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Gd3+ ELECTRON SPIN RESONANCE SPECTROSCOPYON LaO1�xFxFeAs SUPERCONDUCTORSA. Alfonsov a;b*, F. Murányi , N. Leps a, R. Klingeler d, A. Kondrat a, C. Hess a,S. Wurmehl a, A. Köhler a, G. Behr a, V. Kataev a;b, B. Bühner aaLeibniz Institute for Solid State and Materials ResearhIFW Dresden, D-01069, Dresden, GermanybZavoisky Physial-Tehnial Institute, Kazan Sienti� Center, Russian Aademy of Sienes420029, Kazan, RussiaUniversity of Zürih, CH-8057 Zürih, SwitzerlanddKirhho� Institute for Physis, Heidelberg UniversityD-69120, Heidelberg, GermanyReeived July 22, 2011We report an eletron spin resonane (ESR) spetrosopy study on polyrystalline samples of the LaO1�xFxFeAs(x = 0 and 0:1) ompound with small levels of Gd doping (2% and 5%). The Gd ESR signal is found tobe sensitive to the magneti phase transition from the paramagneti to the spin density wave (SDW) stateourring in the parent Gd1�yLayOFeAs ompounds at TSDW � 130 K. Interestingly, the analysis of thelow-temperature ESR spetra of the -axis oriented Gd1�yLayOFeAs samples gives evidene for the magneti-ally nonequivalent Gd sites and also for sites having a di�erent loal harge environment. The analysis of thetemperature dependene of the ESR linewidths gives evidene for a oupling of the loalized 4f eletrons ofGd to the ondution eletrons in the FeAs layers. The ESR data reveal that the �uorine substitution, whihprovides eletron doping, suppresses the SDW order and enhanes the density of states in the eletroni bandsstemming from the xz and yz orbital states of Fe to whih the 4f eletrons are most strongly oupled.1. INTRODUCTIONSuperondutivity disovered in Fe pnitides [1℄ in2008 has attrated a huge interest to these materials.There are several families of Fe pnitides that all havea ommon strutural element: namely the FeAs layersthat are responsible for superondutivity. These lay-ers are sandwihed along the rystallographi -axis bysingle-atom layers of Ba, Eu, Ca, et. (the 122 family,e. g., BaFe2As2), layers of Li, suh as in LiFeAs (the111 family), or by double atom RO layers in ROFeAs(the 1111 family). Here, R is a rare earth element. Inthis paper, we fous on a representative of the 1111-ty-pe family, LaO1�xFxFeAs. Eletron doping in 1111ompounds is ahieved by partial substitution of �uo-rine for oxygen. The parent, undoped ompounds aresemimetalli and exhibit a magneti phase transition at*E-mail: a.alfonsov�ifw-dresden.de

a temperature TSDW in the range 120 K�140 K depen-ding on the R element [2�7℄. Mössbauer spetrosopy,�SR and neutron di�ration experiments show thatthe ground state is an antiferromagneti ommensu-rate spin density wave (SDW) with an ordered Fe mag-neti moment � 0:5�B [3; 7�9℄. The magneti phasetransition is always preeded by a strutural transitionfrom the tetragonal to the orthorhombi phase our-ring at a temperature TST that is by 10 K�20 K higherthan TSDW [4�7; 10℄. The �uorine doping results ina suppression of the SDW order and gives rise to su-perondutivity with a maximum T exeeding 55 K inSmO1�xFxFeAs [2; 10; 11℄.Understanding the nontrivial nature of magnetismin Fe pnitides, whih evolves from a long-range statito a slowly �utuating short-range order type uponharge arrier doping (see, e. g., [11; 12℄ and the refe-renes therein), alls for the use of loal probe teh-niques. In this paper, we explore the possibilities of757



A. Alfonsov, F. Murányi, N. Leps et al. ÆÝÒÔ, òîì 141, âûï. 4, 2012eletron spin resonane (ESR) spetrosopy to gain in-sights into the magneti and eletroni properties ofLaO1�xFxFeAs. No intrinsi ESR signal assoiatedwith the resonane of the Fe moments an be observedin this ompound. This is likely beause d-eletronsstemming from Fe are deloalized in the FeAs layersand experiene strong momentum sattering. Owingto a substantial spin�orbit oupling, this ould ausea strong spin relaxation and, onsequently, very broadESR linewidths. We therefore introdued a speial ESRspin probe in LaO1�xFxFeAs by doping the sampleswith a few perent of Gd at a nonmagneti La site.The Gd3+ ion has a half-�lled 4f shell, whih gives riseto the maximum possible spin value S = 7=2, whereasthe orbital moment L is ompletely absent. Therefore,the well-loalized magneti moment of Gd has a purespin nature and is not sensitive to phonon-mediated re-laxation proesses (L = 0). This insensitivity enablesobservation of the Gd ESR signal even at room andhigher temperatures, whereas