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Anomalous vortex liquid-to-glass transition line in twinned YBa,Cu;07_s
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The vortex phase transition in twinned Y®&a,0,_5 single crystals is studied by measuring the resistivity
under conditions in which the correlated disorders compete with point disorders. When a magnetic field is
applied exactly parallel to the twin planes, we find a kink in the obtained liquid-to-glass transition line near
80 kOe and a nonuniversality in critical behavior. By introducing a matchinglike effect for planar defects, we
show that both anomalous phenomena can be explained by the scenario that a mixture of Bose glass and vortex
glass appears above the magnetic field of the kink, and Bose glass appears below it.
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[. INTRODUCTION The authors claimed that belott., the Bose glass phase

It is well known that in the mixed state of high- characterized by_such linear defects exists and athyea
temperature superconductors, a vortex phase is determin&fSSy phase, neither vortex glass nor Bose glass, exists; fur-
by the competition among three energies, i.e., vortex-vortefhermore the vortex glass phase was not observed. Therefore,
interaction, pinning, and thermal energ}éﬁ[hen the vortex- it seems that the effect of point disorders on the Bose glass
vortex interaction dominates the configuration of vortices,phase is still an unsolved problem.
the vortex liquid solidifies into the vortex lattice via a first-  In this paper, we study the phase transition of vortices in
order phase transition; that phase transition in cleaiwinned YBCO under the condition that both correlated and
YBa,Cu;0,_5 (YBCO) single crystals has been establishedpoint disorders are effecting the pinning. When the magnetic
by a number of studiesWhen the pinning energy exceeds field is applied exactly parallel to the TPs, upon cooling the
the elastic energy of vortice§.e., in a dirty systerp the  vortex liquid solidifies into a glassy phase via a second-order
vortex solid phase changes from a lattice to a glassy pha_s@hase transition. We find two anomalies: the obtained liquid-
such as vortex glador Bose glasé.Fisheret al® theoreti-  to-glass transition line shows a kink near 80 kOe, and the
cally predicted that in the presence of randomly distributeceritical exponent is nonuniversal. By assuming a matching-
point defects, the vortex liquid undergoes a second-ordéike effect for planar defects and considering the magnitude
phase transition into vortex glass; this has been observe®f the critical exponent, we discuss the glassy phase in
experimentally in thin fim$and single crystal®.Since the twinned YBCO in relatively wide magnetic fields.
contribution of point disorders on the vortex pinning is en-
hanced with an increasing magnetic field, this phase can be IIl. EXPERIMENT
observed even in clean samples such as untwinned YBCO. YBCO single crystals were grown by a self-flux method

Columnar defects are randomly introduced into a crystal bXJsing Y,0; cruciblest! We prepared slightly overdoped
irradiating heavy ions. When a magnetic field is applied Parsample® by adjusting the oxygen content, annealing the as-
allel to the columnar defects, they accommodate the vorticearown crystals at 450 °C for 168 h in 1 atm flowing oxygen
and, as proposed by Nelson and Vinokur, glassy phase, gas. Twin planes having a mosaic pattern and lying in the

Bose glass, appears; the transition between Bose glass aﬂdw] and[110] directions in theab plane are contained in

liquid is also second order. From observing small critical h al firmed b larized liaht mi
exponents in a previous study we pointed out the possibilit); € crystals, as confirmed Dy a polarized Ight microscope

that this phase appears in twinned YB&Qater, Grigeraet and _transmis;i_on electron microscq_ﬁ')EM). The supercon-
al.? using extensive scaling analysis, claimed that this tranducting transition temperaturk, defined at the zero resis-

L ; . tivity, is 91.8 K. The sample dimensions are X.0.9
sition occurs in the same materials. Many other reports sup- LR
y b plx 0.08 mn?. In-plane resistivity is measured by a standard

port the existence of a Bose glass phase, but those expef|- )
ments were performed in relatively low magnetic fieldsd'reCt current f<_)u_r-pro_be methpd_ qnder a current density
=1-3 A/cnt, giving linear resistivity, as functions of the

where the point disorders do not act as effective pinninglem erature, magnetic fiekd up to 170 kOe, and the angle
centers. Maiorov and Osquigtfistudied the glassy phase in betvI\C/)een the: ma%netic field gnd the TPs' The experimental

twinned YBCO in magnetic fields up to 180 kOe and found . : . . ) .

