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Observation of vortex-lattice melting in YBa,Cu3O,_; by Seebeck-effect measurements
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Observation of vortex-lattice melting by Seebeck-effect measurements is reported. This technique does not
require a transport current and may be related to the analogous resistivity measurements in the limit of zero
current. The YBaCu;O-_ s single crystals displayed a measurable effect in bhexis direction in the
as-grown condition but virtually no signal in tlaeaxis direction. Thé axis data are combined with the results
of Blatter and Ivlev to produce a phase diagram taking into account both thermal and quantum fluctuations.
[S0163-182696)05738-4

The transition between the normal state and the superconvhereS andp are the Seebeck coefficient and resistivity in
ducting state in the presence of a magnetic field is richer inhe flux flow state and the subscriptrefers to the normal
terms of physical phenomena in the hifhsuperconductors state properties. Numerous articles have shown the similarity
(HTSO) than in the conventional materials. For example,of the Seebeck and resistivity transitions in these matetfals.
thermal fluctuations allows melting of the vortex lattice well Should lattice melting occur, however, the above relation
below T, .! Thus the resistive transition in untwinned single Will not be applicable quantitatively throughout the transi-
crystals of HTSC occurs in two steps: as the temperature i80n. Nevertheless, one would expect a behavior of the See-
decreased, the resistivity decreases smoothly until it reaché$ck coefficient analogous to that of the resistivity. Another
a kink and then proceeds to decrease extremely rapidly to tH@ethod, a thermodynamic one, involving the measurement
zero resistance state, constituting a first order transifon. ©f the local maggnet!c field at the sample surface was applied
The latter is a manifestation of flux-lattice freezing or flux- by Zeldovet al.” A discontinuous change at the melting tran-

; . ; P ition was observed in Bi-Sr-Ca-Cu-O single crystals.
IS:?Nttleceepmeltlng depending on the direction of the temperatureS A completely different approach was attempted by Gam-

While the expression “flux lattice” is this regard implies mel et gI: using a highQ) mech'amcal oscHIator.. The results
. were difficult to interpret, possibly due to the high frequency
long range order, such is not always the case. For exampl

% . A
in intense magnetic fields, the high density of vortices lead 2x10° Hz) involved and to the large pinning in the

to their entanal t and lidification int | Stat amples. Later, Beclet all® resorted to a low frequency
0 their entangiement and a soliditication Into a glass Sty g 5)-gscillator technigue in an untwinned single crystal
If the sample contains a few twin boundaries, the first orde

- X . : : . in which pinning is expected to be weaker.
transition persists but the height of the kink varies with the | 4. paper we report on the observation of vortex-lattice

prienta;io_n of the magneti_c fie‘ldllustrating the corresponpi— melting by the Seebeck effect, i.e., with no applied current.
ing variation of the effectlvene_ss of twm—bqundary pmmng.#n subsequent work, a comparison will be made between the
Or! the other hand, the creation of a §uff|C|ent number o ffects along the andb axes in order to separate the con-
point defects in untwinned samples will lead to a secon ributions from the chains and the planes. It will be shown,

order transitiorf. however, that the samples will require some treatment before

b Iln t?ﬁ Ckaslf hOf I%ttme rrr:eltlngtj, Lhe reS|st|;(|tyl atca)ohve. andgﬂs can be accomplished. Previous work concerning this
elow Ihe KInk has been shown 1o be respectively Dnmic an eparation has been done in the Pastbut in the absence

. 4,5 . _ .
non-Orflmlci Nolnllnearl r\]/ CUTVES a:_re_taljso ?tbse(rjved '.T)tzebof a magnetic field and therefore of vortices.
case of vortex glasses whose resistivity is often described by 1, growth of the YBaCus0,_ s (YBCO) single crys-

its value for currents tending to zero. All these measurements, < oo clved in this work was done in a manner described

involve aya}rlatlon of elect_ncal cu_rrent which must of COUrse , sa\wherd? Sample 1 is a square platelet and is completely
assume finite values. Is it possible then to observe Iattlcgv

i ith dall A ' 0 th etwinned except for a very small region in one corner
meiting with essentially no transport currents ©In€ Metnoq, oy js ot expected to produce observable results. Sample
would be the measurement of the Seebeck coefficient whic

