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 2011 June 10Upper critical magnetic �eld in a Ba0:68K0:32Fe2As2 andBa(Fe0:93Co0:07)2As2V.A.Gasparov+1), L.Drigo�, A.Audouard�, D. L. Sun��, C.T. Lin��, S. L. Bud'ko ���, P.C.Can�eld���,F.Wol�{Fabris����, J.Wosnitza����+Institute of Solid State Physics RAS, Chernogolovka, 142432 Russian Federation�Laboratoire National des Champs Magn�etiques Intenses (UPR 3228 CNRS, INSA, UJF, UPS), Toulouse, France��Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany���Ames Laboratory, US DOE and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA����Hochfeld{Magnetlabor Dresden (HLD), Helmholtz-Zentrum, 01314 Dresden, GermanySubmitted 28 April 2011We report measurements of the temperature dependence of the radio frequency magnetic penetration depthin Ba0:68K0:32Fe2As2 and Ba(Fe0:93Co0:07)2As2 single crystals in pulsed magnetic �elds up to 60 T. From ourdata, we construct an H�T -phase diagram for the inter-plane (H k c) and in-plane (H k ab) directions forboth compounds. For both �eld orientations in Ba0:68K0:32Fe2As2 we �nd a concave curvature of the Hc2(T )lines with decreasing anisotropy and saturation towards lower temperature. Taking into account Pauli spinparamagnetism we can describe Hc2(T ) and its anisotropy. In contrast, we �nd that Pauli paramagnetic pairbreaking is not essential for Ba(Fe0:93Co0:07)2As2. For this electron-doped compound, the data support aHc2(T ) dependence that can be described by the Werthamer{Helfand{Hohenberg model for H k ab and atwo-gap behavior for H k c.Although the Fermi surfaces of the iron pnictidesare de�nitely quasi-two-dimensional [1], reports on theanisotropy of the upper critical �eld, Hc2(T ), are quitepuzzling [1-11]. In the �eld range below 10T, whereHc2(T) is limited by orbital pair breaking, Hc2(0)is evaluated through the slope of dHc2=dT close toTc according to the well-known Werthamer{Helfand{Hohenberg (WHH) model for the orbital critical mag-netic �eld Horbc2 (0) = �0:69 Tc(dHc2=dT ) jTc [12]. Asigni�cant anisotropy of 
 = Habc2 (0)=Hcc2(0) is re-ported for NdFeAsO0:9F0:1 [6], NaFeAs with Co andP doping [7] and Ba(Fe0:93Co0:07)2As2 (hereafter BFC)in this �eld range [9]. However, direct measure-ments of Hc2(T ) in pulsed magnetic �elds have shownthat the actual anisotropy of Hc2(0) becomes verysmall at low temperatures [2{4, 9, 10]. Recently, wehave shown by use of resistivity measurements that inBa0:68K0:32Fe2As2 (hereafter BKF) single crystals thisanisotropy is washed out in strong �elds due to Paulispin paramagnetism [11].Here, we complement the study of the upper crit-ical �elds parallel and perpendicular to the crystallo-graphic c-axis in a high-quality hole-doped BKF-sin-gle crystals by aid of a radio frequency tunnel-diode-oscillator technique. In addition, we present as well datafor an electron-doped BFC-single crystal. We show that1)e-mail:vgasparo@issp.ac.ru

for BKF the whole Hc2 dependence can be explainedtaking into account Pauli spin paramagnetism. The lat-ter substantially limitsHc2(T ) and, correspondingly, theanisotropy at lower temperatures. In contrast, we �ndthat Pauli paramagnetic pair breaking is not essentialfor BFC.Optimally doped BKF-single crystals were grownfrom FeAs formed by sel
ux in a zirconia crucible sealedin a quartz ampoule under argon atmosphere. Singlecrystals of BFC were grown out of FeAs 
ux using high-temperature solution growth techniques. More detailson the growth methods, crystal structure, and character-ization are given elsewhere [8, 11, 13{15]. The sampleswere plates with dimensions of about 1�1�0:15mm3 for(BKF) and 1� 1� 0:2mm3 for (BFC). Bulk supercon-ductivity was con�rmed by magnetic-susceptibility anddc-conductivity measurements. The resistive supercon-ducting transition temperatures for the studied samplesare Tc = 38:6K and 22K, for BKF and BFC, respec-tively. The BKF-single crystal has the lowest residualspeci�c heat reported so far for FeAs-based supercon-ductors. The ratio of the resistivities at 300K with re-spect to the value just above Tc is 16 [11] and the ratio ofthe residual electronic speci�c heat to the normal-statevalue yields an estimate for the non-superconductingfraction of less than 2.4% [13]. These features show thestrongly reduced residual impurity scattering and hencehigh sample quality and purity.746 �¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011



