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Paramagnetic ac susceptibility at the first-order vortex-lattice phase transition
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A sharp paramagnetic peak in the local ac susceptibilityat the first-order vortex-lattice phase transition
in Bi,Sr,CaCu,0Og crystals is found. Observation of this peak establishes the thermodynamic nature of the
transition and allows accurate evaluation of the equilibrium magnetization step height. The associated esti-
mated entropy changks reaches values in excess dfz6per pancake vortex close Tq . The localy” shows
two independent dissipation peaks. The broader one is caused by the onset of irreversible magnetization,
whereas the narrow one is due to hysteresis at the phase transfdr63-182606)50930-4

Thermodynamic phase transitions of the vortex latticemeasurement is not reliable. The entropy change at the tran-
in high-temperature superconductd@k$TSC) have recently sition is found to attain values up tk$ per pancake vortex
attracted significant scientific attentidt® In particular ~a factor of 3 larger than estimated previously. These ex-
the theoretical predictions of a possible first-order vortextremely high values pose significant constraint and chal-
lattice melting transitioh®> were intensively studied in lenges for future theoretical developments.

YBa,Cus0, (YBCO) crystals using resistve  Two high quality BSCCO crystadd (T,=90 K) were
measuremenfSSharp transitions were also observed in mu-studied. Crystal A was cut into a rectangular shape of
tual inductance measurements on ,®i,CaCu,0g  300X240x40 um?® and was attached to an array of eleven
(BSCCO crystald® and in resistance measurements on non-10x 10 um? Hall sensors fabricated photolithographically
uniformly irradiated BSCCO crystafsRecently a thermody- using GaAs/AlGaAs heterostructule?® Crystal B,
namic confirmation of the first-order transition was obtained240x 110x 25 um?, was studied using an array of
by revealing a step in magnetization in clean BSC@afs. 3X3 um? sensors. Both dc and ac external magnetic fields,
10—14 and YBCO(Refs. 15,18 crystals using loca?'*and  Hg. andH,., were applied parallel to the axis of the crys-
global?~*¢dc measurements. Alternatively, the melting tran-tals. The resulting position dependent local dc and ac fields,
sition is commonly investigated using ac magnetizationBy4. andB,, at the surface of the crystals were measured by
measurements®’ In these studies the ac susceptibility dissi- the sensors as a function of the applied fields and tempera-
pation peaky”, accompanied by aiamagneticdip in the ture. The in- and out-of-phase fundamental frequency com-
in-phase susceptibility’, is often interpreted as an indica- ponents B, and B}, were measured simultaneously by
tion of the melting transition and the associated premeltindock-in technique.

enhancement of the vortex-lattice pinnit{"2In contrast, Figure 1 shows the experimental locB[. in BSCCO

in this paper we demonstrate that in BSCCO crystals therystal as a function oF 4 at three temperatures. The gen-
first-order vortex-lattice transition results in a sharp and veryeral behavior 0B/ shows a gradual crossover from a com-
pronouncedparamagnetigpeak iny’ that was not reported
previously. Furthermore, the small hysteresis associated with
the first-order transiticht® results in an additional small
sharp peak iny”. This additional narrow peak, however, is

T=86 K

not related to the regular and much broagérpeak that © 04+
results from irreversible surface currents in BSCCO crystals. 5

In addition, the thermodynamic interpretation of the dc mag- o
netization step was recently questioned on the basis of torque 0.2

magnetometry measurements in BSC&Qhe findings re-
ported here clearly demonstrate the thermodynamic nature of
the transition and confirm the dc magnetization results. o 20 40 60 80

One of the unexpected features of the first-order vortex- Hyc [O€l
lattice phase transition is the large entropy change at the
transition in BSCCO crystals, as well as in YBCO crystals, G, 1. The experimentd.,in BSCCO crystal B as a function
reported by dc magnetization measureméfité='®This re-  of 1 at 77.5, 82, and 86 KH,=0.5 G rms, and =37 Hz. The
sult currently has no adequate theoretical explanation. Our agst-order phase transition is resolved as a sharp pedk! jnat
technique proves to be much more sensitive and allows an,(T). Insets: schematic behavior of the lo& (a) and the cor-
accurate evaluation of the magnetization step and entropisponding calculateB, (b) as a function oH 4 in the vicinity of
change very close to the critical temperatdig where dc  the phase transition.