. . " L L is rectangular, with tha axis on the longest side but con-
in HTSC dlsplays_a transition similar to that of the resistivé ains several twin boundaries. Silver epoxy contacts were
transition. In fact it was shovfrthat

added to the ends of both samples and the Seebeck effect
was measured as a function of temperature in the vicinity of
T. in magnetic fields upa 5 T parallel to thec axis.
S~ % Our measurement technique is an improved version of the
Pn’ one already describéd.As illustrated in Fig. 1, the sample
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FIG. 1. Schematic of the sample mount for the Seebeck-effect 78
measurements. T(K)

20

S(uVIK)

. . . C FIG. 2. Seebeck coefficient of sample 1 along thaxis as a
is now a bridge between two sapphire sheets which in turl;"unction of temperature for magnetic fields of 0, 0.5, 1, 2, 3, and 5

are glued to a large copper block. Four smaller sapphir :

sheets act as temperature sinks. On the main sapphire shgre(tfrom fight to lef.

we evaporated Ti heaters through which square wave cur-

rents are circulated. The currents in the two heaters are out gower of YBCO,S, is easily obtained since this effect is zero
phase byr so that ac signals are generated allowing detecbelowT.. We merely subtract the Seebeck voltage measured
tion by lock-in techniques. The Seebeck voltalj¥ is ob-  below T, (due to S,,) from all the Seebeck data of that
tained through the gold wires attached to the ends of th@articular run, using the fact that the Seebeck coefficient of
sample whereas the temperature differeAde is obtained gold does not vary over the range of the temperature sweep
through the chromel constantan thermocouple junctions ador the relevant magnetic fieldS.

jacent to the sample ends but isolated electrically by Stycast The results presented here are limited to temperatures
cement. We recall that the Seebeck coefficient is defined agrying from 78 to 98 K but the apparatus can be used from
the ratioAV/AT in the limit AT— 0. The ac technique has a liquid helium to room temperature. The temperature was
higher sensitivity and allows a smallA while maintaining ramped at a rate of 0.2 K/min, the detector being a carbon
a reasonable signal to noise ratio. This is particularly imporglass thermometer. The main improvement over the earlier
tant in the case of YBCO whose Seebeck coefficient neaversion of our technique is in the mounting of the sample
T. is only about 3 wV/K. Typically AT~0.15 K in the  Which allows more control over the orientation of the sample
reported measurements. As one may gather from Fig. 1, weith respect to the magnetic field and of the temperature
measure the Seebeck effect of YBCO with respect to goldgradient with respect to the sample length. The two heaters

The measuredV is thus given by are also more symmetric than in the previous version.
The Seebeck effect initially observed along thaxis of
[TarAT sample 1 in the presence of various magnetic fields is shown
Av= le (Sauy—9)dT, in Fig. 2. Instead of a smooth variation from zero to the

normal state value as reported in the literature for twinned
where Sy, represents the absolute Seebeck coefficient osingle crystals or for thin films, one observes a sharp rise and
gold andS that of the YBCO sample. IAT is sufficiently  a kink followed by the smooth variation. The sharp rise cor-
small, (Sa,—S) may be treated as constant over that intervalresponds to that of the resistivity and is attributed to vortex-
and taken out of the integral so that one measurefattice melting. This result was expected, following the re-
(Sau—9). Sa, is sufficiently constant for all the magnetic marks in the Introduction. However, the melting transition
fields considered hef&.But such is not the case f@ at  does not appear to be as sharp in the case of the Seebeck
T. in the absence of a magnetic field. The intrinsically nar-effect due to the finite temperature variation along the
row transition as measured IS/will appear broadened with sample as explained above. Nevertheless, as in Ref. 4 the
a certain rounding at the beginning and end of the transitionwidth of the melting transition ta2 T is narrower
However, a real broadening greater thAf is created by [AT,(10-90%)>250 mK] than in zero field
magnetic fields=0.5 T so that our finiteAT ceases to be a [AT.(10-90 %)-600 mK]. At higher fields, however,
factor. Thus the narromAT allowed by the ac technique AT, increases with magnetic field as in the published resis-
along with the application of a magnetic field eliminates thetivity data.
need for involved calculations to compensate for the artificial The melting process occurs in a finite temperature interval
rounding of the transitioh’ The absolute thermoelectric as already noted. To define the melting temperalyfeve
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use the maximum of théS/dT vs T curve. The same crite-

rion applied at zero field give§.=93.55 K. By combining 6 ' ' T T '
the T,, values obtained at various magnetic fields, one may - .
plot the melting fieldH ,, as a function ofT,, thus constitut- 51 i

ing a phase diagram. A power law of the form.T,,)" is
obtained with am similar to that reported by Kwolet al* - ]
However, Blatter and Ivie¥ stress that such a power law 4
lacks any theoretical basis. To fill this gap, they present an
analysis which describes the melting transition in terms of—~
both thermal and quantum fluctuations. As usual, the meltind: 3| _
criterion is that of Lindemann, which applies when the mean_®
displacement amplitudg@i?) /2 of the vortices reaches a frac-

tion ¢ <1 of the vortex lattice constaat,. After appropriate 2 - .
simplifications Blatter and Ivlev obtain | |
2 112
u G \/B b 1L -

