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Scaling of the specific heat and magnetization of YB&£u3;0- in magnetic fieldsupto 7 T
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The specific heatC,(T,H) and the magnetizatiorM(T,H) of a large twinned single crystal of
YBa,Cuz0- have been measured using a high-resolution differential-thermal-analysis calorimeter and super-
conducting quantum interference device magnetometry, in magnetic fields up to 7 T. An apparently reasonable
scaling of the data may be obtained using either the three-dimengBiDaKY model or the lowest-Landau-
level approximation. The high relative accuracy of the data allows a direct evaluation of the critical tempera-
ture T, and the critical exponent of the 3D XY model. This analysis indicates that the data do not obey 3D
XY scaling in fields above=0.5 T.[S0163-182¢06)03618-1

I. INTRODUCTION onto single curves has been interpreted as evidence for the
validity of the 3D LLL theory®~*'and the 3DXY model*?*3
The thermodynamic properties of the high-temperaturaespectively.
superconductorgHTSC’s) near the critical temperaturé, The scaling hypothesis implies that a physical quantity,
are quite different from those of conventional superconductplotted versus some scaling variable, will be invariant if the
ors. This is mainly due to large anisotropies of physical propritical behavior is the result of the divergence of the corre-
erties and small superconducting coherence lengths at Zeonding correlation length. For example, applying the 3D

temperature£,, which allow for significant fluctuation ef-  xy model, Salamon and co-workétsiote that the quantity
fects in the range around the transition temperature. Consg%:M(T H)/HY2 should collapse onto a single curve if

guently, a simple mean-field theory no longer applies. Th%lotted versus the variabbe= (T/T.—1)/H2".
temperature interval arount in which critical fluctuations The field H above which Cthe LLL approximation
are important is usually given by.Gi,! with the Ginzburg should  be L\L/L:alid is usually estmated fto be

number H,  ~GiH(0)~1 T. For fields higher than the field
H, .., the interaction between Landau levels is small and
T, \2 only renormalizes parametefsThe fieldHyy below which
Hg—gz) , the 3D XY model can be justified to be valid may be esti-
€050 mated by realizing that the magnetic field breaks ¥
symmetry if the correlation lengthéyxy=¢&t™", with

whereH,, is the thermodynamic critical field ang is the  t=|T/Tc—1| and v=vxy~3, exceeds the magnetic scale
anisotropy parameter. Although in conventional supercony®,/(7H). Thus the critical region is visible if
ductors Gi is very small£10™7), it may be of the order of t2"=H/[2H,(0)]. With the zero-field Ginzburg criterion
1072 in HTSC's and therefore the critical regime is acces-t<Gi this requires thaH <Hyy=2H(0)Gi**~1 T. Re-
sible to experiments. markably, it turns out thabyy~H,, . Away from the re-

