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 2011 August 25Normal state resistivity of Ba1�xKxFe2As2: evidence for multibandstrong-coupling behaviorA.A.Golubov�, O.V.Dolgov4, A.V. Boris4, A. Charnukha4, D. L. Sun4, C. T. Lin4, A. F. Shevchun�,A.V.Korobenko�r, M.R.Trunin�r, V.N. Zverev�r�Faculty of Science and Technology and MESA+ Institute for Nanotechnology, University of Twente, Enschede, The Netherlands4Max-Planck-Institut fur Festkorperforschung, D-70569 Stuttgart, Germany�Institute of Solid State Physics, Chernogolovka, RussiarMoscow Institute of Physics and Technology, Dolgoprudny, RussiaSubmitted 25 April 2011Resubmitted 7 July 2011We present theoretical analysis of the normal state resistivity in multiband superconductors in the frame-work of Eliashberg theory. The results are compared with measurements of the temperature dependence ofnormal state resistivity of high-purity Ba0:68K0:32Fe2As2 single crystals with the highest reported transitiontemperature Tc = 38.5 K. The experimental data demonstrate strong deviations from the Bloch{Gr�uneisenbehavior, namely the tendency to saturation of the resistivity at high temperatures. The observed behavior ofthe resistivity is explained within the two band scenario when the �rst band is strongly coupled and relativelyclean, while the second band is weakly coupled and is characterized by much stronger impurity scattering.Introduction. It is widely known that many dis-ordered alloys exhibit resistivity saturation [1, 2]. Inorder to describe these data, phenomenological modelwas suggested which assumed the existence of an ef-fective shunt with large temperature-independent resis-tance. This model assumes the existence of two parallelconductivity channels, i.e. two groups of carriers havingdi�erent scattering parameters:��1 = ��10 + ��1sh ; (1)where �0 is the resistivity of the �rst group of carrierswhich is characterized by weak scattering on static de-fects and by large slope of temperature dependence of re-sistivity (strong temperature-dependent scattering) and�sh is the resistivity of the second group (shunt) char-acterized by strong temperature-independent scatteringof carriers. This simple approach provides good �t toexperimental data [1{3] but it was never justi�ed onphysical grounds (see the discussion in review [4]). Re-sistivity saturation was also observed in previous studiesof V3Si compounds [5, 6] and an empirical explanationwas suggested in [5] to explain this e�ect, however nophysical basis for such approach was provided.The newly discovered iron pnictide superconductors[7] present an unusual case of multiband superconduc-tivity. Currently, there is accumulating evidence in favorof multiband e�ects and pairing mechanism due to ex-change of magnetic 
uctuations connecting di�erent setsof Fermi surfaces [8{11]. Apart of superconducting be-

havior, normal state properties of pnictides also attract alot of interest. Recent measurements of normal state re-sistivity and Hall e�ect revealed a number of anomalousfeatures. While the resistivity of Co-doped BaFe2As2compounds follows standard Bloch{Gr�uneisen low aboveTc [12, 13], in K- and Ru-doped BaFe2As2, as well as inLiFeAs and SrPt2As2 compounds the resistivity exhibita tendency to saturation [14{18]. In addition, Hall coef-�cient in these materials is temperature-dependent.In the present work we will argue that the e�ectiveshunt model can be derived for hole-doped pnictides andit explains the resistivity saturation observed in thesecompounds. The model is based on our knowledge ofelectronic structure of pnictides. In Ref. [19], a micro-scopic calculation of the speci�c heat in the frameworkof a four band Eliashberg spin-
uctuation model wasperformed. These four bands correspond to two elec-tron pockets and two hole pockets. It was further shownin [19] that two e�ective bands can be constructed bycombining two electronic pockets and inner hole pocket(around �-point) into one band, while the remainingouter hole pocket forms the second band. Importantresult is that the second band is characterized by muchweaker interaction of carriers with intermediate bosons(presumably spin 
uctuations) than the �rst one, sincenesting conditions are not ful�lled for the outer holepocket. Further, the authors of Ref. [13] reached im-portant conclusion that relaxation rates of the holesin Ba(Fe1�xCox)2As2 are much higher than relaxation�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 3 { 4 2011 357



