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MUON SPIN ROTATION IN HEAVY-ELECTRONPAULI-LIMIT SUPERCONDUCTORSV. P. Mihal *Commissariat à l'Energie Atomique, INAC/SPSMS38054, Grenoble, FraneReeived April 13, 2012The formalism for analyzing the magneti �eld distribution in the vortex lattie of Pauli-limit heavy-eletronsuperondutors is applied to the evaluation of the vortex lattie stati linewidth relevant to the Muon SpinRotation (�SR) experiment. Based on the Ginzburg�Landau expansion for the superondutor free energy, westudy the evolution with respet to the external �eld of the stati linewidth both in the limit of independentvorties (low magneti �eld) with a variational expression for the order parameter and in the near HP2(T )regime with an extension of the Abrikosov analysis to Pauli-limit superondutors. We onlude that in theGinzburg�Landau regime in the Pauli-limit, anomalous variations of the stati linewidth with the applied �eldare predited as a result of the superondutor spin response around a vortex ore that dominates the usualharge-response sreening superurrents. We propose the e�et as a benhmark for studying new puzzlingvortex lattie properties reently observed in CeCoIn5.1. INTRODUCTIONAs an example of a superondutor in the Paulilimit, the heavy-eletron system CeCoIn5 has speialproperties regarding its response to the external mag-neti �eld. Notably, the Muon Spin Rotation (�SR)experiment [1℄ has revealed anomalous variations ofthe vortex lattie stati linewidth �V Ls with respet tothe magneti �eld oriented along the tetragonal rys-tal -axis. In Ref. [1℄, the stati linewidth measuredat temperature T = 20 mK showed an inrease withthe applied �eld from zero �eld to about 95% of theupper ritial �eld and eventually dereased just be-fore the �rst-order superondutor-to-metal transition.The derease in �V Ls with respet to the external �eldusually observed and analyzed [2℄ is the hallmark of adiminution in the vortex lattie loal �eld ontrast dueto the derease in the intervortex spaing with inreas-ing �eld.Here, we show that in the Ginzburg�Landau regime,an inreasing behavior of the stati linewidth is pre-dited. This results from the Zeeman interation ofthe eletron spin with the superondutor internal �eld,whih dominates the usual harge-response superur-rents. As a result, the �eld distribution is modi�ed on*E-mail: vinent.mihal�ea.fr

a distane of the order of � (� is the oherene length ob-tained in the Ginzburg�Landau formulation) from theenter of eah vortex [3℄. The existene of the e�etwas pointed out in Ref. [4℄ in the ontext of magnetismof the FFLO (Fulde�Ferrel�Larkin�Ovhinnikov) state.Parallel to this, a numerial approah to Eilenbergerequations was undertaken in Ref. [5℄ and e�ets ofstrong Pauli paramagnetism were highlighted in thevortex lattie state of Pauli-limit superondutors.We �rst disuss the properties of Pauli-limit hea-vy-eletron superondutors qualitatively [3; 4℄. Thislass is haraterized by a larger-than-one Maki param-eter de�ned as �M0 = Horb20=HP20 > 1(an alternative de�nition inludes the fator p2, whihis not assumed here for larity). We setHorb20 = �0�20 ; HP20 = T� ;the zero-temperature sales for orbital and Pauli-limit�elds respetively (we use units where ~ =  = 1throughout). Here, �0 = �=e � 2:07 � 107 G � m2 is thevortex �uxoid quantum, e is the absolute value of theeletron harge, �0 = vF =T is the T = 0 Cooper pairradius or oherene length, vF = kF =m� is the Fermi964



