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Magnetization steps near the irreversibility line in a mercury-based superconducting cuprate
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Steps in the equilibrium magnetization curves of a {K1y, ») BaCuO,, 5 (Hg-1201 single crystal have
been detected in bulk magnetic measurements. The associated transition linéliT thiane can be reason-
ably accounted for by melting or decoupling models, both leading to nearly the same value of the anisotropy
parameter. The entropy changes along this line have been inferred from the height of the magnetization steps
by assuming the underlying transition to be of first order. The order of magnitude of this entropy change, as
well as its field and temperature dependences, is discussed in comparison to the available literature on other
high-T. superconductors.

. INTRODUCTION to estimates of the in-plane penetration depth,,(0)
The existence of phase transitions in the vortex matter o;)fz u%st)r?atntrr?()a ?;?O\Of t{]gf”fgg&éggﬁ?fﬁ;gg ,trl1tafrl1jr1n?or
L H - ab Y
high-T. superconductors has recently attracted a lot of mteng—lZOl, in the whole temperature range. One thus deals

est. Strong experimental evidence for a first-order transmon\,Ni,[h a layered compound in which Josephson coupling

most of(;en-asszgatgd g'th vsg?:)é)lattlc&a ][neltlr]]-g, have dbee%learly dominates over electromagnetic coupling, in contrast
Mpdbuiel o 8—(14 )_ (Refs. 1-7 an to Bi-2212. This situation is also very different from the case
Bi,Sr,CaCy0Og (Bi-2212). For instance, very sharp o¢ the more three-dimensional YBCO compound. The

jumps in local inductiofi have been detected by micro-Hall present paper reports on an experimental investigation of a
probe magnetometry in Bi-2212. In YBCO crystals, peaks infist-order transition in Hg-1201.

specific heat dafa® have also provided strong support for

the occurrence of a first-order transition. Beside YBCO and

Bi-2212, the existence of a vortex phase transformation has

also been inferred from magnetization measurements in Single crystals of (Hg«Cu,»)BaCuO,, s have been

(La;_,Sr,)CuO, (Ref. 15 and in the organic superconductor grown according to the method described in Ref. 21. The

k-(BEDT-TTF),CU N(CN),]Br.16 partial substitution of copper on the mercury sites was found
In the frame of a first-order transition, the entropy varia-to favor the growth of rather large crystalline specimens. The

tion at the transition can be directly derived from the jump inPhysical properties of these samples are roughly identical to

magnetization or the peak in specific heat. In most cases, tHose of all Hg-1201-type single crystals studied so'¥4f.

results are given in terms of entropy jump per vortex perThelr optimalT, is clo'se to 95 K, and their ezlectro.nlc anisot-

superconducting layer, denotéd. It turns out that the tem- OPY ¥ has been estimated to be close to Waﬂous su-

perature dependence & is quite contrasted in the different Perconducting properties of the present Hg-1201 single crys-

compounds investigated so far: in YBCOs(T) is roughly tals have been previously studféd by ~magnetic

constant in a large temperature range before dropping an Zﬁzurzrr?;?;ﬁ'gf\éeersm'l'gj Ig‘ribsgsgt?r?-pf?ﬁclftuz;fiz;gr-ln-
extrapolating to zero a few kelvin beloW, ;2% in Bi-2212, P P P, Sup 9

. . ) . ; thermore, the-axis resistivity has been directly evaluated b
As increases continuously with and diverges approaching y Y y

.8.12-14- As d | i I transport measuremerftsand the out-of-plane penetration
Te; in BEDT-TTF, As decreases almost linearly &S yoih) has been inferred from magnetic imagfig.

is increased and extrapolates to zero well bequl‘S_ A part The selected sample for the present study has approximate
of these discrepancies has been recently solved in the framgimensions of 0.98 0.85x 0.09 mn3, with the c axis along
work of the melting scenarif. In this study, Dodgsoet al.  the thinnest direction. It is slightly underdoped withTa
have clearly pointed out the influence of the temperature decjose to 92 K. It was pasted on the sample holder of the
pendence of the penetration depth, as well as the key role ghagnetometer with a tiny dot of silicon grease, in the geom-
the electronic anisotropy. etry H||c axis. The transition width estimated from a shield-
In this context, the investigation of a compound of inter-ing curve unde1 G isabout 2.5 K.
mediate anisotropy, havingTg. close to those of YBCO and The measurements were carried out by means of a
Bi-2212, is strongly desirable. For this purpose, the mercury¢{SQUID) superconducting quantum interference device mag-
based cuprate Hg-1201, possessing an electronic anisotropgtometer. Such a global technique unavoidably smooths the
close to 30 and an optimdl, around 95 K}°~?!is a well-  signatures of any transformation in the vortex matter, due to
suited candidate. The distance between adjacen, @laDdes the inhomogeneity of internal field. Even in the reversible
is rather short in Hg-1201, namelg=0.95 nm. According regime, a strongly nonuniform field distribution persists in a