On theoretical grounds and by analyzing experimental regions where LLL orXY scaling applies, the physics is domi-
sults it has been argued that the superconducting transition ofated by Gaussian fluctuations which, e.g., give a
cuprates in zero field may be assigned to the threeeontribution to the specific heat of the form
dimensional(3D) XY universality clas$® In the standard C~H[T/T,(H)—1] ¥2® The situation is summarized
picture of HTSC's the evolution of the superconducting stateschematically in Fig. 1.
in a nonzero magnetic field may be regarded as a crossover In the following, we discuss the scaling of our data of the
of the normal metal to a vortex liquid &t.,(T) and, subse- specific heaC,(T,H) and magnetizatioM (T,H) of a large
qguently, a vortex liquid to vortex crystdbr glass freezing  twinned single crystal of YBgCu;0, based on the 3IXY
transition at lower temperaturédn low fields the crossover model. The scaling of the magnetization data is also investi-
atH, has been claimed to show features of the zero-field 3yated within the LLL approximation. We have chosen not to
XY type of transitior?® For higher fields it has been argued scale the specific-heat data in the LLL approximation be-
that the lowest-Landau-levelLLL ) approximation of the cause, in contrast to testing the 30¥ model, the LLL scal-
Ginzburg-Landau theory is adequ&t&@.The region of valid-  ing relations require the uncertain evaluation of the dominant
ity of these two approaches is controverdidlhe scaling phonon contribution to the total specific heat. Note, however,
collapse of experimental specific-heat and magnetizatiothat if the magnetization scales using one of these mentioned
data of YBa,Cu3;05 in different magnetic fields up to 10 T models, the specific heat must also scale, because both are
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FIG. 1. A schematic sketch of the region of interest in Hie 21450 |
T phase diagram. The LLL approximation is valid above the field é
H* and around thed ., line. The isotropic 3DXY scaling applies f—
for fields H<H* aroundT.. The rest of the phase diagram is ~
dominated by Gaussian fluctuations. OQ
bulk thermodynamic quantities which are derived from the 1430 |
free energy. The problem with the uncertain lattice specific
heat can be avoided by using the derivatives with respect to
H andT of the scaling relations of th&Y model. We show
that with our procedure the critical temperaturg and the
3D XY critical exponentr may be evaluated directly. In the
LLL approximation, the same procedure is not suitable for 1410 . . , .
extracting directly the relevant parametérg(H) and the 82 86 90 94 98
dimensionality of the system. T [K]
II. EXPERIMENTS AND RESULTS FIG. 2. Specific heaC,/T vs T of the YBa,CuzO5; single

crystal measured in different magnetic fields. The inset shows the
The dimensions of the single crystal of YBau;O; used  difference between the data in nonzero fields and 0.
for the experiments are approximatelyx4x 0.5 mn?®, with
the ¢ aX|_s perpendicular to the_ largest surfgce apd Wlth_ awhereAT=TS— T, andAT,=T,—T,. For the measurement
massmg=16.8 mg. It has previously been investigated in . o
great detait®'8 The superconducting transition occurs at®f Cs. we vary the temperaturg, linearly with time t,

T.=91.4 K, with a widthAT.~0.2 K. For the experiments regulating V.Vith a platinum thermometer, and measiiie
described here the crystal was oriented with ¢haxis par- and AT, with copper-Constantan thermocouples. Except
allel to the magnetic field ks/k, , all quantities are measured. The heat links in the form

of thin copper wires are selected so that nominally
ks/k,=1. For the reference sample, we have chosen a poly-
crystalline copper specimen with a mass=15.6 mg. Be-
The specific heat was measured using a high-resolutiopause of the monotonit dependence dof, of Cu, AT, is a
differential-thermal-analysis (DTA) calorimeter. This smooth function of time, which can conveniently be fitted.
method has been described in detail by Schiling andThe essential quantity of the measuremenAg, which is
Jeandupeu’€ A reference sample, with a known heat capac-accurately monitored with a picovoltmeter. Using polyno-
ity, and the sample are both thermally connected to a heanial fits of AT(t) and T, (t)=Ty(t)+AT(t), we calculate
reservoir. Upon energy input, the temperature variations ofne ratioT,(t)/Ts(t) =[AT(t)/T,(t)+1] L. Due to parasitic

A. Specific heat

the system are described by the equations thermal emf's, the absolute values afT(t) suffer from
) small uncertainties between different runs. The data mea-
CsTs=Kks(T,—Ty), (1a sured in different magnetic fields have thus been adjusted to
the data taken in zero field using cubic polynomials, fitted
CrTr:kr(Tb_Tr)a (1b) above 100 K and from 50 to 70 K. The resulting data coin-

cide above 100 K as expected, because the specific heats are
where theC’s are the heat capacitie¥.s the temperatures, identical if both the electronic and the lattice specific heats
and k’s the conductances of the heat links. The indisgs are unaffected by magnetic fields. We note, however, that
r, andb refer to the sample, the reference, and the heapelow T the specific heat at constant temperature does vary
reservoir, respectively. If we divide E¢la) by Eq.(1b), we  With magnetic field, again as expected and verified in previ-
obtain ous work!®?° |In any case, the described procedure has a
negligible effect on the results in the temperature range be-
tween 80 and 100 K. In Fig. 2, we show the specific-heat