358 A.A.Golubov, O.V.Dolgov, A. V.Boris et al.rates of the electrons, as follows from their analysis ofHall e�ect in this compound. As a result, the outer holepocket is characterized by weak interaction between car-riers and strong temperature-independent scattering andthus provides the physical realization of e�ective shunt-ing resistor in the model [1{4].In this work we perform theoretical analysis ofa normal state resistivity and compare it with thedata for dc and microwave resistivity measurements inBa0:68K0:32Fe2As2 single crystals with highest availablecritical temperature Tc = 38.5 K. The proposed multi-band scenario is also consistent with our Hall-e�ect mea-surements on the same Ba0:68K0:32Fe2As2 single crys-tals. Our model also provides explanation of the di�er-ence between resistivities in K- and Co-doped BaFe2As2in terms of stronger impurity scattering within electronicpockets in Co-doped compounds.Single band case. The DC-resistivity in the singleband model is determined by the expression [20, 21]�DC(T ) = " �0!2plW #�1 ; (2)where !pl is a bare (band) plasma frequency, and thekernel W (T ) is determined by the impurity scatteringrate 
imp and the Bloch{Gr�uneisen integral of the trans-port Eliashberg function � 2tr (
)F (
)W = 
imp + ��T Z 10 d
 
sinh2(
=2�T )� 2tr (
)F (
);(3)where � = kB=~. To simplify notations, below we willskip the subscript \tr" in the transport Eliashberg func-tion and coupling constants.Two band case. In the two-band case the aboveexpression for the resistivity can be straightforwardlyextended by adding the conductivities of both bands�DC(T ) = "�0!2pl 1W1 + �0!2pl 2W2 #�1 ; (4)Wi = 
impi + ��T Z 10 d
 
sinh2(
=2�T )� 2i (
)Fi(
);(5)where i = 1; 2. In the above expression the scatter-ing parameters are de�ned as 
imp1 = 
imp11 + 
imp12 and
imp2 = 
imp21 +
imp22 , where 
imp11 ; 
imp22 and 
imp12 ; 
imp21 are,respectively, intraband and interband scattering rates.At high temperatures, T & ~
=5, where ~
 is the char-acteristic energy of the Eliashberg function, the expres-sion (3) has a formW = 
imp + 2���T;

where the transport coupling constant � is de�ned bythe standard relation� = 2 Z 10 d
�2(
)F (
)
 : (6)In this regime�DC(T ) = " �0!2pl 1
imp1 + 2��1�T + �0!2pl 2
imp2 + 2��2�T #�1 ;(7)where the e�ective coupling constants are de�ned as�1 = �11 + �12 and �2 = �21 + �22 and�ij = 2 Z 10 d
� 2ij (
)Fij (
)
 : (8)In the two band model the saturation of the resis-tivity has the following explanation. First, there ex-ists large disparity between the coupling constants inBa1�xKxFe2As2: �1 � �2. This fact follows from thequantitative analysis of thermodynamic data presentedin Ref. [19]. Second, Hall e�ect data presented inRef. [13] suggest that 
imp2 � 
imp1 . Though calcula-tion of these scattering rates is beyond the frameworkof the present paper, we consider this relation betweenthe scattering parameters as a reasonable assumption inthe two-band model for Ba1�xKxFe2As2. As a result,combining the conditions �1 � �2 and 
imp2 � 
imp1 wearrive the expression�DC(T ) = " �0!2pl 1
imp1 + 2��1�T + �0!2pl 2
imp2 #�1 ; (9)which is valid in a broad temperature range T << 
imp2 =2��2�. As follows from the above expression,the resistivity saturates at T > 
imp2 =2��1� up to thevalue �DC(T ) = 
imp2�0!2pl 2 :This saturation manifests itself as the crossover from thestandard Bloch{Gr�uneisen temperature dependence ofthe resistivity to the behavior characterized by the down-ward curvature of the �(T ) curve, with the crossovertemperature T � ' 
imp2 =2��1�.Thus, we have shown that at high temperatures theconductivity of the second band shunts the conductiv-ity of the �rst one, leading to the saturation of the to-tal resistance (see Eq. (1)). Below we apply this modelto describe the experimental data for the resistivity ofBa1�xKxFe2As2 compound.�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 3 { 4 2011