0163-1829/96/5)/37844)/$10.00 54 R3784 © 1996 The American Physical Society



54

pletely shielded diamagnetic Meissner state at Ibky.

(B,=0, x'=—1/44) to an unscreened response at higher

fields above the irreversibility lineB}.=H,., x'=0). The

overall shape of the response is consistent with presence
geometrical barrie?® The astonishing feature of Fig. 1 is the
sharpparamagnetiqeak in the local susceptibility. The po-

sition of the peak shifts to higher fields with decreasing tem-
perature following the temperature dependence of the first-

order phase transition line derived from the dc
measurement¥. To the best of our knowledge this is a first
report of such a unique paramagnetic responsg’ dssoci-
ated with vortex-lattice phase transition.

A first-order vortex-lattice phase transition results in a
small magnetization step at the transiti3n®2426-28nset
a of Fig. 1 shows a schematic behavior of the loBgl as a
function of Hy, in the vicinity of the phase transitioff:?®
The field B4 follows approximately the applied fielgsince
the magnetization is smalkl—Bg<<Hg4J) except at the
transitionH,, where a step of heighiB in By occurs. We
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FIG. 2. The experimentd, .~ H, at the transition for various
indicated amplitudes ofl .. rms (T=80 K, crystal A. The height
of the peak is independent of amplitude of the ac field. The width of
the peak scales a®6H ...

field, and that this method provides a very reliable measure-
ment of AB. In contrast, if the phase transition would be

now analyze the behavior of the ac response. At elevategroad, the width of the measured peak would be approxi-
temperatures the vortex-lattice phase transition in BSCCQnately independent of the amplitudetdf. and the height of

occurs in the reversible magnetization regfdiin this case

the amplitude of the in-phase component of local ac field is

given by B/ =H,{dBy./dHy). Therefore, away from the
transitionB, ~H . sincedBy./dHy.=~1, whereas at the tran-
sition a sharp paramagnetic peak B}, is present since
dBy./dHg. diverges. This is the origin of the observed.
peak in Fig. 1. If the transition is smooth with characteristic
width larger than the amplitude of the ac figid, then the
height of the peak is determined Io\B,./dH. in the tran-
sition region. On the other hand, if the transition is sh@p
is the experimental case as shown belaith a width that is
small compared tél .., then a straightforward Fourier analy-
Hgc—H

2
1 ( ac )
H

for [Hge—H|<H,., whereH,, is the value of the applied
field Hgc at the transition. The calculated behaviorBf; is
shown in inset b of Fig. 1. Note that in the peak region
B.>>Hacand hence the responsgaramagneticMoreover,
since the height of the peakldt,.=H,, is independent of the
amplitude of ac applied fieldB.. can be significantly larger
thanH 4. at small ac fields.

, 2AB
Bacz Hac+ T

oY)

Figure 1 clearly indicates that the ac technique resultsina =
much more clear and decisive signal at the phase transition —

compared to the dc measuremelfts:?® We now analyze
this x' peak in more detail. Figure 2 shov, at the tran-
sition for various amplitudes dfi ;o at T=80 K. From Eq.
(1) we find that the height of the ac peak is given by
AB+2/7 independent of the amplitude éf,., whereas the
full width at half maximum scales withi .., and is equal to
J6H . (the experimentaB,. and H,. are shown as rms
rather than peak values which results in tf2 corrections

Bicpeak, given byH ,(dByc/dHyd [, —n _, would grow lin-

early with the amplitude of the ac field. In Ref. 22 it was
suggested that the dc magnetization step is of artifactual ori-
gin related to the onset of irreversibility below the transition.
We emphasize that onset of irreversibility results idia-
magneticac response. A sharp termination of irreversibility
may cause an abrupt end of the diamagnetic signal but can-
not turn it into aparamagneticone. Moreover, irreversible
magnetization results in an ac response that is usually sig-
nificantly amplitude and frequency dependent, in contrast to
our findings. The excellent agreement of our data with the
calculated response clearly confirms the thermodynamic na-
ture of the magnetization step.