ÆÝÒÔ, òîì 142, âûï. 5 (11), 2012 Muon spin rotation in heavy-eletron Pauli-limit : : :veloity, kF is the Fermi momentum, m� is the renor-malized eletron mass, T is the superondutor ritialtemperature, � = g�B=2 is the eletron magneti mo-ment absolute value, g is the Landé fator, �B = e=2mis the Bohr magneton, and m is the eletron bare mass.There are three harateristi lengths in the prob-lem: the zero-temperature oherene length �0 de�nedabove, the intervortex distane L(HP20) =p��0=T ina square vortex lattie in the Pauli limit at temper-ature T = 0 and the �eld HP20 (more generally, welet L(B) = p�0=B denote the intervortex spaing ofa square vortex lattie with the internal �eld B), andthe London penetration depth �L =pm�=4�ne2 withthe eletron density n in the superondutor (at T = 0and for a ylindrial Fermi surfae, this is the eletrondensity n = k2F =2�l in the 2D metal with the spaingl between the planes of the tetragonal rystal). Hene,�M0 = �L(HP20)�0 �2 = ��0Tv2F � m�TmEF ; (1)and we de�ne the Ginzburg�Landau ratio� = �L�0 �r m�mrekF TEF ; (2)where re = e2=m is the lassial radius of the eletronand rekF � 10�5.The orders of magnitudes are as follows. In a las-sial, nonheavy eletron superondutor, m� � m andEF � 103T give � � 1 and �M0 � 10�3. In CeCoIn5,however, T � 2:3 K, �0 � 50Å, and �L � 5000Å yieldm� � 100m, EF � 50T, � � 100, and �M0 � 1�5,whih, as we see in what follows, is the origin of speialmagneti properties of the vortex lattie. The largeGinzburg�Landau parameter implies [6℄ that at T = 0,the ratio between the �eld at whih the �rst vortex nu-leates in the bulk of the sample and the orbital upperritial �eld H10=Horb20 � ��2 ln�� 1, whene B � Hfor a broad magneti �eld range. In a Pauli-limit su-perondutor,H10HP20 � rekF EFT ln� � 10�3;and the same property applies.We now study the eletrodynamis of the vortex lat-tie that results from the large values for parametersin (1) and (2). The vortex lattie stati linewidth isde�ned as �V Ls = �p2qÆh(r)2; (3)where � = 2� �135:5342MHz/T is the muon gyromag-neti ratio, h(r) is the omponent of the internal loal

�eld parallel to the applied �eld H , Æh(r) = h(r) � B,the marosopi internal �eld (or indution) is B == h(r), and the overline means averaging over thevortex-lattie unit ell. Equation (3) an be expressedas a sum involving all-order Fourier omponents Fmnof the �eld distribution in the vortex lattie,�V Ls = �p2s X(m;n)6=(0;0)(Fmn)2: (4)The omponents Fmn are alled vortex-lattie form fa-tors [3, 7℄ in the ontext of the Small Angle NeutronSattering (SANS) experiment [7℄1).2. MUON STATIC LINEWIDTH IN THELOW-FIELD HIGH-TEMPERATUREREGIMEHere, we use results of the Ginzburg�Landau formu-lation [3; 4℄ to evaluate the stati linewidth in Eq. (4).The near-T Ginzburg�Landau regime in the Pauli limitis aessible sine the rossover temperature T � fromorbitally limited to the Pauli-limit superondutivityis in the range (T � T �)=T � 1=�2M0 (we see belowthat this follows from the relation Horb2 (T )=HP2(T ) �� �M0p1� T=T). In the independent-vortex approx-imation (low magneti �eld) and high-� limit, the formfators an be deomposed as a sum of two distintontributions [3℄:Fmn = F orbmn + FZmn: (5)The �rst term is the usual harge response, whih givesrise to orbital superurrents. It is given by [3℄F orbmn = B�vqmn�2K1(qmn�v); (6)where �v = p2 � is a