a crossover magnetic fiel,~ 40 kOe, where the angular setup is schematically illustrated in the left inset of Fig. 1.
dependence of the transition temperature abruptly changes; . RESULTS

they attributed this phenomenon to a matching effect caused '

by columnar-type defects, such as the ends of twin planes The configuration oHIITPs(6#=0°) is obtained by mea-
(TP between the electrodes and/or the screw dislocationsuring the angular dependence of the resistiyify), as
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FIG. 1. Angular dependence of resistivipf6) in a relatively % y
wide angle region ati=70 kOe andT=81.6 K. Middle inset: The — T T
p(6) curve forT=81.3 K in the vicinity of #=0° with a very small g (b)
angle step. Left inset: The schematic experimental configuration. O T e T —
The directions of twin planes in thab plane arg110] and[110]. 85 86 87
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shown in Fig. 1. The tip of the dip structure corresponds to FIG. 3. [d(Inp)/dT]™ vs T plot for magnetic fields(a) H
the HIITPs!3 which is determined with an angle interval of =170 kOe and for boti®=0° and 5.9° andb) H=30 kGe and for
0.024°. Figure 2 demonstrates the temperature dependenceaoﬁ‘0 :
the resistivityp(T, 6) for both §=0° and 5.9° in various mag-
netic fields up to 170 kOe. Fa#=0°, upon cooling the re- transition to zero resistivity is continuous. F6=5.9°, al-
sistivity abruptly drops at a certain temperatufes, defined  though this position is located in the dip structure of @),
as the temperature at whigifT,5.9°) starts to deviate from  the dropping found fop=0° cannot be observed in théT)
p(T,0°). This is the result of the vortex pinning caused by cypyes, indicating that the vortices are mostly released from
the TPs:® To more strictly determine tH€rp, thep(6) curves  the TPs. Thus, the vortex phase transition #er5.9° is ex-
should be taken as a function of the temperature, as reportgfected to be similar to that in the untwinned sample. Actu-
by Figueraset al;* however, we believe that our definition ally, the p(T,5.9°) curves show a jump in the intermediate
is also reasonable to estimates roughly. Below theTrpthe  magnetic fields and only a gradual temperature dependence
resistivity shows a gradual temperature dependence and thgith the continuous transition in high magnetic fields above
110 kOe. Here, the discontinuity in the resistivity transition
80 reo———————— — T is qualitatively evaluated from thdp/dT peak. As shown in
[ 19Y4 the inset of Fig. 2, thelp/dT peak survives up to 90 kOe and
1 fully disappears at 110 kOe, therefore we consider that the
discontinuous transition occurs from 10 to 90 kOe. Al-
though resistivity is not a thermodynamic physical property,
it has been established that its jump represents a first-order
vortex lattice melting transitiof.In this study, the melting
temperatureT,, is defined as the temperature at7.8
x 1073 uQ cm, corresponding to a voltage criterion of 1 nV.
The continuous behavior in th€T) curve indicates that a
second-order vortex liquid-to-glass transition occurs. Both
vortex glas3d and Bose glasstheories predicted the follow-
P ing relation,po (T—-T)S, near a glass transition temperature
70 80 90 100 Ty wheres is the critical exponent. Thus, we can find a
Temperature(K) linear r_elat_|onsh|p in the plc['d(l_n p)/dT]™! againstT, _where
the T, is given by the crosspoint of the extrapolation of the
FIG. 2. Temperature dependence of resistivity for bét0° linear section with thel axis ands by the inverse of its
and 5.9° in magnetic fields ¢1=170, 110, 90, 70, 50, 30, 10, and Slope, as demonstrated in FiggaBand 3b). In Fig. Ja),
0 kOe(from left to right). Inset: Temperature dependencealpfdT  such plots are shown for bot¥=0° and 5.9° atH
for #=5.9° at indicated fields; ai=10 and 20 kOe it is plotted also =170 kOe. A minimum is found at arounti=73 K for 6
for =0°. =0°, which is attributed to the resistivity drop &p. Al-
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W7 disrupted at 90 kOe and is well fitted by the relation pre-
- 1 dicted by Houghtoret al.,*> H(T)=Hy(1-T/Ty)", with rea-
8 ;:fg; % i ’ N sonable parameters ¢1,=1102 kOe anch=1.34. On the
I ' = 1 other hand, theHy(T,5.9°) line appears at 110 kOe. Both
6 7] features mean that the upper critical point of the melting line
° T o 7 Hiw(5.9°) exists between 90 and 110 kOe, which is consis-
ar . tent with the results for an untwinned YBCO with the same
i ce o.® 1 doping condition? As confirmed in electron-irradiated un-
2r L N twinned YBCO?® such a change of the vortex phase transi-
] tion strongly indicates that the point disorders act as an ef-
00 — 1(')0 — 200 fective pinning center above 110 kOe. Furthermore, as
H(kOe) already pointed out in Fig. 2, fof=5.9° we can virtually

neglect the pinning effect due to TPs, since they do not act as
FIG. 4. Magnetic-field dependence of the critical exponent for@ correlated disorder. Thus, the glassy phaseffo5.9° is

