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Experimental determination of the B-T phase diagram of YBgCuz0,_sto 150 T for BLc
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The B-T phase diagram for thin film YB&u;O,_ 5 with B parallel to the superconducting layers has been
constructed from GHz transport measurements to 150 T. Up to 110 T the upper critical field is found to be
linear in T and in remarkable agreement with extrapolation of the longstanding result of &/alparising
from magnetization measurements to 6 T. Beyond this a departure from linear behavior octargdatk,
consistent with previous low-temperature data. Evidence for a transition from arhighime dominated by
orbital effects, to a lowF regime, where paramagnetic limiting drives the quenching of superconductivity, is
seen.

Recent magnetotransport measurements on fijgbu-  erators have also been used to make transport measurements
prates have provided invaluable information in building aon thin-film YBCO? While these systems do not produce
complete picture of these materials, essential to the develofields in the range of flux compression techniques, they do
ment of a rigorous theory for the phenomenon of high-allow for systematic, repeatable measurements to be made as
temperature superconductivity. For example, divergence ithe destruction of the coil does not damage the sample or
the upper critical field at lowl has been reported in over- cryostat. Nevertheless, transport measurements remain diffi-
doped ThBa,CuG;," Bi,Sr,CuQ,,** and La_,SrCuQ,.®>  cult since the peak field is reached in a feve and the
Such results have provided the impetus for considerations ghaximumdB/dt exceeds 19 T/s.
unconventional behavior in the anisotropic highcuprates Previous flux compression measurements on thin film
such as reentrant superconductivity and the possibility to exYBCO with BLL ¢ (Ref. 5 gave an onset of dissipatidy,
ceed the paramagnetic linfifthese measurements have typi- =150 T and an upper critical fiel@.,=240 T at 1.6 K.
cally relied on millisecond pulsed fields to observe upperThis B, is significantly smaller thamB;,(0)=674 T pre-
critical fields, which exceed the range-85 T) of steady dicted by Welp etal!® who applied the Werthamer-
field magnets. For highef; materials such as optimally Helfand-Hohenberd (WHH) formalism, accounting for or-
oxygen-doped YBgLu;0,;_s (YBCO) (T.~90 K) access bital effects only, following measurements of the slope
to the normal state requires magnetic fields well in excess aiB.,/dT near T.. This large discrepancy has been
those generated by ms pulsed systems excepf f@ry near  interpreted in terms of the Clogston-Chandresekhar para-
T.. Explosive flux compression technology has been used tmagnetic Iimith,lz*13 which arises when the Zeeman en-
access this high-field regime® providing evidence for para- ergy exceeds the superconducting energy fgpthus de-
magnetic limiting of the upper critical field in YBCO fd  stroying the Cooper pair singlet state. Within BCS theory
parallel to the superconducting layerB.l(c).>’ However, ~B,=vT,, with y=1.84 T/K* which, for optimally doped
such measurements are extremely difficult and opportunitie¥ BCO givesB,~170 T. In stark contrast to these results
to make them are few. Single-turn coil magnetic field gen-for in-plane magnetic fields, measureméitim the alterna-
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FIG. 1. Raw GHz transmissio8, with BLc, shown for times FIG. 2. Fits to raw magnetoresponS¢B) data forT=80 K,

after the point marked (b) for T=70 K (60 K). Before these 78 K, 74 K, 72 K, 66 K, 65 K, and 60 K with onset fields increas-

times, data are obscured by electrical noise arising from the dis- . . )
' . L S Ing, respectively. Traces have been scaled vertically for cl .
charge of the capacitor bank. Arrows indicate the direction of th 9 P y y éRef

7). Raw data are shown for comparison =80 K and 74 K.