variational parameter thatminimizes the superondutor free energy, qmn == [2�=L(B)℄(m2 + n2)1=2 for a square vortex lattie,and Kn(z) is the nth-order modi�ed Bessel funtion ofthe seond kind (or the MaDonald funtion) [8℄. Thenear-T oherene length and the penetration depth de-pend on the symmetry of the superonduting gap [3℄.The expressions for d-wave pairing are1�2 = 32�2T 27�(3)v2F "T � TT � 7�(3)� �B2�T�2# ; (7)1) The measurement of the �rst-order form fator F10 at T == 50 mK [7℄ has revealed a similar behavior to the one obtainedin �SR experiment [1℄: F10 inreases with �eld up to 4.7 T andeventually dereases while approahing the (�rst-order) super-ondutor to metal transition.965



V. P. Mihal ÆÝÒÔ, òîì 142, âûï. 5 (11), 2012and1�2 = 163 �e2v2FN0 "T � TT � 7�(3)� �B2�T�2# ; (8)where N0 is the density of states with dimension[energy℄�1� [length℄�3 and �(z) is the Riemann zetafuntion, �(3) � 1:2021. The �eld at whih these twolengths diverge is de�ned as the near-T Pauli-limit up-per ritial �eldHP2 = 2�T� s T � T7�(3)T : (9)The near-T Zeeman spin ontribution in Eq. (5) forthe superonduting gap with a d-wave symmetry isgiven by [3℄FZmn = 28�(3)v2FN03�0 ��BT �2K0(qmn�v): (10)We sale the internal �eld, the form fators, and the o-herene length suh that Eq. (5) in dimensionless unitsbeomes fmn = qm2 + n2K1(q) + 4�b2K0(q); (11)where b = B=HP2 andq = qmn�v =s�p7�(3)2 b�M (m2 + n2) (12)with �M = �M0r1� TT ; (13)�M0 is given in Eq. (1), and fmn = Fmn(2��)2=�0.Near T, dimensionless form fators (11) take a sim-ple, universal form where only the parameter �M re-mains that ontrols the relative ontributions of thespin response with respet to the harge response. Thestati linewidth variations in the independent vortexlimit with a dimensionless internal �eld b and di�erentvalues of �M are shown in Fig. 1. We note the low-�eldregime where all urves meet, whih follows from thelimits X(m;n)6=(0;0)(fmn)2 as b!0����! ��vuut X(m;n)6=(0;0) 1(m2 + n2)2 � 2:455: (14)
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Fig. 1. Variations of the dimensionless �SR statilinewidth �V Ls p2 (2��)2=��0 with �eld where �V Ls istaken from Eq. (4) and the form fators from Eq. (11).Di�erent values for the temperature Maki parame-ter (13) were used as indiated near the urves
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Fig. 2. Variations of the stati linewidth �V Ls p2 �� [2��(0)℄2=��0 with �eld at di�erent temperatures.We onsidered the parameter �M0 = 3We now turn to the e�et of temperature on theform fators in Eq. (5). We �x the value �M0 = 3and plot �V Ls p2[2��(0)℄2=��0 for di�erent T=T,where �(0) is the Ginzburg�Landau penetration depth,Eq. (8), taken at T = 0. The results are shown inFig. 2. We note that we have extended the tempera-ture domain to very low T=T, whih is not as justi�edas it is in the near-T region, but is expeted to givequalitatively meaningful variations.The MaDonald funtions have the limits K0(q)!! � ln(q=2) � C and K1(q) ! 1=q as q ! 0, whereC � 0:5772 is the Euler onstant. Having SANS ex-966