Another important feature of the vortex-lattice phase tran-
sition is described in Fig. 3. In a platelet crystal the field
B4c is not uniform even under equilibrium magnetization
conditions and forms a dome-shaped profile across the
sample®®~3! Since By, is maximum in the center of the
sample the melting transition occurs first in the central region
and the liquid to solid interface moves gradually towards the
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FIG. 3. (a) Local B, peaks measured by three adjacent sensors
6 um apart as a function dfl . at T=82 K in crystal B(crystal

The data in Fig. 2 are consistent with both these predictionSienter is atx=0). The value of the applied dc field at the phase

the height of the peak isl . independent whereas the width
grows linearly withH . and follows the predicted/6 very
closely. This result indicates that the width of the phase tran
sition is significantly narrower than the amplitude of the ac

transition H,,(x) is position dependent due to dome-shaped field
distributionBy{(x)in a platelet crystal(b) The same data plotted as
a function of localBy.. The first-order phase transition occurs at
position independent thermodynanig, .
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FIG. 4. The entropy change at the transition in the vicinity of  FIG. 5. The experimentdB; as a function oH4, at T=86 K
T, calculated per vortex per double CuO layer. Inset: temperatur¢H .= 0.5 G rm3. The narrow dissipation peak corresponds to hys-
dependence of the dc induction jump at the phase transkiBn teretic first-order transition at ,,, whereas the broad one is due to
calculated using Eq21). the presence of irreversibility.

o _ o AS(T)~(O.1d/sg\/Bm(T)/¢O wheree=10"2 is the anisot-
edges a#l is increased. This behavior is clearly presentedropy parametet®3°At 1 K below T, for exampleB,~5 G
in Fig. 3@ showing they’ peak measured by three adjacentand the calculatechs=7x10"3 kg. Our measured\s is
sensors Gum apart. The phase transition occurs at about kherefore abouthree orders of magnitude larger than ex-
Oe higher applied field at each of the shown locations startpected. In the decoupling cagdes is predicted to be on the
ing from the central region and moving towards the edgesorder of 0.5kg independent of temperature, so also in this
This behavior results in a much broader apparent transitioscenario the measuretls is an order of magnitude larger
width as measured by global magnetizatioh? Locally,  than estimated theoretically. Thus obviously our observation
however, the phase transition occurs at the same thermodpf diverging As(T,,) close tng is incompatible with the
namic fieldB.(T) at all locations. This is demonstrated in existing theoretical predictiof***"**=*%nd calls for fur-
Fig. 3(b) where the same data are plotted vs the local fieldher investigations.
By Measured by each of the sensors showing overlapping Another interesting aspect of the first—orde.r phase transi-
peaks. A similar picture is obtained whej, is measured as  tion is hysteresis that may occur at the transifidh?>*°In
a function of temperature. Ati,=50 Oe for example the the case of a small hysteresigi <2H,, the analysis can
three sensors of Fig. 3 show peaks that are progressiveRe simplified by assuming two sharp transitions at
shifted by~0.15 K to higher temperatures for sensors closeflac=Hm* 6H/2 for the increasing and decreasing fields.
to the edge. This temperature shift is in agreement with thd he in-phase response in this case is modified only slightly
field shift shown in Fig. 8) taking into account the slope of compared with Eq(1) (correctionsH/2 is smal),
B,,(T) of about 6 G/K aff=80 K.° The consistency of the