9=0° and 5.9°. vortex glass; this is also supported by the fact that the ob-

tained s values are consistent with reported values

. . .. (s=6-8.58
though the behaviors of the two plots differ above the critical

region, they have a similar slope in the linear part. As shown
in Fig. 3b), the plot forH=30 kOe and§=0° has a similar
shape to that foH=170 kOe, but the slope is gentle. We
note that the linear part cannot be found for bbith 10 and The kink structure of thél,(T,0°) line and nonuniversal
20 kOe. Figure 4 shows the magnetic-field dependence dfritical exponent strongly indicate that the different glass
the critical exponens(H) for both #=0° and 5.9°. Thes(H)  phases exist above and below0 kOe. Since both point
curve for#=0° shows nonuniversal behavior and is basicallyand correlated disorders exist in twinned YBCO, to clarify a
separated into two distinct universal classes. On the othesortex solid phase we must consider the competition among
hand, thes values for§=5.9° are mostly constant. three energies, i.e., elastg,, point-disorder pinnindg,, and
Figure 5 represents the vortex phase diagram of twinne@Ps pinningErp energies; however, it is difficult to estimate
YBCO; Hyp, Hg, and Hy, correspond toTp, Ty, and Ty, these energies quantitatively. Thus, we shall discuss a nature
respectively. For§=0°, the liquid-to-glass transition line of the glass phase qualitatively based on the specific features
Hy(T,0°) shows a nonsmooth temperature dependence witbf the experimental results.
a kink at about 80 kOe; the magnetic field at the kink is  First, an origin of theHg'”k(O") is considered. Since the
denoted aé-lg'“k(0°). We will present a detailed discussion Hgi”k(o°) is located below thé“*}(5.9°), we can discard a
of the glassy phase fa#=0° in the following sections. The scenario that the point disorders cause it. A twinned YBCO
first-order melting transition linéd(T,5.9°) for §=5.9° is  has a limited number of TPs, so that there is usually a limit to
the number of vortices that can be trapped on TPs. It is well

IV. DISCUSSION

200 ——— known that in crystals with columnar defects the so-called
19v4 matching effect occurs in the irreversibility liheor Bose
L '-.,_ glass phase transition litfeat the matching fieldH ,, where
the vortex density is equivalent to the defect density. Al-
—~ I though TP is a planar object and some vortices are naturally
8 r trapped onto a single TP, as has actually been observed by a
= 100 - HYP(5.9°)— o7 Bitter pattern techniqué :find by scanning tunne_llng
T | spectroscopy?® we roughly discuss such an effect. Taking a
+Hp, 0 TEM image, we ascertain that the distance between neigh-
i OHg boring TPs,dp, is 470—630 A; this corresponds to the
" mH matching field oﬂ—|¢(:¢0/d$P):5.2—9.5 kOe, which is sim-
- Hg ply estimated by assuming a square lattice statehere ¢,
o is the flux quantum. These values are considerably inconsis-
060 tent with theHS"™(0) value, ~80 kOe. Here, we consider

the relation between the number of vortices on a couple of
TPs,n'P, and that between theffi.e., in a twin-free(TF)

N,
FIG. 5. Magnetic field vs temperature plane for twinned YBCO. r?glon]’ ) ) ) )

Hrp is the boundary of the TPs pinningly and Hy, show the M, - When a vortex spacing IS ?g]UIVTaFlent tchE/3, ideally

second-order vortex liquid-to-glass and the first-order vortex latticéVe can obtain the condition of,"=n,", and it is expected

melting transitions, respectively. The lines are guides for the eyethat the vortex phase transition begins to be affected by the

except that oH,(T), which is a fitting curve based on the vortex Vortices in the TF region, i.e., by the pinning due to point

lattice melting theorysee text Inset: Ty is plotted as a function of ~disorders. Considering the obtain€lgp, this matching-like

the reduced-fieldH,.4 the lines are guides for the eyes. effect is expected to occur in magnetic fields of 46—86 kOe.
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These values support the occurrence of the matching-likendicating that the glassy phase ldt=90 kOe is still Bose
effect near 80 kOe, i.e., thel§"™(0°) originates from the ~glass, This magnetic field, 90 kOe, is located slightly above
relation between TP and vortex densities. the HE™(0°) and at around thel®(5.9°), its special situa-