ÆÝÒÔ, òîì 142, âûï. 5 (11), 2012 Muon spin rotation in heavy-eletron Pauli-limit : : :periment in mind in the large-�M limit, it is useful toonsider Eq. (11) with (m;n) = (1; 0):f10 = 1� 2�b2 ln �p7�(3)8�M be2C! : (15)3. MUON STATIC LINEWIDTH CLOSE TOTHE SECOND-ORDER TRANSITIONCRITICAL FIELDThe form fators in Eqs. (6) and (10) are found inthe independent vortex approximation. The derivationdoes not work at high �eld near the transition to thenonsuperonduting metal. In the high-�eld limit loseto the transition line, the main soure of magneti �eldinhomogeneity in the vortex lattie omes from the Zee-man spin response [3; 4℄Æh(r) = �4�"�j�(x; y)j2 � j�(x; y)j2� ; (16)where " = N0�2�T Im	(1)�12 � i �B2�T � ; (17)the overline again denotes averaging over a vortex lat-tie unit ell, and	(n)(z) is the polygamma funtion [8℄of order n. In a square vortex lattie, the Fourier de-omposition of the square of the gap magnitude is givenby [3℄j�(x; y)j2 = j�(x; y)j2 1Xm;n=�1(�1)m+n+mn �� exp h��2 (m2 + n2)i exp�2�imxL(B) ��� exp�2�inyL(B) � : (18)Therefore, the form fators orresponding to Braggpeaks with indies (m;n) 6= (0; 0) take the formFmn = �4�"j�(x; y)j2(�1)m+n+mn �� exp h��2 (m2 + n2)i ; (19)and the vortex lattie stati linewidth is simply givenby �V Ls = 4�sp2 �"j�(x; y)j2; (20)wheres =vuut 1Xn=�1 exp (��n2)!2 � 1 � 0:4247: (21)

Equation (20) shows expliitly that the vortex-lattie ontribution to the stati linewidth vanisheswhen the transition is of the seond order but showsa disontinuity where the transition is of the �rst or-der. In the former ase, the gap average is [3; 4℄j�(x; y)j2 = j�j2�A� ; (22)where� = N0 �ln� TT�+Re	�12 � i �B2�T � �� 	�12�� ; (23)and � = � 3N064�2T 2 Re	(2)�12 � i �B2�T � (24)are the respetive quadrati and quarti oe�ients ofthe Ginzburg�Landau free energy [3; 4℄, 	(z) is thedigamma funtion [8℄,�A = j�(x; y)j4�j�(x; y)j2�2is the Abrikosov parameter equal to ��A = 1:18 for asquare-vortex lattie and �4A = 1:16 for a triangularlattie. It then follows that�V Ls = 2�s�p2�A j�j"� ; (25)whih is shown in Fig. 3.4. CONCLUSIONBased on the Ginzburg�Landau expansion for thesuperondutor free energy in the Pauli limit, we havestudied the evolution with respet to the external �eldof the muon spin rotation vortex lattie stati linewidthboth in the limit of independent vorties (low magneti�eld) near T, and in the near-HP2(T ) regime. In the�rst ase, we have found a simple form of the totalform fator, whih is a funtion of the internal �eldsaled with the temperature-dependent upper ritial�eld in the Pauli limit and inludes a single parame-ter �M = �M0p1� T=T with �M0 = ��0T=v2F . Inthe regime near HP2(T ), we have used an extension ofthe Abrikosov analysis to Pauli-limit superondutivity967
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B=HP2(T )Fig. 3. The �SR stati linewidth lose to the seond-or-der transition line HP2(T ) as obtained from Abrikosov'sanalysis in the Pauli limit, Eq. (20), for a temperaturerange as indiated near the urves. We have saledthe internal �eld with respet to HP2(T ) de�ned hereas the urve solution of �(T; B) = 0 [3; 4℄. We notethe rapid inrease in the absolute value of the slope of�V Ls (B) while approahing the �rst-order transition atT=T � 0:5615 and �HP2=T � 1:0728and observed a transformation from the seond-orderto the �rst-order transition to the metal (this oursat T=T � 0:5615 and �HP2=T � 1:0728) with a sharpinrease in the absolute value of the slope of �V Ls (B) inapproahing HP2(T ). Suh an analysis allows a simplemodeling of the e�et of heavy eletron superondutorstrong paramagnetism on the vortex lattie eletrody-namis. It is proposed as a benhmark for studyingnew puzzling vortex lattie properties in CeCoIn5 [9℄.
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