Upper critical magnetic �eld in a BaKFe2As2 and Ba(FeCo)2As2 747The device for the radio frequency (RF) magneticpenetration depth measurements is a LC-tank circuitpowered by a tunnel diode oscillator (TDO) biased inthe negative resistance region of the current voltage char-acteristic, as reported in reference [16]. Brie
y, a mica-chip capacitor connected by a semi rigid 50 
 coaxialcable to a pair of counter-wound coils is used. The coilsare made out of copper wire (100�m in diameter) woundaround a Kapton tube with a diameter of 1.1mm. Acompensated form of the RF-coil was necessary to mini-mize induced voltages during the �eld pulse. After signalampli�cation, mixing with a reference signal and demod-ulation, the resulting oscillator frequency, which can beapproximated by f = 1=2�pLC, lies in the MHz-range.The fundamental resonant frequency is approximately 1MHz at Tc.The RF-technique was used because it provides acontact less measurement, much more sensitive thanconventional four-point technique for low-resistancesamples such as superconductors at low temperatures[2]. The samples were placed inside the counter{woundcoil pair parallel or perpendicular to the coil axis. Thisletter con�guration has smaller �lling factor than for theparallel con�guration resulting in a smaller but still eas-ily resolvable frequency shift on a large background. Asthe magnetic �eld increases, the transition to the normalstate is detected from the shift in resonance frequency.The resulting frequency variation versus magnetic �eldis, in �rst order, proportional to changes in the magneticpenetration depth. The temperature was stabilized byuse of a Lake Shore temperature controller with an ac-curacy of �0:1K.The experiments were performed at �xed tempera-tures in pulsed magnetic �elds of up to 60T, with pulse{decay duration of 250ms, at the Laboratoire Nationaldes Champs Magn�etiques Intenses of Toulouse (CNRS).The magnetic �eld was applied either along the c axisor in the ab plane. Even though the reported data arecollected during the decaying part of the pulse, we havechecked that they are in agreement with data taken atthe rising part, although with a reduced signal-to-noiseratio in the latter case, which con�rms that the data arenot a�ected by sample heating during the pulse.Figure 1 shows the temperature dependencies of theTDO-frequency changes and the resistances of BKF(a) and BFC (b) at zero magnetic �eld. Magnetic{susceptibility data at small �elds (10Oe) are shown inFig. 1a as well. Very sharp superconducting transitionsare observed in all quantities. From the middle point inthe resistive transition, Tc = 38:5K for BKF is obtained.Above Tc, an almost linear temperature dependence ofthe resistivity, �(T ), with a tendency to saturation at
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Fig. 1. Temperature dependencies of the TDO-frequency,resistance and susceptibility for (a) BKF and (b) BFChigh temperatures is found. Recently we have shownthat the whole �(T ) dependence is well described byan exponential term due to intersheet electron{phononumklapp scattering between light electrons around theM point to heavy hole sheets at the � point in recip-rocal space [11]. The TDO-data (Fig. 1a), yield Tc val-ues somewhat lower than the resistivity and magneticsusceptibility data. This feature is discussed below incomparison with Hc2(T ) data derived from R(H) [11].Figures 2 and 3 display the magnetic �eld dependen-cies of the TDO-frequency in pulsed magnetic �elds upto 60T aligned parallel (Fig. 2a and Fig. 