] ofa |-t

a2 |Bn] 1-t-b 1—t I
similar to the earlier relation obtained by Houghtenal® ob— .1
Here G is the Ginsburg numbegy, is a numerical param- 08 080 092 09 08 098 100
eter, b=B/H(0) is the scaled magnetic field, and t

t=T/T, is the scaled temperature. The suppression of the

order parameter close to the upper critical field has been FIG. 3. Plot ofH,, as a function of,,=T,,/T.. The circles are
taken into account by the factdrl—Db/(1—t)]. Finally  the experimental points and the curve represents the fit described in
g=2.4/K&, wherev= w7, is the product of the cyclotron the text.

frequency and the relaxation timkg the Fermi wave vec-

tor, and¢ the in-plane coherence length. Neglecting the tern}
of orderb?, °

After the treatment just described, sample 1 was subjected
a newb axis Seebeck-effect study. This revealed an ap-
parent deterioration of the sample, probably due to a loss

b 462 of oxygen. Nevertheless thils2 loss is too small to change
m= — T.. According to Cohnet al,*“ the electronic structure of
[1+V1+4Soit] YBa,Cu3;05_ s is highly sensitive to the oxygen deficiency
where for 6<0.2 butT. remains essentially unchanged. The melt-
" ing transition was less pronounced and completely absent at
9= c2 @ E _ E 5 T. At higher fields, the vortices interact, some may become
LG t ot entangled, and the first order nature of the freezing disap-
pears. In fact condensation into a sdlgassy state does not
and occur untilS reaches zero.
o[ Bn 12 We also studied the lightly twinned sample 2 and ob-
S=q+cg E) =q+ 6. served a slope in the melting regime that is less pronounced

than that of sample 1 before deterioration. This is compatible
Note that foré—0 (or T—T,), b, varies as (+t)%/t?, the With the effect of twinning observed in resistivity
thermal result. A fit of our data may be attempted with theeXxperiments.

above expressions by assuming literature valuedfg(0) '”b C‘I)(”le‘fJSion' lattice melting E.af] peer; observelltj by
in order to deduce values off, and q. Using Seebeckeffect measurements, which involve virtually no

dH../dT=—-19 T/K from Ref 18 and our value of fransport current. The effect is readily seen in as-grown
T :°293 55 K H (=177 T w.hich yields §,=3.6 and YBCO single crystals along thle axis. The analysis of the
q°:54' With EJZH /dT=-23 TIK from 0 Re.f 20 data allowed us to draw the phase diagram of the melting
H (('))': 215 T ¢ :Cg 3 andq=.6 6. Both sets of pa.ramet’er process taking into account thermal and quantum fluctua-
vaflzues yield th,e Osalm.e’curve iIIu.sfrated in Fig. 3. They arqtions' A very small signal is observed along theaxis, un-
similar to those obtained by Blatter and Ivlev after fitting :hsasntg: iSnaThF:eo')s(ysguebrjleggeniégts?A\m;g?:r;rgﬁzt’sl?lﬁ;ug}att;:éa
resistivity data to their theory. effect of this parameter on the Seebeck-effect signal will be

As grown, sample 1 produced a very smaalixis Seebeck : .
effect%roviding n(?hopg fora meaning¥u| study as afunctionundertaken. Since the oxygen content affects the density of

of magnetic field. It was then left under a partial vacuum forCarriers and_ the Seebeck effect in_the normal state de_pen_ds
six months. It was found that the axis Seebeck effect had ©" the density of states at the Fermi level, some correlation is
become ml:ICh larger. Theeaxis Seebeck effect of two other expected. When the axis e_ffect ‘?ewmes large enough to be
samples was also found to be very small in the as_growr?nalyzed, anisotropy studies with this type of measurement

condition. It therefore appears that a certain degree of deox;yy'“ be possible.

genation is necessary to study the Seebeck effect along the The authors would like to acknowledge the support of the
a axis as a function of field, a phenomenon that is now undeCentre de recherche en physique du solide and the Natural
investigation. Sciences and Engineering Research Council of Canada.
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