In magnetic fields between 30 and 80 kOe, pinning effectgion produces the vortices that are not affected directly by
due to point disorders are negligible, since the first-ordepinning effects due to TPs and point disorders, and enables it
melting transition occurs foW=5.9° in this regime, i.e., t0 cause the confined geometry. We note that this confined

E,<E. The steep decrease in théT,0°) below Trp upon model cannot explain the glass transition above 110 kOe,
.judged from the magnitude o, because the free vortices

cooling is evidence that the TPs pinning is very effective;
that are not trapped by TPs form the glassy phase regardless

besides this range is below the5"(0°), i.e., Eq<Erp. fthe viscosite d he B | " - bo 2h
Therefore, it is valid to think that the glass phase in this? thg \rlmlzigzgtioune to the Bose glass walls, as will be shown

ion is B I haracterized by the pl defects. S ) .
region 1S Bose giass characierized by te planar detects Considering the behaviors of th&T) curves shown in

now turn to the behavior of the critical exponent. The ob-_. X ST :
tained s values are almost constant;2, and are rather Fig. 2, we f'nd that the TP, pINning 1s effective up to 170 kOe.
However, it seems too simplistic to conclude that the glass

smaller than those in vortex glass transitier 6—8);°-8 this o 110 kOe is B | for the followi
universal behavior means that an identical glass phase exis‘?g'ase above € IS bose giass, for the fo owmog rea-
sons. First, the fact that this regime is above £}EX5.9°)

in this region. It was reported that a similar magnitude of >~ _ S
observed in the Bose glass phase transition on materials witRdicates that the effect of point defects on the pinning is
correlated disorders, such as twinned YBQE:2.8+0.2° remarkable, i.e.E,>E,. Second, the critical exponents

or YBCO with columnar defectgs=2.4+0.3.2! Further- above 110 kOe have a universal class which is different from

more, Lidmar and Walliff claimed that the results of a that below 80 er. Third, the position of trh%_(T,O ) line .
Monte Carlo simulation also give similarly a small critical above 110 I;ﬁ(e 'OS lower than the extrapolation of that line
exponents=2.6. Thus, the sma values strongly support below theH ™ (0°). These features_obwously |nd|(_:ate that
the existence of the Bose glass here. One may point out th4{€ 9lassy phase above 110 kOe is not conventional Bose
discussing a kind of glassy phase in terms of the magnitudglass' In gddmon, the values of~§3. fit in the range of those
of s is hazardous, however, such smalvalues have not reported in the \_/ortex g!ass .transn@ﬁ’.However, the glassy
been observed in the vortex glass transifidtConsequently, Phase for¢=0° in the high-field regime also does not seem
we conclude that the glass phase in the intermediate-fiellp P& conventional vortex glass. Th,(T,0°) line has a
regime is Bose glass. We note that Bose glass in this regim@gher position toward thedy(T,5.9°) line. If the glassy
is comprised of the vortices on the TP and those not pinne@hases for?=0° and 5.9° are the same, the discrepancy be-
by TP but strongly correlated with the vortices on TP, con-tween the twdHy(T) lines should be explained by the effec-
sidering the matching-like picture. tive mass model? This model gives the reduced field,
The magnitude of the critical exponent at 90 kOe does notred ) =H(cos’ +y 2sir? 6)'/2, where y is the anisotropy
belong to both universal classes below 80 kOe and abovearameter defined as the ratio of the coherence length in the
110 kOe. Since this field is located just above thgT,0°), ~ ab-plane, &, with that along thec axis, &. In the inset of
it is expected that the vortices not affected by the pinningFid- 5, the glass transition temperatures for bat#0° and
potential of TPs begin to appear at temperatures even belo®9° are plotted as a function of the reduced fieldy with
the Bose glass transition temperature, i.e., a vortex liquid’=6>> One can easily find that the effective mass model
exists between the Bose glass regions which exist on anggnnot describe that discrepancy. The rather elevated
very near the TPs. This picture resembles the following conHg(T,0°) line is thought to come from the phenomenon that
fined geometry. Marchetti and NelsGrheoretically studied the thermal fluctuation toward the vortices in TF regions is
the Bose glass transition in patterned geometry such that igduced by both Bose glass walls, therefore the high-field
region with a low irradiation dose is sandwiched between thé@lass phase is not perfectly free from the Bose glass parts.
heavier irradiated regions, where the Bose glass transitioBummarizing the discussions earlier, we can conclude that
temperature in the channel region is assumed to be lowdhe vortices between the neighboring TPs dominate critical
than that in both sides. Combining an inhomogeneous Boseehavior and vortex glass transition in the TF region occurs
glass scaling theory with the hydrodynamic description ofalmost independent of the viscosity due to the Bose glass
vortex flow in the liquid regime, they predicted the resistivity walls. In other words, the vortex glass and the Bose glass