II. EXPERIMENT
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platelet crystaf® It was shown, however, that the results -1.0 T . .

obtained by SQUID magnetometf** and micro-Hall-

sensord?1%in Bj-2212 are in good overall agreement about

both the location of the transformation line and the derived ™ ~

values of entropy jump® Another problem with the stan-

dard measuring mode of a SQUID magnetometer is the in- o

homogeneity of the applied field along the scan Iength,T

which could yield spurious effects. At the same time, too ©

short scan lengths can be detrimental to the quality of the.:. -2.5

signal fitting. As a compromise, we used a scan length of 2

cm, leading to a field variation smaller than 0.00%¢4g., 2

Oe under 40000 Qe -3.0
Measurements have been performed either as a functio

of field at fixed temperature or as a function of temperature

N

m [lo-zemu]

1.5

-2.0

-3.5 . . .

at fixed applied field. The curves of magnetization versus 30000 40000 50000
applied field have been recorded for both increasing

[M,(H)] and decreasingM _(H)] field values. The equi- H [Oe]

librium magnetization in the irreversible regime has been

evaluated asMe~(M;+M_)/2. In a recent torque ex- FIG. 1. Ascending ©) and descending{) branches of a loop

periment on YBCQ, such an estimating procedure was dem-at T=20 K (corresponding to a waiting time of 20 mirAscend-
onstrated to yield reliable data. Measurements as a functiof9 (A) and descendingW{) branches of a loop af=25 K (cor-

of temperature under constant field have been registered fi§sponding to a waiting time of 10 minThe solid circles are esti-
three different ways: standard zero-field-coo[éd,-(T)] mates ofMe{H) obtained by averaging both branches. Note that
and field-cooled-cooling[Mgc(T)] modes, as well as these data are plotted in a logarithmic field scale. At each tempera-

curves of thermoremanencEM.=(T)] measured upon ture, thg parallel lines are _fits to the data on each side of the s_te_p.
warming after saturation of the magnetization at low tem-T.he Sh*'ft beMeen them y'e.lds the step height. The characteristic
perature. Similarly to the case M. (H), symmetrical pro- _fleld H*(T) is associated with thepper cqrnerof th_e step. The

. . . = . inset shows a complete half-loop at the intermediate temperature
files of the internal field are expected M ,(T) and T=23 K.

Mur(T), allowing us to estimate the equilibrium magneti-

zation asM ¢ (MzpctMryg)/2. In all cases, the measure-

ments at each value &f andT were recorded during 20 min. M. (H) andM_(H) curves. These extrapolatédl, values

The first advantage of this procedure is an enlargement of that T=25 K are plotted as solid circles in Fig. 1. As previ-
reversible regime due to magnetic relaxation. It also allowusly seen at lower temperatures, one observes a clear step
us to test the validity of th/ . extrapolation in the irrevers- connecting two field ranges which can be fairly fitted by
ible regime by comparing the relaxation rates on bothparallel lines. Note that the magnitude of these magnetization

branches. steps is rather small. They are totally undetectable on the
scale of a complete hysteresis loop, as illustrated in the inset
Ill. RESULTS of Fig. 1.

The occurrence of a magnetization step can also be inves-

Figure 1 shows the high-field part of the hysteresis loop atigated by measurements as a function of temperature. Figure
T=20 K in a logarithmic field scale. The data presented2 shows theM z(T), Mgc(T) andMr(T) curves under
here correspond to a waiting time of 20 min after each field3 T. One can observe that all three curves are well superim-
change. It can be clearly seen that the magnetization curve iposed above 22 K. In this nearly reversible regime, one can
the reversible regime exhibits a smooth step between twolearly detect a kink on the magnetization curves. The inset
fairly linear parts. In such a logarithmic scale, these linearshows an enlargement of the region under consideration. The
regimes around the crossover can be fitted by parallel linesolid lines correspond to the ;-(T) andMpr(T) curves.
allowing the step height to be simply defined as the shiffThese curves actually cross at 22 K, and they are thus
between them. In the following, we will consider the knee onslightly inverted over a few kelvins in this nearly reversible
the high-field side as the characteristic field of the crossoveregime, similarly to what occurs witM , (H) andM _(H)
(see Fig. 1 This characteristic fieltH* (T) lies within the in Fig. 1, atT=25 K. The residual hysteresis is still very
reversible regime at all temperatures. small in theseT scans, and both curves exhibit exactly the