the harateristis of theESR signal are seletively sensitive to stati and dy-nami magnetism in the surrounding of the Gd ion.For these reasons, the ESR of Gd dopants was su-essfully used in the past for probing loal eletroniand magneti properties of superonduting uprates(see, e. g., [12�18℄). Here, we establish the Gd3+ ESRas a sensitive probe of loal magneti �elds due to thespin density wave in FeAs layers. We determine thevalue of the orresponding dipolar �eld at a Gd site,whih amounts to � 7:8mT and appears to have an al-ternating sign. Furthermore, we observe the so-alledKorringa relaxation of Gd spins on the ondution ele-trons, whih allows following the hanges in the densityof states of ondution eletrons at the Fermi energyupon the �uorine doping.2. EXPERIMENTAL SETUPSThe magnetization has been studied by meansof a ommerial SQUID magnetometer (MPMS-XL5,Quantum Design). In the eletrial transport experi-ments, the samples were investigated by four-probe re-sistivity � measurements using an alternating DC ur-rent. The ESR measurements at the frequeny � == 9:5 GHz were arried out with a standard BrukerEMX spetrometer.3. SAMPLE PREPARATIONThe polyrystalline samples of Gd1�yLayOFeAs(x = 0, 0.1 and y = 0:02, 0.05 nominal ontent) were
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Fig. 1. Powder X-ray di�ration pattern of the -axis-aligned Gd0:02La0:98OFeAs sampleprepared as desribed in [9; 10℄ using FeAs, Gd, La,La2O3, and LaF3 in a stoihiometri ratio. All materi-als were homogenized in a mortar. The resulting pow-ders were pressed into pellets in Ar atmosphere, andsubsequently annealed in an evauated quartz tube ina two-step synthesis.Due to the ompliations in rystal growth, thesingle rystalline samples are not available. To per-form ESR experiments where the magneti �eld shouldbe applied parallel to the loal symmetry axis of theGd ion (rystallographi -axis of the ompound), wee�eted the -axis alignment of the Gd1�yLayOFeAs(y = 0:02 and 0.05) samples. The sample was �neground to a �ne powder, then mixed with epoxy resin,and hardened while rotating in the magneti �eld 1:5 T.The X-ray di�ration data of the aligned powder sam-ples were olleted at room temperature using a PAN-alytial X'Pert PRO system (Philips) with Co K�-radiation (Fig. 1). The presene of highly intense[00l℄ re�etions that dominate the pattern (Fig. 1, ar-rows) points to a su�iently high quality of the align-ment. Re�etions with Miller indies di�erent from[00l℄ (Fig. 1, asterisks) are also visible in the bak-ground, but their intensity is strongly suppressed om-pared to the pure powder pattern. In the oriented pow-der pattern, there are additional re�etions, markedwith the symbol �p�. They are attributed to the sam-ple holder (plastiine).4. SAMPLE CHARACTERIZATIONThe temperature dependene of the stati magnetisuseptibility � of 2% and 5% Gd-doped LaOFeAssamples is shown in Fig. 2a,b with squares. It anbe �tted with high auray using the Curie�Weiss758



ÆÝÒÔ, òîì 141, âûï. 4, 2012 Gd3+ eletron spin resonane spetrosopy : : :Table 1. Nominal and atual Gd ontents as derivedfrom the magnetization analysisNominal y Atual yLa1�yGdyOFeAs 0.020 0.016La1�yGdyOFeAs 0.050 0.048La1�yGdyO0:9F0:1FeAs 0.050 0.049
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Fig. 2. Magneti suseptibility data on a) aLa0:98Gd0:02OFeAs sample and b) a La0:95Gd0:05OFeAssample. The arrows on top point to the strutural tran-sition temperature TST = 148 K and to the magnetiphase transition temperature TSDW = 130 Klaw (solid lines). This �t enables an aurate esti-mate of the atual Gd ontent in the sample, whihis shown together with the nominal ontent in Table 1.As an be seen, the real ontent does not di�er sig-ni�antly from the nominal one in all ases. To labelthe samples in what follows, we use the nominal on-tent values. By subtrating the Curie�Weiss �t fromthe measured data, we extrat the suseptibility of theFeAs layers �Fe = � � �Gd�t in these samples. The re-sults of the subtration are shown with dashed linesin Fig. 2a,b for both 2% and 5% doped LaOFeAssamples. It an be learly seen that at temperaturesin the range 120�150 K, �Fe experienes harateris-ti hanges: the monotoni quasilinear derease of thesuseptibility turns into a rapid downturn, after whih�Fe begins to inrease again. This behavior is quite