field sweep. The |nsets_show the experlmental conflg_uratlon fObefinitions ofB,ns andB,, are indicated. Th&response to sample
measurements and the field profile of the single-turn coil. sheet resistivity (in Q) is shown in the inset

tive and more widely studied configuratiom8||c, have
mapped out the entire phase diagram in good agreement withagnetron sputtering on a Mg@®01) substrate, with the
the WHH model. c-axis oriented in the growth direction, &=770°C in an
Here we report transport measurements that have allowegrgon-oxygen atmosphere with a deposition tin@0 min.
the B-T phase diagram of YBCO to be constructed ®r The film was etched to produce a 20n strip perpendicular
<150 T in theBL c orientation, greatly extending previous to the CTL to match the sample resistance to the character-
magnetization measurements to 6°TAlthough explosive istic impedance of the CTIZ=50Q. A 50 nm dielectric
flux compression techniques have previously been used tayer of SN, separated the film and CTL so that coupling to
access this reginte’ the single-turn coil system allows sys- the sample was capacitive. This eliminates the need for
tematic measurements to be made on a single sample witBhmic contacts to the sample, which can be problematic in
both rising and falling magnetic field. Measurements on thin-pulsed fields'®
film samples were made using a GHz technifire a single- Raw transmissiors as a function ofB is plotted forT
turn coil systen® generating fields to 150 T. The =60 K and 70 K in Fig. 1. The single-turn coil system
superconducting-normal transition was observed to be aproduces a number of cycles Bfprior to destructior(Fig. 1
equilibrium process, evidenced by the absence of any meanse). The absence of any hysteresis in the data was consis-
surable hysteresis between up and ddBvsweeps. Above tently observed in several samples over a range of tempera-
T=74 K B, is found to be linear inl with the slopea  tures, providing confidence in the critical-field information
=dB.,/dT corresponding closely to that found in magneti- obtained and in its comparison with equilibrium models for
zation measurement8.Below 74 K a departure from this high-T behavior.
slope is observed and is understood as arising from a transi- In the superconducting state the sample acts as an equi-
tion from three-dimensiondBD) behavior where orbital ef- potential across the CTL, completely attenuating the micro-
fects quench superconductivity to 2D behavior where parawave signal, resulting in zero transmission. As the applied
magnetic limiting dominates. field B drives the sample normdbincreases with increasing
The experimental configuration is shown in the inset top. A model of this response is shown in the inset to Fig. 2,
Fig. 1. A symmetric triplet coplanar transmission li(@&TL) calculated assuming capacitive coupling across the 50 nm
carries a microwave signat=0.8—1 GHz, past the sample Si;N, dielectric layer to a 2D sheet of electrofisSharp
and the transmissioB is modulated by the resistivitg of  noise spikes in the data are attributed to GHz emission from
the sample. Full details of the experimental arrangement arthe plasma produced in vaporization of the single-turn coil
set out in Ref. 14. A flow of cold He gas gives acces$tn  and are predominantly in the direction of increasthgince
the range 7-300 K with sampl€ monitored by a AuFe- the technique measures transmitted powas opposed to
Chromel thermocouple mounted on the back side of the subroltage.
strate. Two thermocouples mounted side by side on the same Fits to the raw data for the decreasiBgsweep, which
sample gave consistent readings to within 0.5 K. Dischargéake into account the positive-going nature of the noise
of a 40 kV capacitor bank into a 10-mm-diameter single-turnspikes, are shown in Fig. 2. The fits are purely for display
copper coil generated fields to 150 T and the copper coil wapurposes and the functional form has no physical signifi-
vaporized in the process, leaving the sample and cryostatance. We defin8,, as the intersection of the tangent to the
intact® transmission curve in the transition region and that immedi-
A YBCO film, thickness 250 nmT.=87.2 K and critical ately after it, following Ref. 1 on the basis that this gives
current).=3.14 MA/cn? at 77 K, was grown by on-axis dc values close to the 90% criterion and in good agreement with
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dFItG' 3'|B'T phase dlagra:an:‘or YBCO Wt'tBll c. OSOI'd cwclgsl from Fig. 3 is replotted along with low data from Refs. 5 and 7.
an rflang es represeﬁlci andBons. resdpec lvely.f tf).en tS{imf 0's thhe dotted line is the WHH phase bounddRef. 11 calculated
' . - , ine, irst- CS-FFLO
from Nakagawaet al. (Ref. 9 with BJ|c. In both cases the solid line bhase boundary, and the dashed line, the first-order B