As T is increased, the low-field reversible domain belowsame shape in the crossover region. One can therefore con-
the step becomes less well defined. This is illustrated in theider the averaged data df;-o(T) and M1y4r(T) as a fair
left part of Fig. 1, with the hysteresis loop at=25 K, en-  estimate oM{T) (solid circles in the inset of Fig.)2It can
larged around the irreversibility field. One can observe thabe noted in Fig. 2 thaWl ¢ tends to slightly increase as the
the ascending and descending branches first cross befoemperature is decreased, demonstrating that these measure-
merging. Let us refer this first crossing point to the standardnents cannot be used to estimédeT) in the irreversible
notion of irreversibility fields,H;,. There is a restricted regime. As shown in the inset, one can determine a charac-
range of fields abovel;, within which the two branches are teristic temperaturd* and the associated step height, simi-
slightly inverted. However, the hysteresis is so small in thisarly to what is done in the case &1 scans. It must be
case that one can safely estimd#,, by averaging the emphasized that the results of thescans in Fig. l(at T
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FIG. 4. The solid lines are the ascending and descending
FIG. 2. Zero-field-cooled 4), field-cooled-cooling ), and  pranches of the loop &t=40 K, for a waiting timet,,=20 min.
thermoremanentY() curves under 3 T. These data correspond 10 aThe symbols are estimates bf.{H) inferred from averaging the
waiting time of 10 min. The inset is an enlargement around thepranches, at two values of : 4 min (O) and 20 min Q).
closing point, displaying thé ;.(T) and M4x(T) curves(solid
lines), together with the averaged da®). The characteristic tem- wider than at shorter times. The inset shows that, in this field
peratureT™ (H) is defined similarly td4* (T). A linear temperature  range, the relaxation curves on both branches actually exhibit
scale is used to derive the step height from the shift between pag crossing in time. These relaxation curves also indicate that
allel lines fitting to the data on each side of the step. the shift in magnetization between both branches tends to
become constant at long times. One can note that the devel-
=25 K) and theT scans of Fig. Zunder 3 T are very well  opment of similar a “anomalous hysteresis” dsis in-
consistent about both the location and the height of the stegyeased has previously been reported in the case of
Let us now focus on the measurements as a function oBj-22121! The shape of the SQUID responses has been
field. One observes that the problems encountered at 25 Khecked to be satisfying for signal processing over the whole
become more and more pronouncedras increased. Figure field range.
3 displays enlargements of hysteresis loops at 40 K in the Figure 4 displays the calculatéd o= (M, + M _)/2, for
closing region, for different values of the waiting tintg,,  two characteristic timest{=4 and 20 min), together with
following each field change: 1 min, 4 min, and 20 min. Thethe M, andM _ curves at,,=20 min. It turns out that both
huge effect of magnetic relaxation is patent in the |OW-er|dMeq(H) curves are near|y Superimposed’ demonstrating that
side of F|g 3. One also observes that the inversion betweeﬂhe relaxation rates on both branches of the |00p are very
the M, (H) and M _(H) curves aboveH;, becomes more \ye|l symmetric. The observation of such behavior was used
marked asi,, increases. The hysteresis looptat=20 min  as a basic requirement to take the extrapoladitg values
displays abubblelikefeature just abovél;, which is clearly  into account. With these data, one can observe in Fig. 4 a
step in magnetization resembling those found at lower tem-
Y \ ' ' ' peratures. The step height is still associated with the shift in
T=40K magnetization between the logarithmic regimes at low and
\\ high fields. At 45 K, the step height is found to be noticeably

T[K]

N
_—*
-

decreased. For=50 K, there is no longer any clear indi-

cation of a step in magnetization. Within the experimental

uncertainty, anM¢qvs-In(H) curve in thisT range actually
appears as a simple straight line over a wide field domain

aroundH;, .