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A. Alfonsov, F. Murányi, N. Leps et al. ÆÝÒÔ, òîì 141, âûï. 4, 2012tivity derivative shows a peak-like anomaly at TSDW == 130 K, related to the magneti transition. Theassignment of the phase transitions is desribed inRefs. [7; 10℄. Compared to the pure LaOFeAs, ourGd-doped samples show somewhat redued transitiontemperatures, possibly due to inreased disorder in thesystem. The Gd1�yLayO1�xFxFeAs sample with 10%�uorine doping does not give any evidene of the stru-tural and the SDW transitions, but shows a transitionto the superonduting state at T = 25 K (Fig. 3),similar to what is observed in the Gd-free ase [6℄.5. ESR MEASUREMENTS AND DISCUSSIONESR measurements were performed at the X-bandfrequeny�9:5GHz in the temperature range 5�300 K.The typial powder ESR spetra at T = 130 K areshown in Fig. 4a and Fig. 4b for 2% and 5% dopedsamples. To �t the spetra, we used two lines of Dyso-nian shape, shown as dashed lines in Fig. 4a,b. Below,we all them the broad and narrow omponents. TheDysonian ESR line shape is a result of mixing of absorp-tion and dispersion at the instant of resonane, whihours if the mirowave penetration depth is ompara-ble to or smaller than the sample size. This is typialfor the onduting systems like the present samples.The peuliar line shape and the neessity to use twolines for a �t are explained by the powder averaging ofthe �ne struture of the Gd ESR signal. Beause Gd3+is a spin-only ion with S = 7=2 and L = 0, the value ofits isotropi g-fator is very lose to 2.The 8-fold degeneray of the spin levels in the
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ground state is lifted by the rystal �eld (CF) onlyslightly due to the small admixture of the high-energymultiplet with L > 0 [20; 21℄. In this ase, the CFpotential ats only as a small perturbation to the Zee-man energy, giving rise to a zero �eld splitting of theGd energy levels in the ground-state multiplet of theorder of 0.01�0.1 mK (see Fig. 5a). Aording tothe ESR seletion rules (�Sz = �1), the ESR spe-trum onsists of seven absorption lines: the entraltransition +1=2 $ �1=2 with the highest intensityand six satellites �3=2 $ �1=2, �5=2 $ �3=2 and�7=2$ �5=2. The resonane �eld of the main transi-tion (+1=2$ �1=2) is almost independent of the anglebetween the symmetry axis z and the external mag-neti �eld due to the g-fator isotropy (see Fig. 5b).By ontrast, the satellites hange their positions underrotation of the magneti �eld with respet to z fromH k z to H ? z. Hene, the powder averaging of thespetra leads to its transformation to the shape shownin Fig. 4a,b (see also, e. g., [22℄).Information on the CF splitting and the auratevalue of the magneti �eld ating on the Gd ion, whihatually de�nes the position of the entral line, an beextrated from the two-omponent �t of the Gd ESRsignal. The narrow omponent models the main tran-sition. Its resonane �eld is determined by the loal�eld at the Gd site. The broad omponent mimis thee�et of the powder averaging of the satellites. Variousontributions to the powder ESR linewidth an exist inmetals [22℄. Therefore, the width of the broad ompo-nent measures the rystal �eld splitting, the loal mag-neti �eld, if there are magnetially nonequivalent Gdsites and the Korringa relaxation proess (see below).In Fig. 6a,b, the temperature dependenes of theresonane �eld of the narrow omponent Hres and ofthe width ÆH of the broad omponent are shown forthe 2% and 5% Gd-doped LaOFeAs samples. Hres ispratially onstant down to the magneti phase tran-sition temperature TSDW = 130 K, where it begins toshift to lower �elds. The shift amounting to � 7mTis similar for both samples. At temperatures aboveTSDW and TST , the width ÆH of the broad and narrowomponents dereases linearly in T as the temperaturedereases (Fig. 6b). This kind of behavior ours whenloalized magneti moments in a metalli host inter-at with ondution eletrons. This interation ausesthe so-alled Korringa relaxation proess [22; 23℄. Therelaxation-driven part of the linewidth is given byÆH � [N(�F )J ℄2T: (1)Aording to Eq. (1), the slope ÆH=dT is proportionalto the eletroni density of states N(�F ) at the Fermi760