. A h ken fi Ref. 27, which i I li
shows the sloper=dB.,/dT determined from magnetization mea- phase boundary taken from Re which considers only coupling

surementgRef. 10 and the dashed line is simply a guide to the eye.\tl)V?ttr\:v ;eheenet:zrzrillr;zc:)lnc;jetﬁhnee3p£)l§;d’2r'klzce((jg(§d2flﬂe. Idis calculated
tunneling data. For the lowe3tmeasurements, determining
B., becomes more difficult because there is less saturation
region. We find, however, that the form of the transition is | ) )
essentially the same for all We estimate the error iB., by ~ 9ives B;p(0)=112 T, in close agreement with that mea-
constructing extrema tangents to the transmission curve aftédred. Indeed, this agreement extends over the entire phase
the transition, while the tangent in the transition region isboundary(dotted line in Fig. 3 inset A largerdB.,/dT for
well defined.B,, is defined as the point at which the trans- the caseBL ¢, due to anisotropy in coherence lengthsout
mission departs fron$=0. of plane and¢,, in plane, leads to a significantly larger
Figure 3 shows theéB-T phase diagram fof >60 K, Bé2(0)>600 T in this model. A deviation well below this
with B, s andB,, values determined from the complete datavalue is clear in Fig. 3, however. The good agreement be-
set, a subset of which is shown in Fig. 2. In magnetizatioiween WHH and experiment fd|c and the departure from
measurements up 6 T onsingle crystal YBCO witlBLc,  expected behavior foBL ¢ suggests that a different mecha-
B.,, was found to be linear inT with dB,/dT  nism may be responsible for the quenching of superconduc-
=—10.5 T/K.° The extrapolation of this slope is plotted tivity in the latter case. Misalignment & has been consid-
in Fig. 3 and we find that our data follow it closely down to ered but cannot explain the low results of Ref. 5 or the
T=74 K whereB,,~100 T. Note that as in Ref. 10 this deviation observed here.

line intersects thé axis slightly belowT, as do theB,,s Paramagnetic-limited upper critical fields have been ob-
data. This is allowed for in Fig. 4 below. served in UPgAl 3, ™ while B.,>B, has recently been seen

Discrepancies betweeB,, determined from resistive in (TMTSF),PF;,?° where TMTSF denotes tetramethyltetra-
measurements and either magnetizadfiar specific hedf  selenafulvalene. The results in Refs. 5 and 7 provided evi-
data have been reported, and it has been argued that the laté@nce for paramagnetic limiting in a high- material. The
two better probe the mean-fielB., than do resistivity —paramagnetic limit in YBCO is expected to occur Bé
measurementsWith the definition ofB,, used here for GHz ~170 T, well aboveBl,(0)=110 T measured foB|c,
measurements in the high-field regime the remarkable agreend well belowB_,(0)=640 T predicted foB.L ¢ with T,
ment we find withdB.,/d T determined from low-field mag- =87 K (see Ref. 10 The difference between WHH and
netization measurements suggests that, in our case, probiegperiment forBL c is shown clearly in Fig. 4 where the
resistivity yields aB., in accordance with the mean-field WHH phase boundary and the data from Fig. 3 are plotted on
value. a full phase diagram. The departure from this phase bound-

Although WHH theory includes paramagnetic and spin-ary is consistent with the results from flux compression
orbit effects, in this paper we consider the model arisingmeasurements (also plotted’) and provides further evi-
from orbital effects only, as applied by Welptall® dence for paramagnetic limiting &, for Bl c.