2
local response at various locations is an additional confirma- B! ~H.+ ﬁ{ Jl_(W)
tion of the thermodynamic nature of the transition. e Hac
The above results demonstrate that this unique behavior >
of ac susceptibility can be used for accurate determination of n \/1_ ( Hac—Hm— 5H/2) @)
AB and the entropy change at the transitib8. At interme- Hac ’

diate temperatures our results confirm previously reportethowever, the hysteretic transition results in appearance of a
datal® however, the ac technique provides more precisaharp peak in the out-of-phase component
guantitative data particularly in the vicinity df., where dc AB SH

n

measurements result in large error bars. Reliable information Bi=

— ()
at high temperatures is of major importance since this tem- 7 Hac

perature region displays the largest discrepancies with that |Hy.—H | <Ha— 6H/2. Figure 5 shows the measured
existing melting®>" and decouplin§~*° theories. Figure 4 —B!_ as a function oH4, at T=86 K. A sharp dissipation
shows the magnetization st&y8 and the entropy change per peak is observed at the phase transition. From (Bgwe
pancake vortex at the transition in the vicinityf given by evaluate the hysteresis width at the transitiodldf=0.26 G.
As=—(d¢o/4m)(AB/B,)(dH,/dT), where ¢, is the flux  The hysteresis is usually ascribed to supercooling or super-
quantum andi=15 A is the interlayer spacing. The entropy heating of the vortex lattic®3® We find thatsH depends on
change increases rapidly with temperature reaching values temperature an#li ., and the microscopic origin of this hys-
excess of 6kg per vortex per double CuO layer, that are teresis is not yet clear. The important conclusion from Fig. 5,
substantially higher than reported previou¥lhindicating a  however, is that there ateo independendissipation peaks.
strongly first-order phase transition. Relatively higb val- ~ The broader peak is the usual dissipation peak observed near
ues were recently reported also in YBCO crystat the irreversibility line, which in case of BSCCO at elevated
although in this caseAs(T,) seems to drop rapidly in temperatures is mainly due to geometrical and surface barri-
the vicinity of T, in contrast to the apparently diverg- ers and is not related to the vortex-lattice phase transifion.
ing behavior in BSCCOFig. 4).1%* within the existing The new sharp peak in Fig. 5, on the other hand, occurs at
theoretical framework in the melting scenarks is pre- H.,(T) and is the result of the hysteretic first-order phase
dicted to drop monotonically with temperature transition. We emphasize that this dissipation peak is not
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related to the premelting “peak-effec£*?! since the latter dissipation peaks. The usual broad peak occurs in the vicin-
is inevitably accompanied by diamagneticy’ dip in con- ity of irreversibility line, whereas the narrow one is due to
trast to ourparamagneticpeak. Note also thay” peak is  hysteresis at the vortex-lattice phase transition.

position dependent like thg’ peak in Fig. 3, and therefore

would not be readily detected in global measurements. X )
crystals and to H. Shtrikman for growing the GaAs hetero-

In conclusion, we have resolved sharp peaks in lgcal i ;
andy” at the first-order phase transition in BSCCO Crysta|s_structures. We thank Y. Yeshurun for valuable discussions.

The paramagnetioy’ peak allows accurate evaluation of Various parts of this work were supported by German-Israeli
magnetization step at the transitiarB. The associated en- Foundation for Scientific Research and Development-GIF,

tropy change\s shows a diverging temperature dependencd?y the Israeli Ministry of Science and the Arts and the
in the vicinity of T, and reaches values significantly above 1French Ministry of Research and Technold@yIRST), and

kg per pancake vortex. The locgl’ shows two independent by U.S.-Israel Binational Science Foundati@SP).

We are grateful to H. Motohira for providing the BSCCO

1For a recent review, see G Blattet al, Rev. Mod. Phys 66, G, D’Annacet al, Europhys. Lett25, 225 (1994).

