increased, thermal fluctuations al-
thermal fluctuations curbs this ascent, and results in a peak iow the vortices to displace and adjust to the pinning land-
Bop(T) as depicted in Fig. (8). This peak may signify an scape and thereby induce the order-disorder transition at
inverse-melting effe¢f3! as observed experimentally in lower fields. This effect competes with the thermal depen-
BSCCO!® YBCO,*® and Pb-BSCCQO. An alternative  dence of the pinning energy, which stems from the tempera-
explanatiof! to the peak in the transition line attributes this ture dependence of the superconducting parameters and
phenomenon to the depinning of the vortices by strong thereause8.(T) to rise and diverge. At higher temperatures the
mal fluctuations, which smear the pinning potential abovdatter effect wins, and the transition lirg,p(T) increases.
the depinning temperaturdg,. This effect was introduced Further decrease of the pinning strengtfi'tpe=1 results in a
into the expression for the solid-solid transition through anmonotonously decreasing order-disorder transition [[Frig.
exponential increase of the Larkin length above the depin3(c)].
ning temperaturé!! Our analysis predicts a peak Byp(T) In conclusion, we have described an order-disorder vortex
irrespective of the value of y,. phase transition driven byoth thermal fluctuations and

For I',=10° [lower pinning strength, see Fig(i8], two  disorder-induced fluctuations. By varying the pinning
phenomena are observed: The inverse-melting peak is dstrength a wide spectrum of transition lines is obtained, re-
pressed, and the critical point moves to lower temperaturesembling those measured in various highsuperconduct-
This explains the data of Khaykoviatt all® and Nishizaki  ors. The intersection between the transition line and the irre-
et al.® showing that by repeatedly irradiating a crystal theversibility line defines a “critical point” which divides the
peak in the transition line is enhanced, and the critical pointransition line into two segments: One associated with the

o
o

1.2x10°°

B [arb. units]

6.0x10°®

FIG. 3. Same as Fig. 2 assumi@b-pinning mechanism.
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jump in the reversible magnetization and identified experi-When thermal(disordered-inducedfluctuations dominate,
mentally as a melting line, and the other associated with théhe disordered phase exhibits liquidisordered soligchar-
“fishtail” and identified experimentally as a solid-solid tran- acteristics. When both fluctuations are comparable, the dis-
sition line. ForsT,, pinning, different pinning strengths yield ordered phase behaves as a “pinned ligufid.”

monotonous transition lines similar to those obtained in

clean untwinned YBC3° LaSCO® and NCCC® For 4l pin- Important and stimulating comments from E. Zeldov are
ning nonmonotonous transition lines are obtained, with acknowledged. Y.R. acknowledges financial support from
characteristic peak as observed in YBEBSCCO®9and  Mifal Hapayis—Michael Landau Foundation. Y.Y. acknowl-
Pb-BSCCO. In addition, a decrease at low temperature,edges support from the US-Israel Binational Science Foun-
similar to that observed in YBCQ@Refs. 13 and 17and dation. A.S. acknowledges support from the Israel Science
Pb-BSCCO), can also be reproduced. The nature of the disFoundation. This research was supported by The Israel Sci-
ordered phase may be characterized as a liquid, pinnednce Foundation—Center of Excellence Program, and by the
liguid, or entangled solid state, depending on the relativdHeinrich Hertz Minerva Center for High Temperature Super-
contribution of thermal and disordered induced fluctuationsconductivity.
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