3a) and per-pendicular (Fig. 2b and Fig. 3b) to the c axis for BKFand BFC, respectively. In line with the large Tc valuesreported in Fig. 1, the data show superconducting transi-tion at very high �elds. The superconducting transitionsin applied �elds are not substantially broadened andmuch narrower than reported e.g. for Ba0:55K0:45Fe2As2single crystals [2]. The transition curves just move tohigher �elds with decreasing temperature for both �eldorientations. Compared to resistivity data for BKF [11],the RF-curves are narrower than the resistance transi-tion. This can be understood keeping in mind that RF-measurements are not dependent on a macroscopic netcurrent 
ow across the sample [2]. The method for de-�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011 4�
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Fig. 2. Field dependencies of the TDO-frequency shifts forBKF for magnetic �elds applied (a) along the c directionat temperatures from 16 to 35K and (b) parallel to the abplane at temperatures from 28 to 36Ktermining consistent Hc2 values from the data shown inFig. 2 and Fig. 3, is based on identifying the point atwhich the steepest slope of the RF-signal at the tran-sition intercepts with the linearly extrapolated normal-state background as discussed in Ref. [2] (see the con-struction lines in Fig. 2a and Fig. 3a). As seen from those�gures, the high-�eld normal-state background data athigh T exhibit a close to linear dependence of �f(H) forH k c and a curved one on Fig. 2b and Fig. 3b forH k ab.Due to smaller �lling factor, a large background is ob-served in the normal state for H k ab. Approximatingthe background by a polynomial, the superconductingpart of the signal can be extracted from the data. Asan example, results for BKF are displayed in the insetof Fig. 2b. The same data treatment was done for BFCfor H k ab.The resulting temperature dependencies of Habc2 andHcc2 for the almost optimally hole-doped BKF- andelectron-doped BFC-samples are shown in Fig. 4a andFig. 4b, respectively. The data obtained earlier by useof resistivity measurements [11] are plotted as squares.
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Fig. 3. Field dependences of the TDO-frequency shifts forBFC for magnetic �elds applied (a) along the c directionand (b) parallel to the ab plane at temperatures from 2 to22KAs mentioned above, TDO-data yield Tc values lowerthan those deduced from resistivity measurements (seeFig. 1). For this reason, normalized temperature T=Tc,are plotted in Fig. 4a. Close to Tc, the usual linear tem-perature dependence of Hc2(T ) is observed, with clearlydi�erent slopes for the two �eld orientations. Towardslower temperatures, a clear saturation for both �eld ori-entations for BKF is observed. The anisotropy parame-ter 
, which is about 2.0 near Tc, decreases considerablyat low temperature (see the insets in Fig. 4a and Fig. 4b).Apparently, the small anisotropy of Hc2(T ) is dueto a partial compensation of the orbital pair-breakingmechanism by Pauli paramagnetism, rather than dueto Fermi-surface e�ects. The temperature-dependentanisotropy we observed is most likely due to two in-dependent pair-breaking mechanisms [11, 17]: (i) athigher temperatures, Cooper pairing is suppressed byorbital currents that screen the external �eld; (ii) to-wards lower temperatures, the limiting e�ect is caused�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011
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 = Habc2 =Hcc2 as determined from the �ts to the Hc2(T )databy the Zeeman splitting, i.e., when the Zeeman energybecomes larger than the condensation energy the Paulilimit, Hp, is reached [18, 19]. In a simple approxi-mation assuming that the superconducting gap, �, isgiven by 2� = 3:5 kBTc, Hp is 1:84 Tc [T/K] [18],resulting in Hp = 71T for BKF. This paramagneticlimit is lower than the orbital limit H�c2(T ) which isrelated to the slope of Hc2(T ) close to Tc. With theexperimental slopes for dHcc2=dT = �4:76T/K anddHabc2 =dT = �9:93T/K for BKF forH k c andH k ab, re-