1125(1994. 21K. Ghoshet al. (unpublishedt M. J. Higgins and S. Bhattacharya
2For a recent review, see E.H. Brandt, Rep. Prog. P5§s1465 (unpublishet S. Bhattacharya and M. J. Higgins, Phys. Rev.
(1995. Lett. 70, 2617(1993.
jD. R. Nelson, Nature75, 356 (1995. 22D, E. Farrellet al, Phys. Rev. B53, 11 807(1996.
SE- Brezinet al, Phys. Rev. B31, 7124(1985. 23N. Motohiraet al, J. Ceram. Soc. Jp®7, 994 (1989.
GD- R. Nelson, Phys. Rev. Let0, 1973(1988. 24p. Majeret al, in Coherence in High-TSuperconductordited
H. Safaret al, Phys. Rev. Let69, 824(1992 ; 70, 3800(1993; by G. Deutscher and A. RevcolevsctWorld Scientific, Sin-

W. K. Kwok et al, ibid. 69, 3370(1992; 72, 1088(1994; 72, gapore, in pregs
1092(1994; M. Charalamboust al, ibid. 71, 436(1993; W. 25" Morozovet al., Phys. Rev. Lett76, 138 (1996

Jianget al, ibid. 74, 1438(1994. 26R. E. Hetzelet al, Phys. Rev. Lett69, 518 (1992.

7
.- Ando et al, Phys. Rev. B52, 3765(1995. 27R. Sasik and D. Stroud, Phys. Rev. Lét, 2582(1995.
R. A. Doyle et al, Phys. Rev. Lett75, 4520(1995. .

y > Y : 28D, Majer et al, Phys. Rev. Lett75, 1166(1995.

°H. Pastoriza and P. H. Kes, Phys. Rev. L8, 3525(1995. 29 .

10 M. V. Indenbomet al, Physica C222 203 (1994).

115 ?eldove_t al. Natirea/s 373(1993.’ : 30E. Zeldovet al, Phys. Rev. Lett73, 1428(1994).
. Tamegai, S. Ooi, and T. Shibauchi, Atlvances in Supercon-
ductivity VIII, Proceedings of the 8th International Symposium 32E' Zeldovet al, Europhys. Lett30, 367 (1995.
on SuperconductivitylSS '95), Hamamatsu, 1995, edited by H. 33A' Houghtonet al, Phys. Rev. BA0, 6763(1989.
Hayakawa and Y. Enomot(Springer-Verlag, Tokyo, 1996p. E. H. Brandt, Phys. Rev. Letfi3, 1106(1989.

m

587. 33, Hikamiet al, Phys. Rev. B44, 10 400(1997).
12H. pastorizeet al, Phys. Rev. Lett72, 2951(1994. 35y, B. Geshkenbeirt al, Phys. Rev. B48, 9917(1993; Physica
13y, Yamaguchiet al., Physica C246, 216 (1995. A 200, 278(1993.
14T Hanaguriet al, Physica C256, 111 (1996. 36G. Blatter and B. I. Ivlev, Phys. Rev. B0, 10 272(1994.
5R. Lianget al, Phys. Rev. Lett76, 835(1996. %7G. Blatter, V. B. Geshkenbein, A. I. Larkin, and H. Nordborg
16y, Welp, Phys. Rev. Let{76, 4809(1996. (unpublishedl

For a recent review, see M. Ziese, P. Esquinazi, and H. F. Braur’®M. V. Feigel'manet al, Physica C167, 177 (1990.

Supercond. Sci. Technal, 869 (1994, and references therein. 391, I. Glazman and A. E. Koshelev, Phys. Rev4B 2835(199)).
18p . Gammelet al, Phys. Rev. Lett61, 1666(1988. 401, L. Daemeret al, Phys. Rev. Lett70, 1167(1993; Phys. Rev.
19D, Farrellet al. Phys. Rev. Lett67, 1165(1991). B 47, 11 291(1993.