+1), (2 dataC,/T plotted versusT for magnetic fields up to 7 T
after employing the procedure mentioned above, assuming

AT
AT,

ke T
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FIG. 3. MagnetizatioM vs T of the YBa, Cu305 single crys- _ -0.747 -0.747
tal measured in magnetic fields of 5, 10, 20, 30, 40, and 50 kOe. (T/TC 1)/B [T ]
The inset displays the data near the critical temperature on ex-
panded scales. FIG. 4. 3DXY scaling of the specific heat according to E8).
(see text

ks/k,= 1. The absolute values of our experimental data agree

within less than 5% with previously published values, asrequires one to isolate the featuresf(T) of the electronic
discussed in Ref. 18. In the inset, we plot the differencesypsystem at the transition. In our case we intend to study
between the data measured in various external fi€l)  \yhether the 3DXY model or the LLL approximation of the
and those obtained in zero fiefd(0). The shape of these  Ginzpyrg-Landau theory describes the anomalous behavior
curves is reminiscent of mean-field-type anomalies typicaj;c e specific heaC, and the magnetizatioM in the vi-
f&rB) Sog?(r)l;l?#c?reagzzsv?/ithtlt%letli?lnaSQreeF%rentbv?/:?r;ﬁéalllcu- cinity of T.. In order to avoid the subtraction of an essen-
lations of &k and Stroud: ' tially unknown lattice contribution to the total specific heat,
' we prefer an approach which uses the specific-heat differ-

B. Magnetization ence between measurements performed at different fields.
Implicitly we assume that both the background electronic
specific heat in the normal state and the lattice specific heat
are not affected by external magnetic fields between 0 and 7
T. This differential approach reduces the number of fit pa-

The magnetization and specific-heat measurements were pé Ameters, _thereby enhancing the level of confidence in the
formed on thesamesample of YBgCu;0O,. From the raw resulting f.'t parameters. . .

data, we subtract a normal-state background, consisting of a According to theXY model, the scaling relation for the
constant offset plus a small Curie term, fitted above 100 KSPecific-heat dat&(T,H) is

The resultingM (T) data are shown in Fig. 3 for different 2w o 12

magnetic fields. The inset shows the magnetization data near [C(T,H)=C(T,OJH""=Z((T/Tc—LH ) 3

T. on expanded scales. We note a crossing of our magnei'\i/;lhere
zation curves as a function of temperature, but notin a singlgters“
point, as has been observed in,Bi,CaCu,05.%? The same
feature has also been observed by Wetml® on single

The magnetizatioM (T,H) was measured above the ir-
reversibility line and for magnetic fields up 6 T using a
commercial superconducting quantum interference devic
(SQUID) magnetometefQuantum Design, model MPMS

7(x) is the unknown scaling functiotf. The param-
~ —0.007 andv~0.669 are the 3IXY critical expo-
nents of the specific heat and the coherence length, respec-

crystals of YBgCusO,, but not by Salamoet al22 on the tively. In Fig. 4 we show a compilation of o2, data close
same material. Recent numerical predictions for the magnd® Tc Plotted as required by Eq3). It may be seen that the
tization of YBa,CusO,, based on the Ginzburg-Landau scaling is not obeyed for low fields, exactly where the 3D

theory, show a similar crossing in the same region of thelY mo_del i_s expected to be valid.. The deviations are not due
phase diagrarfi to finite-size effects, as claimed by Salamon and

co-workerst? because the superconducting coherence length
1. DISCUSSION éxy is comparable to the size of the crystal only for
t~10"8
A test of model predictions for the specific-heat charac- For the magnetization, as mentioned in the Introduction,
teristics of a superconducting phase transition in principlehe XY model scaling relation is given by
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FIG. 5. 3DXY scaling of the magnetization according to E4). 83 85 87 89 91 93
(see text The inset shows the scaling of the same data based on the T [K]