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tial broadening in this temperature range is due to thehange in the �ne struture of the Gd3+ ESR signal,whih is related to the strutural transition, whereasthe subsequent jump at TSDW an be assoiated withthe magneti order in the FeAs layers. At even lowertemperatures, the linewidths ontinue to narrow withalmost the same ÆH=dT slope as at T > TSDW 1). Thisis di�erent from the situation in EuFe2As2, where theKorringa mehanism eases to work below TSDW ; inRef. [24℄, this was asribed to a spaial on�nementof ondution eletrons to FeAs layers at T < TSDW .Our data suggests that this senario is not appliableto the LaOFeAs ompound. Already above the SDWtransition, the ondution eletron density at the Gdsite in LaOFeAs is muh smaller than that at the Eusite in EuFe2As2, as is evidened by the di�erenes inthe Korringa slopes, but it seems to be una�eted bythe SDW transition.In ontrast to the parent ompound, the �uori-ne-doped sample does not reveal any anomalies untilreahing the superonduting transition temperatureT (Fig. 6). The Korringa slope ÆH=dT amounts to� 0:06mT/K in this ase. This value is appreiably1) A small anomaly at around 60 K visible in the data onthe 5% Gd-doped sample seems to be a sample-spei� artefat,whih �nds no orrespondene with other physial properties ofthe ompound.761
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Fig. 6. a) Temperature dependene of the resonane �eldof the narrow omponent and b) the linewidth of bothomponents of Gd-doped LaOFeAs samples; ) temper-ature dependene of the linewidth (right axis) and reso-nane �eld (left axis) of the La0:95Gd0:05O0:9F0:1FeAssamplehigher than that in the sample without �uorine. Be-ause ÆH=dT /pN(�F ) aording to Eq. (1), the do-ping of 10% of �uorine implies an inrease in the elet-roni density of states at the Gd site by about 16%.At this point, we reall the multi-band harater of theeletroni states in Fe pnitides. Obviously, the loa-lized 4f eletrons of Gd interat predominantly withthe two �out-of-plane� bands derived from the xz andyz orbital states of Fe, whereas the xy �in-plane� bandshould be muh less e�etive in the Korringa relaxation.The enhanement of the Korringa relaxation upon the�uorine doping suggests that the doped eletrons arenot on�ned exlusively to the FeAs planes and indi-ates a 3-dimensional harater of the eletroni densityof states.To resolve the Gd3+ �ne struture, we have mea-sured ESR on the -axis-oriented 2% and 5%Gd-dopedLaOFeAs samples. At temperatures above TSDW and
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Fig. 7. Temperature dependene of the ESR spetrumof the 2% Gd-doped -axis-oriented LaOFeAs samplewith the magneti �eld parallel to the -axisTST , a single Lorentzian line2) without a �ne stru-ture is observed. The �ne struture is not seen mostlikely beause of the Korringa broadening of individualomponents in the high-temperature regime, and alsobeause of the poor signal-to-noise ratio due to a smallsuseptibility of Gd ions at high temperatures in thisstrongly diluted sample. A redution of the Korringarelaxation together with a onomitant 1=T inreaseof the Gd suseptibility upon ooling enables observa-tion of the Gd3+ ESR �ne struture below T � 80 K(Fig. 7). As expeted, the resolution of the �ne stru-ture depends on the onentration of Gd ions and onthe orientation of the magneti �eld with respet to therystallographi diretions.As an be seen in Fig. 8a,b, the best resolution isahieved for the smallest Gd onentration of 2% andfor the diretion of the external �eld parallel to the ori-entation axis of the samples (the -axis). In this ase, atleast 12 absorption lines are visible in the spetrum3).Remarkably, the ESR spetrum of a single Gd3+ ion,aording to its spin value S = 7=2, should ompriseat most 7 lines. We note that no additional forbiddentransitions (�Sz = �2;�3 : : : ) are expeted in this2) Beause of the �ne grinding of the powder and its dilutionin the epoxy resin for the purpose of orientation in the magneti�eld, the mirowaves an thus fully penetrate in the interior ofthe oriented sample. Therefore, the ESR lineshape hanges froma Dysonian to a Lorentzian.3) On the ESR spetra measured at T = 4 K, shown inFig. 8a,b, we see that in ontrast to other lines, the ESR lineat the �eld 1.5T does not exhibit any hanges upon hangingthe angle � between the magneti �eld and the -axis of the sam-ple. This suggests that this line is not a part of the Gd spetrumand, most probably, is an artefat signal due to a small amountof unontrollable Fe impurity.762