spectively, the WHH-model [12] predicts orbital-limited�elds of H�cc2 (0) = 120T and H�abc2 (0) = 250T atT = 0, respectively. For BFC, dHcc2=dT = �2:42T/Kand dHabc2 =dT = �4:0T/K results in much lower esti-mates: H�cc2 (0) = 35T and H�abc2 (0) = 58T at T = 0.The dashed and dotted lines in Fig. 4a and Fig. 4b dis-play the temperature dependence of the orbital critical�elds within the WHH-approach for both �eld orienta-tions and compounds ignoring the Pauli limit. TheseH�c2(0) values, allow to derive the coherence length �(0).We obtain �ab(0) = p�0=2�H�cc2 (0) = 1:32 nm and�c(0) = �0=2��abH�abc2 (0) = 0:64 nm for BKF, and�ab(0) = 2:45 nm and �c(0) = 1:48 nm for BFC, respec-tively, which is nevertheless larger than the thickness0.32 nm of the conducting FeAs sheet for BKF indicatingthe three-dimensional nature of the superconductivity forboth compounds.When including Pauli paramagnetism, the uppercritical �eld is reduced relative to H�c2(T ) to [17{19]:Hc2(T ) = H�c2(T )=p1 + �2(T ); (1)where �(T ) = p2H�c2=Hp is the Maki parameter. Thesolid lines in Fig. 4a are the best �ts using Eq.(1). Avery good agreement with the experimental data is ob-served for both �eld orientations for BKF, with onlyone free parameter, namely Hp = 134T. This value istwice as large as the above estimation of 71T. Never-theless, this discrepancy is not unexpected since in thelatter value neither many-body correlations nor strong-coupling e�ects are included [17]. Actually, an estimateof Hp by use of ARPES-data for the superconductinggap 2�(0) = 7:7 kBTc [20, 21] and using the Clogstonequation Hp = �(0)=p2�B [18] results in 150T, whichis in good agreement with the Pauli limit of 134T ex-tracted from our data.A somewhat di�erent behavior is observed for un-derdoped Ba0:55K0:45Fe2As2 (Tc = 32K) [2] andBa1�xKxFe2As2 with x = 0:4 (Tc = 28K) [3]. We rean-alyzed the data from Ref. [2] keeping in mind Pauli para-magnetsim described above. In these studies, Hc2(T )goes to saturation both for H k ab and H k c. Althoughthe data for H k ab are in good agreement with ourresults, with Hp = 114 T, Hc2(T ) follows the WHH-temperature dependence down to 0K for H k c. Thismost probably is due to an orbital critical �eld smallerthan the Pauli limit for Ba0:55K0:45Fe2As2 for this �eldorientation. Very small anisotropy of 
 are observed inRefs. [2, 3, 9]. In contrast, the anisotropy values ofoxi
uoride Fe{1111 compounds are substantially largerthan for the 122 materials, and a transition to the nor-mal state at low temperatures is not achieved even inpulsed �elds above 60T [3, 7].�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011



750 V.A.Gasparov, L.Drigo, A.AudouardHowever, as shown in Fig. 4b, the Pauli scenariocannot account for the data of electron-doped BFC forH k c. The simple estimate, Hp = 71:8T, using theClogston equation and ARPES-data for the supercon-ducting gap 2�(0) = 6:5 kBTc (for the hole barrel of theFermi surface) [22, 23] is two times larger thanH�cc2 (0) == 35T, indicating that Pauli paramagnetic pair breakingis not essential for BFC. Even though H�abc2 (0) = 58Tis substantially larger, it is still lower than Hp. Indeed,as can be seen in Fig. 4b, the WHH-model nicely �ts thedata for H k ab. For H k c, however, we observe a pos-itive curvature at low temperatures without saturation.Apparently, the upward curvature of Hcc2(T ) originatesfrom two-band features recently evidenced by resistivedata for BFC [9]. According to Gurevich [24], the zero-temperature value of theHc2(0) is signi�cantly enhancedin the two gap dirty limit superconductor model:Hc2(0) = �0kBTc1:12~pD1D2 exp(g=2) (2)as compared to the one-gap dirty-limit approximationHc2(0) = �0kBTc=1:12~D. Here, g is a rather compli-cated function of the matrix of the BCS-superconductingcoupling constants �mm0 = �epmm0 � �mm0 , where �epmm0are electron-phonon coupling constants and �mm0 is thematrix of the Coulomb pseudopotential. In a simple ap-proximation using the same inter-band, �12 = �21 = 0:5,and intra-band, �22 = �11 = 0:5, coupling constants [9],the equation for Hc2(T ) takes the simple Usadel form:a1[ln t+ U(h)] + a2[ln t+ U(�h)] = 0: (3)Here, a1 = 1 + ��=�0 = 1; a2 = 1 � ��=�0 = 1;�0 = (�2� + 4�12�21)1=2 = 1; �� = �11 � �22 = 0;h = Hc2D1~=2�0kBT ; � = D2=D1; U(x) = 	(1=2+x)�� 	(1=2), where 	(x) is the digamma function, t == T=Tc, �0 is the magnetic 