3D LLL approximation.
M(T.H) FIG. 6. Scaling of the specific heat and of the magnetization
) 12w according to Egs(6) and(7), respectively(see text The slope of
TRTZ = Z(TITe=1H™12). @ the solid?ine isqlJ’z, wherev=0.629. They(broken line is a fitpto the
data aboveT ..
The 3D XY scaling of the magnetizatiod (H,T) according
to Eq. (4) is shown in Fig. 5. The parametdr. has been dC(T,H)/oH T.—T
adjusted for each curve, but is approximately field indepen- 2H =
dent, as is assumed in the model. The inset of the figure JAC(T.H)=C(T.ONIT v
shows a 3D LLL scaling of the same data. The relevanUsing the same procedure as for the specific heat, we obtain
equation Is from Eq. (4)

ArM(H.T) ,(T—TC(H)) IM(T,H)/gH—=1I2M(T,H)/H TC—T_F
(HT)?R IM(T,H)/aT A

(HT)2/3
Here the forced scaling lets;(H) vary quadratically with — Both F. andF,, of Egs. (6) and (7) depend solely on ex-
field, with a negative curvature. For both models the scalingerimentally accessible quantities and vary linearly with
seems to hold equally well but we note that the data scalgsmperature, provided théY model gives an adequate de-
best forT>T,(H) in the case of the 3D LLL approximation. scription of the transition. In Fig. 6, we show the result of
We now turn to test the scaling relations via the differentialihis analysis forboth specific-heaand magnetization data.

=Fc. (6

(5) (7)

0

approach. o _ The derivatives oM (T,H) and C(T,H) with respect toT
Taking the derivative with respect b of both the left- 41 evaluated using a temperature interval~ef K. The
and right-hand sides of E¢3), we obtain derivative of M(T,H) with respect toH at the fields
. o (H)=0.75, 1.5, 2.5, 3.5, and 4.5 T is approximated by
ey ASLHIZCTO]_ 0700 1 [M(T,H; 1)~ M(T,H) J/(H; ., — Hy) with the pairs of data
a ox  TcH measured af0.5;1}, {1;2}, {2;3}, {3;4}, and{4;5} T, re-

spectively. For calculatingC(T,H)/oH atH=0.5, 1, 2, 3,
4, 5, and 6 T, we use the correspondi@g values at the
Y C(TH) 972(x)  T—T pairs of fields{0;1}, '{0;2}, {1;3}, {2;4}, {3;5}, {46},

dH  ox 2sT.ALTI and {5;7} T, respectively. We showr-(T) only between

¢ 88.5 and 92.0 K, because both the numerator and the de-

where the additive small term «/2y[C(T,0) nominator of the left-hand sid&.HS) of Eq. (6) are close to
— C(T,H)]H(2" -1 has been omitted because it is found tozero beyond these valuésee Fig. 2 We also omit theF¢
be smaller than the remaining term by two orders of magnivalues atH=0.5 and 1 T where already the scaling accord-
tude. By eliminating the unknown functiofZz(x)/d(x) in  ing to Eq.(3) is not well obeyed. The solid line in Fig. 6
the above equations, we obtain the relation emphasizes the linear variationfof andF,, with T and it is

The derivative of Eq(3) with respect taH reads
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Before we state our conclusions some comments concern-
ing the plots in Figs. 6 and 7 are in order. The strong upward
and downward divergences of tig values just belowT .
are due to a division by zero on the LHS of Ef), when the
derivatives ofC(T,H)— C(T,0) with respect tal' pass from
negative to positive values at the temperature where
C(T,H)—C(T,0) is minimum(see the inset of Fig.)2We