Whereas this model predicts a departure from the slepe A possible fit to the data of Refs. 5 and 7 81 c has
only at lowT, we see clear evidence for a departure below 74een obtained by including spin-orbit and paramagnetic pa-
K. Previous measurements by Nakagaatval® provide con-  rameters in the WHH and Makimodels. While it is instruc-
vincing evidence for the applicability of this model to YBCO tive to apply these 3D models, their applicability to in-plane
for BJ|c (Fig. 3 inset. NearT, their data agree well with the critical fields in layered superconductors is brought into
dB,,/dT slope determined previousRand application of question by analysi€ which has found that there is a non-
the WHH result: zero temperaturd* <T, below which the normal cores of

Bc2(0)=0.7T(d Bcz/dT)|TC 1)
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the vortices are smaller than the lattice consthntefined by  gested byB,,s at 60 K, which implies &B.,(T) above this
£(T*)=d/\2=8.5 A. BelowT* orbital effects should no phase boundary. While it is possible to fit the data of Fig. 4

longer provide a mechanism for quenching of superconducdsing theoriegs, that include orbital, spin-orbit, and paramag-
tivity and, in the absence of paramagnetic and spin-orbit efbetic effects;® we consider just the two extremes of orbital-
fects, B, would be infinite. only and paramagnetic-only theories to illustrate the transi-

A 3D-2D crossover is expected to occur n@4rwhen &, tiond_frorg _O”S freg24i7me (tjo :]he ot_helr:._ TT_ pf?aje diafgram
b ller than the interol iB(70 K predicted in Ref. and shown in Fig. 4 includes a finite
Negog\we;z trsmnge?);ratiirrz befwélﬁrga?geofsgﬁgﬁgﬁmé momentum or Fulde-Ferrel-Larkin-Ovchinnikdv (FFLO)
£,(80 K)~d=12 A is the lattice constarif. The departure superconducting state and we note tBgt for the data of

from the linear behavior oB,(T) observed here aT Ref. 5 coincides with the position of the first-order phase
; . c2 .. transition between the zero momentum and FFLO state. This
=74 K is almost midway between these two characteristic : . ! :
ay not be accidental since the superfluid density and

temperatures. A theory which includes the finite thickness Oﬂay be lower in the FFLO phas®.

tmh: S#eﬁfcr C;c?edcléggn?elg?gésamcﬁx;lig? }gs, (t.)I.L;t ;’; g?rlehcrgs para- conclusion, we have found that fB. c the upper criti-
9 ' P c2 cal field in YBCO follows the WHH phase boundary for

ear to nonlinear behavior &t=0.9T,~78 K. As described  _ 2"y ' £0 |owerT the data are consistent with a thedfy,
above, orbital effects should become negligible after &

3D-2D crossoverB:,(T) is then expected to increaseore ¥Ei|§hssccg:g[saf?r;rc]:;)il:iglrl]n?m% tgeh%ﬂ:‘;’ ;[r?wethv?/h?eeglfg-
rapidly with decreasingr, in contrast to the behavior ob- 99 9

served here. It may, however, be significant that the depaiper_conducnwty IS governe_d by orbital e_ffects o a low

. . . .-regime where paramagnetic effects dominate. We note that
ture from linear behavior at 74 K is near the expected posi- . .
. S . the departure from linear behavior occurs close to the ex-
tion of this dimensional crossover.

The phase diaaram orediciédor a laveredd-wave Su- pected position of a 3D-2D crossover. Combined with the
percondpuctor WitI’?BLC pwhich accountsy for coupling be- data of Refs. 5 and 7 this constitutes strong evidence for the

tween the spins and the applidis compared with experi- _?_xperlmetntal reallza'gontof paramagnetic limiting in a high-
ment in Fig. 4. The only free parameter is thé&ctor, which c Cuprate superconductor.
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better fitted by WHH, which is to be expected since thetechnical help and advice. This work was supported by the
theory in Ref. 27 does not consider orbital effects. For inter-Australian Research Council and Grant-in-Aid for Interna-
mediate temperatures, below 74 K, the data tend to lie aboviional Scientific Research of the Ministry of Education, Sci-
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