ux quantum, and D1;2are the electronic di�usivities for di�erent Fermi-surfacesheets [24]. We assume that the derivative dHc2=dT == 2:37T/K close to Tc is determined by D1 for the bandwith the highest coupling constant, i.e., D1 � D2 [25],and thus estimate D1 from:D1 � 8�0kB�2dHc2=dT = 0:926 cm2=sec: (4)Given this D1, the temperature dependence ofHc2(T ) is accounted for by Eq.(3) with � = 0:12 (solidcurve in Fig. 4b). Therefore, the limiting value of Hc2(0)is likely dominated by a band with low di�usivity D2 == 0:111 cm2/sec, while the slope dHc2=dT close to Tcis due to a band with larger di�usivity, D1. This two-gap model quantitatively reproduces the unconventional

non-WHH temperature dependence of Hc2(T ) for H k c,while the one-gap WHH-model works nicely for H k ab.The overall dependence is in agreement with earlier datafor BFC at H k c [9]. However, in contrast to Ref. [9],we did not �nd any signi�cant in
uence of Pauli para-magnetism for H k ab, probably becauseHp is too large.We can now turn to one important point of this pa-per which is the comparison of BFC- and BKF-elec-tronic structure in order to better understand the fea-tures observed. Angular-resolved photoemission spec-troscopy (ARPES) data [20, 21] of Ba1�xKxFe2As2 re-veal four Fermi surface (FS) sheets, two concentric cor-rugated cylindrical hole barrels around the � point (withFermi wave vectors kF� � 0:2�=a for the � sheet andkF� � 0:45�=a for the � sheet) and two electron tubes
 and � around the M points (with almost identicalkF � 0:2�=a). The averaged SC-gaps on each FS-sheetis nearly isotropic whereas the gap value are stronglydi�erent: 12.3, 5.8, 12.2 and 11.4meV for the �, �, 
and � FS-sheets, respectively [21]. The estimates for thee�ective masses of these bands obtained from ARPES-data are m�� = 4:8, m�� = 9:0, m�
 = m�� =1.3 in unitsof the free-electron mass m0 leading to rather isotropicFermi velocities of 0:5, 0:22, 0:32, 0.48 eV��A for thesebands, respectively [21].According to studies for electron doped BFC [22, 23],the FSs consist of only one hole-like FS-sheet, �, cen-tered at the � point and two electron-like FS-sheets, aninner (
) and outer (�) pockets near the M point. Thelatter is as for the hole-doped BKF. The FS-volume ofthe � pocket and the ellipsoidal electron pockets wasestimated to be 1.6% and 3.2% of the unfolded �rstBrillouin zone, respectively. The smaller but isotropicsuperconducting gap �(0) values of the 
 and � FS-sheets (5meV) are close to that of the hole-like � sheet(6.5meV). The e�ective masses of these bands are notknown for BFC but we may assume that they are similaras those for Ba1�xKxFe2As2.Thus, in both materials similar superconducting gapsare found. Apparently, the di�erence observed inHc2(T )might be due to the larger electron sheets in BFC com-pared to BKF and the di�erent T 0cs. Although the two-gap features observed for BFC can be modeled by twoindependent BCS-superconducting bands with di�erentplasma frequencies, gaps, and T 0cs [26], it is not clearwhy this model works for H k c only. For H k ab, thismaterial behaves as a single-band BCS-superconductor.In conclusion, the measurements of Hc2(T ) for anelectron- and a hole-doped 122 iron-pnictide supercon-ductors let us conclude that: (i) for hole-doped BKF, wecan account for the temperature dependence of Hc2 withonly one �tting parameter, namely, the Pauli-limiting�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011
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