for viscous flow of vortices in the confined channel as coexist.
Maiorov and OsquigutP found that in twinned YBCO the
p(T,L) = p«(T)[1 = (2¢/L)tanHL/2¢)], (1) shape of the cusp in the angular dependence of the glass

transition temperature, notated Bgg(6), and a critical ex-
wherepy is the bulk resistivity without confined geometty, ponents,, which directly relates to the dynamic critical ex-
is the channel width, and is the viscous Iength. Far<L, ponent V,4'22 abrupﬂy Change at a crossover ﬁe}dcr
Eq. (1) represents the bulk behavior, i@T,L)=p{(T)~(T  ~40 kOe. The authors claimed that both changes originate
~Ty® while for €L it can be described 8(T,L)~L*T  from the matching effect of the columnar-type defects, such
-Tg)S*2 The most attractive feature is the fact that when theas the ends of the TPs between the electrodes and/or the
condition, £>L, is realized the critical exponent changesscrew dislocations. Their conclusions are as follows: below
from s to s+2. This change seems to be consistent with theH, the solid phase is Bose glass characterized by columnar-
jump in the s(H) between 80 and 90 kOe observed heretype defects, on the other hand, abddg a glass phase
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having a distinct structure from Bose glass appears, althougthe first-order melting transition accompanied by TP pinning
the TPs pinning is effective. Thus, the mechanism giving oulis observed in twinned YBCO with extremely low TP den-
H§™(0°) obviously differs from that in theiH,,. The au- sity, indicating that such a first-order transition would be
thors found that another field-independent critical exponentcaused by the vortices in the TF regions. Thus, our findings
s,[=v(z-2)], which is the same witls in our study, where  are basically different from their results. ThE at 20 kOe is

is the static critical exponent. Moreover, it shows a small~nIP/2, thus the scenario outlined above can still be appli-
value,~2.5, giving a possibility that the glass phase abovecable, although the difference between tadT peak tem-

Hcr is Bose glass. However, their interpretation is basicallyperatures for bott#=0° and 5.9° is~0.2 K. Further study is

founded upon the nonlinearity of thesg(6) curves, which  peeded to clarify the vortex state in low magnetic fields.
we cannot discuss more deeply here; we note that our Bose

glass in the intermediate-field regime consists of two kinds
of vortices, pinned and unpinned by TPs, so that in terms of V. CONCLUSION
the theoretical definition it may also b®vel On the other . L .
hand, their low-field Bose glas)é phase, characterized by pin- We have StUd.'Ed. the vortex phase transition in twinned
ning due to linear defects, is not found in our crystals. AYBCO in magnetic fields applied exactly parallel to the TPs.
possible reason for this absence is that the TP density and/4¥e find that the vortex phase transition is a second-order
the number of the screw dislocations in our crystals ardiquid-to-glass transition and its transition lirt,(T) has a
rather smaller than those in theirs; the autfbasso pointed kink at around 80 kOe; the critical behavior is also nonuni-
out that theH,, would disappear in high-quality crystals. The versal above and below that magnetic field. By considering
most remarkable difference between our and their results ihe effectiveness of point disorders on pinning and the mag-
the fact that the vortex glass was not found in their studynitude of the critical exponent, we conclude that, except be-
They used optimally doped sampl€k.~ 93 K); we do not low 20 kOe, pure Bose glass appears until the magnetic field
know why the vortex glass is absent because, in untwinnedxceeds a threshold value 6f80 kOe; above 110 kOe it
crystals with the same doping condition, the vortex glasshanges to inhomogeneous glass which is a mixture of Bose
transition occurs above-90 kOe?® We speculate that their glass and vortex glass. Our findings indicate that a matching-
crystals have an extremely small TP spacing, i.e., dense Thke effect for planar defects occurs not at the so-called
density. By assuming the matching-like picture, it may bematching field, but at a specific magnetic field at which the
possible that the effect of point disorders on the pinning isnumber of vortices untrapped by defects exceeds that of the
covered, even in high magnetic fields. trapped vortices.

Finally, we consider the vortex phase below 20 kOe. Ab-
sence of the linear part in tHe(In p)/dT]™* vs T plot indi-
cates that the_solid phase is not well-defined glass. As seen in ACKNOWLEDGEMENTS
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