. Figure 5 displays the characteristic line in tHeT plane,
which is associated with the occurrence of magnetization
steps. Since the magnetization is much smaller than the ap-

. . . plied field along this line, the magnetic inducti®&f can be
—3.2 10000 11000 12000 13000 fairly approximated byH*. We have reported both the
B*(T) andT*(B) values extracted from thid and T scans,
H [Oe] respectively. There is clear agreement between both sets of
data. These kinks on equilibrium magnetization curves can
FIG. 3. Ascendingopen symbolsand descendingsolid sym-  be associated with a phase transition in the vortex state. The
bols) branches of loops & =40 K, corresponding to waiting times Mmost often proposed transitions are melting of a flux-line
of 1 min (circles, 4 min (squarel and 20 min(diamonds. The lattice or decoupling of a flux-line liquiga concomitant oc-
inset shows the magnetic relaxation on the ascendifgpdnd de-  currence of both phenomena, leading effectively to sublima-
scending @) branches, under 11 000 Oe. tion, has also been evoked\s already specified, theaxis

N
o
/

m1 O_4emu]
L 4

&
o
N

5 10 15 20
time [min]

0




PRB 61 MAGNETIZATION STEPS NEAR THE . .. 3613

3 [} st T :
I \ | — 4} I iorf] -

| * i\\‘ 3 Z- E{{ﬁi E
EI 3t qm T 5 3 é ;- { 1 ' l_-
m \ | 0 1 2 3 4 5 |

2t By ] £ 2 i B[T]
Q <t
1L R g | 1F 1
R (a)
1 ) ! L . . | | 0 } } } t } } }

0 10 20 30 40 50 60 70 80 90

T[K] 37 | {*ﬁ;i“:-

[ | 2
@ ; 1

FIG. 5. Characteristic fieldsl* (T) derived fromH scans [J) i. o | 1 E ]
and characteristic temperatur€(H) derived fromT scans W). ” 00 n 2' :'5 ; 5
The dashed line is a fit to the data with E§.1), corresponding to 4 B[T]
the melting transition. 1L I%l i
coupling in Hg-1201 is predominantly of Josephson nature. % (b)
We thus have to consider proper forms of the theoretical o L . . . . . \
expressions for each of these characteristic figld$he 20 30 40 50 60 70 80 90
melting field®?° B,, and the decoupling fietd3°3'B, are T[K]

expected to be of the form

4t FIG. 6. (a) Magnitude of magnetization steps, derived from ei-
_ an c P, ther H or T scans, as a function of temperature. Same data are
m— 64m3 v2\4 K2T2' 3.1 plotted versus magnetic field in the ins@d) Entropy variation per
T Y NapKp .
pancake as a function of temperature. Same data are plotted versus
magnetic field in the inset.