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Fig. 8. Angular dependene of the ESR spetra at low temperature of a) the 2% and b) 5% Gd-doped -axis-orientedLaOFeAs sample. � is the angle between the magneti �eld diretion and the -axisase beause the external magneti �eld is parallel tothe symmetry axis [20; 21℄. A straightforward explana-tion for the exess number of the ESR lines is possibleassuming the presene of magnetially nonequivalentGd sites. Indeed, they an arise due to the antiferro-magneti SDW order in the FeAs layer. Aording tothe known alignment of Fe spins in the SDW, whihis similar in the entire 1111 family of Fe-based super-ondutors (see, e. g., [3; 9℄), there are two magnetiallynonequivalent positions of the R ion, whih experienea loal internal �eld of alternating sign indued by theordered Fe moments. The arrangement of Fe spins inthe FeAs layers and of loal �elds at the R site areskethed in Fig. 9.To prove this onjeture, we have performed a si-mulation of the low-temperature Gd3+ ESR spetrumassuming two magnetially nonequivalent Gd sites. A-ording to the loal rystal �eld symmetry [25; 26℄, theenergy levels of the Gd3+ ion an be desribed usingthe e�etive spin Hamiltonian of the form [20; 21℄Heff = g�BH � S+B02O02 +B04O04 +B06O06: (2)The �rst term in (2) aounts for the Zeeman intera-tion. Here, g is a g-fator, �B is the Bohr magneton,
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Fig. 10. Simulation of the low-temperature ESR spe-trum of the -axis-oriented 2% Gd-doped LaOFeAssample with a) two nonequivalent Gd sites with thealternating internal magneti �eld �Hint and b) fournonequivalent Gd sites desribed by two sets of rystal�eld parameters (CFP1 and CFP2) and the alternatinginternal magneti �eld �Hint at eah sitemetry of the rystal �eld and Bmn are phenomenologialrystal �eld parameters (CFP).The best modeling of the experimental ESR spet-ra, taking two magnetially nonequivalent positionsinto aount, is shown in Fig. 10a. The set of CFPused for this simulation is presented in Table 2. Theg-fator obtained from the �t is equal to 1.99, whihis the usual value for the Gd3+ ion [20�22℄. The in-ternal magneti �eld obtained from this simulation is

Hint � 7:8mT. It is interesting to ompare this valuewith the expeted strength of the dipolar �eld Hd atthe R site due to the antiferromagnetially ordered Femoments. With the known positions of the atoms inthe unit ell of LaOFeAs and the magnitude of the or-dered Fe moment, it is possible to alulate Hd usingthe formula�0Hi = �04� �3(m � r)r5 i� mir3 � ; i = x; y; z; (3)where Hi (i = x; y; z) is the omponent of the mag-neti �eld Hd reated by the magneti dipole momentin the Cartesian oordinate system, r is the vetor on-neting the position of the dipole and the point wherethe magneti �eld is alulated, and m is the vetor ofthe magneti moment. Under the assumption that Femoments are point-like dipoles of the strength 0:5�Bloated just at the rystallographi position of Fe, thedipolar alulation aording to Eq. (3) yields the valueof the internal dipole �eld 38mT. This value is muhlarger than that obtained from the modeling of the ESRspetrum. This is not surprising beause in the antifer-romagnetially ordered FeAs layers, the spin density islargely deloalized in the form of the SDW, whih re-dues the dipolar �eld ating on the Gd ions omparedto the point-like dipole approximation. To obtain theagreement with the measured value, the substantiallyredued value 0:1�B of the Fe magneti moment mustbe used in Eq. (3).The model Gd ESR spetrum shown in Fig. 10a re-produes the main features of the experimental spet-rum rather well. But it laks the left and right outer-most lines at 0.2T and 0.48T, respetively. To aountfor them, we have to assume the ourrene of an ad-ditional Gd site with a distint rystal �eld, also sub-jeted to an alternating internal �eld. This assumptionallows reproduing all lines in the experimental spet-rum (Fig. 10b). The best agreement is ahieved withthe sets of the rystal �eld parameters CFP1 and CFP2listed in Table 2. The spetral weight of the additionalrystallographi site with CFP2 is about 30% of themain site with CFP1. We note that the seond site isharaterized by a muh larger uniaxial seond-orderand fourth-order CF parameters B02 and B04 , omparedto the main site (Table 2). Beause a unique rystal-lographi R site is expeted in the regular struture,it is feasible that these additional sites are loated at(or lose to) the surfae of the �ne powder partilesof the oriented samples. Suh sites ould have a sub-stantial weight in the miron-size partiles owing to theenhaned surfae-to-volume ratio.764
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