Normal state resistivity of Ba1�xKxFe2As2: evidence for multiband strong-coupling behavior 359Comparison with experiment and discussion.The transport properties of hole-doped Ba1�xKxFe2As2single crystals in normal and superconducting state werestudied by two di�erent techniques: by measuring themicrowave surface impedance and by measuring dc-re-sistivity. The measurements were carried out on singlecrystals of Ba1�xKxFe2As2 (BKFA) with x = 0:32 andsuperconducting Tc = 38:5 K. Speci�c heat measure-ments on the same samples con�rm there high qualityand the absence of secondary electronic phases [19].The temperature dependence of the surface im-pedance of the Ba1�xKxFe2As2 single crystals weremeasured by the \hot �nger" technique at frequency9.42GHz. The experimental setup involved a cylindricalcavity niobium resonator operating at the mode H011.The walls of the resonator are cooled down with liquidhelium and are in the superconducting state. The crystalwas placed at the end of the sapphire rod in a uniformhigh-frequency magnetic �eld, so that microwave cur-rents 
ow along the superconducting layers of the crys-tal. The temperature of the rod and the sample can bevaried in the range from 5 to 300K.In the temperature range 40 < T < 80K one can seenormal skin e�ect: the real (surface resistance R(T ))and imaginary (reactanceX(T )) parts of the surface im-pedance are equal, R(T ) = X(T ) (see Fig. 1). At T >
0
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Fig. 1. Surface resistance (R) and reactance (X) in theconducting layers of a Ba1�xKxFe2As2 single crystal atfrequency 9.42GHz. Sample size is 1:65� 0:8� 0:06mm380K the reactanceX(T ) becomes less than R(T ), whichis most likely due to thermal expansion of the crystal[22]. Fig. 2 shows temperature dependence of the resis-tivity found from the expression �(T ) = 2R2(T )=!�0valid for a homogeneous conductor.The dc-resistivity measurements were carried out inthe temperature range 4:2 < T < 280K. The sampleswere thin plates with 1:8 � 0:8 � 0:02 mm3 character-istic size. The largest surface of the plate was oriented
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Fig. 2. Theoretical �ts to resistivity of Ba1�xKxFe2As2 sin-gle crystals determined from dc and microwave measure-ments. The �tting parameters are given in the textalong the conducting layers. The sample resistance wasmeasured using a four-probe technique by a lock-in de-tector at 20Hz alternating current. The contacts wereprepared on the sample surface with conducting silverpaste. The in-plane resistivity component �(T ) is char-acterized by anomalous T -dependence: �(T ) curve isconvex with the tendency to saturate at high tempera-ture, i.e. similar to the R(T ) dependence measured atmicrowave frequency.The results of comparison between theory and ex-periment are shown in Fig. 2. Important parameters inthe present model are impurity scattering rates in eachband. As is seen from the �gure, the results of mea-surements are consistent with the scenario when the �rst(strongly coupled) band has much smaller scattering ratethan the second one. Indeed, in accordance with theo-retical picture described above, resistivity saturation oc-curs when two conditions, �1 � �2 and 
imp2 � 
imp1 ,are ful�lled.In the framework of spin-
uctuation paring mecha-nism [8{10], nesting between electron and hole pock-ets is important for superconductivity. Such nestingconditions are realized for inner hole pocket and elec-tronic pockets, but are not ful�lled for the outer holepocket. Therefore, as was pointed out above, the sec-ond band is characterized by much weaker pairing in-teraction than the �rst one. Our �tting parametersare in qualitative agreement with this scenario, namely�1 = 1:8, �2 ' 0. The scattering rates obtained fromthe �tting are: 
imp1 = 3meV, 
imp2 = 67meV (for thedc resistivity �t) and 
imp1 = 6meV, 
imp2 = 78meV(for the microwave resistivity �t). The di�erences be-tween the dc and microwave resistivity �ts can be at-tributed to the fact that microwave impedance measure-�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 3 { 4 2011



360 A.A.Golubov, O.V.Dolgov, A. V.Boris et al.ment is surface sensitive technique. Plasma frequencieswere chosen as !pl1 = 1:33 eV and !pl2 = 0:87 eV andare consistent with optical measurements [23] were to-tal plasma frequency of 1.6 eV was determined. Thetransport Eliashberg function was chosen in the form�2i (
)F (
) = �iB(
), where the function B(
) isshown in the inset in Fig. 2. With the above parameters,the crossover temperature T � ' 
imp2 =2��1� � 100K.The estimated value of the Fermi energy EF is equalto 0.6 eV at T = 300K. Therefore, up to the high-est temperatures the Io�e{Regel limit in energy unitsEF � (
impi + 2��i�T ) is not reached for both bandsand localization e�ects (neglected in our model) are notimportant. Note also that despite a number of freeparameters, the present model provides rather unique�t, since the crossover only occurs in narrow parameterrange, corresponding to strong, about an order of mag-nitude, disparity of the scattering rates and the couplingstrengths in both bands.The multiband scenario, applied above to explain theresistivity anomaly at high temperatures, is also consis-tent with our results of Hall e�ect measurements on thesame set of samples shown in Fig. 3. One can see that
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Fig. 3. The temperature dependence of the Hall constantin a Ba1�xKxFe2As2 single crystal. Solid line is a guideto an eyeHall constant RH decreases with increasing tempera-ture. The temperature dependent RH value was also ob-served recently [12, 13] in Co-doped and K-doped com-pounds. Though detailed quantitative description of thebehavior of the Hall constant is beyond the frameworkof the present work, qualitative discussion was givenin Ref. [13]. As is argued in [13], the temperature de-pendence of RH is naturally explained by the mobilitychanges, because in multi-band conductors RH value isthe function of both concentration and mobility.The di�erence in resistivity behavior between K- andCo-doped samples has natural explanation in the frame-

work of our model. The transition temperature in Co-doped pnictides is reduced, which can be attributed toweaker coupling constant �1 in the �rst band. Withinour scenario, that means that the crossover temperatureT � ' 
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