aq Cbg 3.0
T 16m2 y2dNZ kT 3.2 one compares to most of the results in the literature on other
compounds. First, the values of magnetization steps found at
where®,, is the flux quantumkg is the Boltzmann constant, |ow T and highB are rather large in the present case. Second,
c_ is the Lindemann constard,is the interdistance between they exhibit a rapid drop around a temperature which is very
CuG, planes\,p, is the in-plane penetration depth,is the  far from T,. In Bi-2212, all the magnetic studies have re-
electronic anisotropyeg=(me) '=0.1, anday, is a cor-  portedAB (=4wAM) values of a few tenths of gauéypi-
recting factor of the order of unity. According to Ref. 29, cally 0.3 G, which are weakly temperature dependent before
a,~In(B,/B)/8. TheT dependence of ,, can be written in  dropping to zero aff;.2'?~* Although they continuously
the form N\ ,p(T)=Nap(0)/V1—1t", wheret is the reduced decrease a3 is increased, values of the same order of mag-
temperature t(=T/T.), andn has a value ranging between nitude were found in the first studies of YBGO.On the
n=1 (Ginzburg-Landau behavipand n=4 (two-fluid be-  other hand, significantly largexB values(of a few gausp
havior). The dashed line in Fig. 5 corresponds to the best fihave also been obtained in YBCO by dc magnetization
to the data with Eq(3.1) corresponding to the melting model measurements.
(with n=4 andT.,=92 K). Note that the somewhat arbi-  In other respects, it can be noted that a direct comparison
trary identification oH* to the highest field of the crossover of Hg-1201 with Bi-2212 or YBCO is delicate because the
could contribute to the rather poor quality of this fit. Consid- magnetization steps in these compounds take place in very
ering\ ,p(0)=190 nm?? ¢, =0.15, andB,,/B=50, one ob- different regions of thed-t (=TIT,) plane: very low fields
tains y=31. An equally good fit can be obtained within the for Bi-2212 or high temperatures staying close T for
frame of the decoupling modékith n=1 andT,=90 K)3?> YBCO, while one deals with both low temperatures
One derives from E(3.2) a value of the anisotropy param- (T<T./2) and large fieldgof a few teslasin Hg-1201.
eter, y=34, which is very close to the previous one. It must Only local magnetic investigations in Bi-2212 have
be emphasized that these estimates are very well consistestiown sharp discontinuities in vortex density, as expected
with previous results y~30) obtained from direct investi- for a first-order transition. All global magnetic measurements
gations by angular measuremetit$® yielded rather broad, smooth steps in magnetization curves,
Figure &a) shows the temperature dependence of the stepven when the existence of a true first-order transition was
height at the transition. The alternative representation as elearly attested to by other techniques. Accordingly, the
function of field is given in the inset. The error bars corre-magnetization steps observed here in Hg-1201 can be related
spond to the uncertainty in the linear fittings around theto an underlying first-order transition. On this assumption,
crossover. Two major features emerge from Fi@ 6vhen  the associated entropy variation can be evaluated via the
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Clausius-Clapeyron relationyS=—AM (dH*/dT), where T (Ref. 3 and 4or 6 T>**Since these features correspond to
H¥ is the internal field at the transition. According to both temperatures very close Tq in YBCO, the sample inhomo-
the smallness of the magnetization as compared*cand ~ geneity was suspected to play a role in this behakidvev-

the weak temperature dependenceHyf, in the region of ertheless, such an influence can hardly be r_elevant to the
interest?® one can safely identify, here, the derivativertf present case of Hg-1201, because thi; limit point takes place
to that of B* =H*. Most of the results in the literature are at @ temperature much beloly. More likely, a boundary at

given in terms of entropy jump per pancakks=ASxd low fields could be related to a pinning effect. As suggested
% a2, whereay is the mean intervortex spacing: in previous studie3®33the vortex behavior can be strongly

dominated by the presence of pinning centers up to a certain

AM dB* field value related to the defect density. Consequently, any

(3.3 first-order transition involving a well-ordered vortex state
can be obtained only above a threshold field corresponding

. to the saturation of pinning centers.
The temperature and field dependenced sfare plotted P 9

in Fig. 6(b). Like the steps in magnetization, thess values
are larger than the greatest part of those found in YBCO,
including  direct determinations by calorimetric  The occurrence of steps in magnetization curves, which
measurements™>3(values around 0.Kg). In Bi-2212, large  can be related to a first-order transition, has been evidenced
As values of a fewkg have been reported;’>'4%but only ~ in Hg-1201. At the lowest temperaturehighest fields
close toT.. The second peculiarity in Fig(l6) is the sudden these features take place in a fully reversible regime. At
vanishing of the entropy jump above 50 K. Even if the per-higher temperatures, the low-field side of the step lies in the
sistence of steplike features below our detection limit is nofrreversible regime. However, by using a careful recording
excluded at higher temperatures, there is undoubtedly procedure, one can get reliable estimates of the equilibrium
rapid, pronounced drop aroudd=45 K. magnetization in a part of the irreversible regime, allowing

As shown in the inset of Fig.(B), it is worth noticing that  us to extend our estimates of the step height to high tempera-
this end point can also be associated with a low-field boundtures. Any thermodynamic signature of a phase transition
ary, located close to 1 T. In this respect, our results beaabruptly disappears for fields lower than 1 T, similar to the
some resemblance to many results obtained on YBCO, ibehavior often observed in YBCO. Assuming an underlying
which any clear indication of a first-order transition is no first-order transition, the entropy changes inferred from the
longer detected below a certain field. A low-field boundarymagnetization steps at low temperatures are found to be
close b 1 T was indeed reported by Wed al? and Schil-  somewhat larger than most of the reported values in Bi-2212
ing et al® in YBCO single crystals studied by SQUID mag- and YBCO. Further experimental investigations, involving
netometry. Similar behaviors have also been observed idifferent techniques, are highly desirable to shed light on this
calorimetric measurements with limit field values equal to 1llast issue.

IV. CONCLUSION
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