1 note that the temperature at whi€ty diverges andr ob-
5.0¢E : X tained from the fit procedure differ by 0.2 K. We ascribe this
to numerical uncertainties in the evaluation of the derivatives
o - Fc andF,,. Above T, at T=92 K, the F data diverge
g B Y downwards because, due to the numerical approximations,
» Fy at075T T the numerator and the denominator of the LHS of @&(.do

IS

N
o

Fo (T)and Fyy () K]

« Fuyat1sT ) not approach zero at the same rate. These diverging values
o Fyat25T are not relevant for the correct evaluation of the critical ex-
gl o feET ponentr, however, because the errors diverge as well.
- o Foat3T
° FC at4T L]
o Fcats5T
Bl . FoateT ] IV. CONCLUSIONS
- : :?igeg T.=914K The analysis of the derivatives with respectt@ndT of
) , , , the usual 3DXY scaling relations for the specific heat and
91 92 93 94 the magnetization allows a direct comparison of both these
T[K] guantities with experiment and a direct evaluation of the

critical temperaturdl; and of the critical exponent of the
FIG. 7. Fc(T) andFy(T) close to and abové, on expanded coherence length. It is mainly the high resolution of the DTA
scales. The data are better approximated by the broken line. Ithethod for measuring the specific heat of high-temperature
slope corresponds te=1.5. The inset shows they,(T) data for  superconductors which allows one to perform such an analy-
H=0.75 and 1.5 T in the whole temperature range. The deviatiorsis. We have found fdboth specific-heaand magnetization
from the linearity predicted by the 3RY model is clearly observed data in magnetic fields exceeding0.5 T that the critical
aboveT. exponenty evaluated abovd . is not compatible with the
prediction of the 3DXY model. A plausible explanation is
that our analysis is done in high fields, in a region of the
hase diagram where the 30Y model does not apply and

drawn with a slope that correspondsite 0.669, the critical
exponent of the 3IXY model. The crossing of the data with

the horizontal axis provides a very well-defined experimenta > . - ; o
b y b herefore its scaling relations are not valid. This interpreta-

value forT.=91.4 K. The slope of the solid line and the plot tion is in agreement with our theoretical estimate of the lim-
of the experimental data are in excellent agreement, for temlfs of the V%ﬂidit of different approximations in the critical
peratures belowl;, but the situation is less clear for tem- y PP

eratures abova. . We show the temperature variation of regime. Therefore our results should remove the controver-
P e P . .~ sies about the region of validity of the 3RY model. From
Fc andF), close to and abové&, on expanded scales in Fig.  : . .
7. Because of enhanced scattering, fg(T) values in this extended analysis of the 3RY rel_atlons we further_
fields exceedig 3 T are not shown abovE.. Nevertheless conclude that an apparently good scaling of the magnetiza-

. tion is not sufficient for proving the validity of the model.
we may see that abovie. bothF(T) andF,(T) are incon- . o ; .
sistent with a valuer=0.669 but are rather compatible with This observation is also true in the case of the LLL approxi

a value ofv>1. This is better documented in the inset of Fig mation where the magnetization data scale well. Unfortu-
7 where for low fieldsH=0.75 and 1.5 T, the,, values nately, the complicated LLL scaling relation prohibits a simi-

aboveT, strongly deviate from the linearity predicted by the gm?)r:::gzﬁ oIP ;/r? é( IRSJ rr? gg e:_s| derivatives, and a direct
3D XY model. These last observations invalidate the claim '
that the 3DXY scaling hypothesis is applicable for describ-
ing the superconducting phase transition of Ba3;0- in
external magnetic fields up to 7 T. Because in the LLL
model T, is assumed to vary with field, the same analysis as This work was financially supported by the Fonds Na-
outlined above, involving the derivatives of the scaling rela-tional Suisse de la Recherche Scientifique. We thank G. Blat-
tions, does not lead to similarly simple and transparent relater and V. Geshkenbein for discussion and Th. Wolf for pro-

tions. viding the sample.
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