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The Mossbauer spectra(MS) of powder samples of SmFeo, AsO(zx=0.0, 0.05, and 0.1) were measured in
applied fields up to 9 T and at temperatures up to 298 K. SmFagasaagnetically ordered with §=137 K
and has a hyperfine magnetic field of (49818) T at 4.2 K. In applied magnetic fields the MS is consis-
tent with a distribution of hyperfine magnetic fields of widthppiied + Hryperfine- This arises because the
angles between the direction of the ordered field in the aliytsts making up the sample are randomly dis-
tributed about the direction of the applied field. The MS & Huperconductors Sm§g C0y.05ASO(Tc ~5

K) and SmFe 9Cay.1AsO(Te ~17 K) are well-described by a single peak from room tempeeato 4.2 K
indicating the absence of static magnetic order. Howewerhtidf width at half maximumI", of the peak in
SmFe 95C0y.05ASO increases with decreasing temperature from its higlpéeature value, 0.13 mm/sec at
25 K, to 0.25 mm/sec at 10 K. No such temperature dependernseeisin SmkgyCay 1 AsO. We analyze
this temperature dependence in terms a fluctuating hyperfagnetic field model whose frequency at 4.2 K
is found to be~5 -10 MHz, giving direct evidence of coexisting magnetic fliations and superconductivity
at the interface in the phase diagram between the regiotsmaignetic and superconducting order. Ina 5
T applied field SmFge;Cay.05ASO is no longer superconducting, however the temperatepentient fluc-
tuating magnetic field is still present and largely unchang€he absence of fluctuations in superconducting
SmFe ¢Caoy.1AsO and their presence in superconducting SiE€ay.05AsO in zero applied field and in non-
superconducting SmEesCay.05AsO at 5T suggests that magnetic order is in competition sigherconduc-
tivity in SmFe _,Co,AsO.

PACS numbers: 76.80.+y, 74.25.Dw, 74.70.Xa
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FIG. 1. (Color Online) Resistivity as a function of temperatof the three samples used in this investigatiofi**T defined as the midpoint
in the resistive transition, is: 5.1K for x=.05 and 17.2K for x=0.1 from Réf. The inset shows the resistitivity for x=0, x=0.05 and x=0.1

samples up to 250K.

I.  INTRODUCTION

The discovery of superconductivity in Fe-based layeredenads, whosel.'s can be as high as 55K, has provided a new
laboratory for the investigation of high temperature sapeductivity in addition to the cuprates. Although there similarities
between the two classes of superconductors, there areigisficaint differences. Both classes arise from dopingfemtmag-
netically ordered parent compounds whose magnetic ordmipipressed with sufficient doping as superconductivitghigps.
Superconductivity in turn is destroyed by further dopindneTsurprising feature of the Fe-based superconductorgiigHair
important component, Fe-As layers, should contain a magekiment, Fe, which does not act as a pair-breaker in these m
terials. The Fe-based superconductors can be groupediffeedt classes. These are, RFeAsO(R=rare earth elelnavit)g
one Fe-As layer between oxide layers, ARs;(A=Sr, Ca, Ba, Eu and K) containing two layers, LiFeAs angd,Fés. These
are referred to as 1111, 122, 111 and 11 materials, resphctiv doping or O deficiency in the 1111 class has led to a range
of superconductors witfi.'s in the 50 K range. The materials of interest here are swpehectors which arise from doping Co
into the Fe-As layers in the 1111 class. This introducestaxtdil itinerant electrons and disorder. More detailedassions of
the experimental work on these compounds is available iewe/emphasizing magnetiand superconducting properties

Superconductivity in the 1111 iron pnictides induced by Gpidg was first observed in LaFe, Co,AsO**and subsequently
in SmFe_,Co,AsO*5. Wang et af* determined the main features of the SmEgCo, AsO temperature-doping phase diagram
using electrical resistivity, susceptibility, thermopawand x-ray structure analysis. The samples used in thdy stere among
those synthesized and used in the study by Wang‘®t@imFeAsO has a transition from tetragonal to orthorhomtbickire
at 155 K and to an antiferromagnetic state at 137 K. The sizeeofnagnetic hyperfine magnetic fields at thEe site are- 5
T at 4.2 K in both LaFaAs®and SmFeAsO(result in this paper). Asncreases both Lake,Co,AsO and SmFg_,Co,AsO
cease to order magnetically and they become superconduciihe superconducting transition temperature, detemnioye
the midpoint of the resistive transition measured by theddad four-terminal method, is5.1K for x =0.05 and~17.2K for
x =0.1, see Fig. 1 and refererfic8eyondr =0.17¢ decreases and there is no superconductivity beyora80K?*. This doping
region for superconductivity is slightly larger than thatfid in LaFg_,Co,AsO, .25 < z < .15%4. T, for these materials has
also been determined from magnetic susceptibility measemn¢s and found to be consistent with values from resigtiit the
Co rich end of the RCoAsO(R=Nd,La,Sm) there is a series ofmatigground states as the temperature decréd8es

One of the questions of interest in these materials is theedion between magnetism and superconductivity. The simi
larity of the phase diagram with that of the cuprates hasdemadels for a magnetic mechanism for superconductivithé t
Fe-based superconductors. Evidence has been found fooéxéstence of antiferromagnetic and superconductinggshams
Ba(Fey53C0,047)2As: 115 and for the coexistence of magnetic fluctuations and superegivity in SmFeAsQ._ . F, 161721
This coexistence is complicated by the fact that both odipieses are determined by the same population ofifede@trons
which predominantly populate the states at the Fermi eRérgiere we show that magnetic fluctuations coexist with superc
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ductivity in SmFg_ 95C0y.05AsO and are present also when SmEECoy.05AsO is driven normal by an applied magnetic field,
but are absent in SmFeCaoy 1 AsO.

II. EXPERIMENTAL TECHNIQUES

The synthesis and characterization of the samples usedsisttidy have been discussed previously by Wang &t @hey
found the samples to have powder x-ray diffraction spectth @haracterized by a single tetragonal structure, irtdfiggphase
purity. As we point out below the MS of Smf-g;Cqy o5AsO and SmFgyCay 1 AsO are well described by single Fe site fits
with and without applied fields. This is further support ttiet samples have negligible amounts of any impurity phéseyi

The MS were measured on samples of SmFeAsO( 50nt)/@mFeQ o5Coy.0sAsO (61mg/cm ) and SmFg 9o Cay.10ASO (
50mg/cnt) which are equivalentto 0.2 mg/Gror less of”Fe. The sample holders were made of a carbon based matetial, d
Measurements were made in two different Janis cryostatg 88Co(Rh) sources. A 50 mCi source was used for the magnetic
cryostat(solenoid) and a 5 mCi source was used in the snzalfermagnetic cryostat. The velocity calibration was prenid
by using the six-line spectrum measured using the abovessand metalliev iron foil as an absorber. Both cryostats used
transmission geometry with the source and absorber ins@eample chamber. The operation of the Mossbauer protikeeor
zero magnetic field cryostat has been described previousihier studie¥.

The Modssbauer probe which fits into the larger cryostat wasitucted using G10 tube material. The Mossbauer traesfu
at the top of the cryostat) was connected to two concentrie tGlies of different diameters connected together nearmtines
by a centering two dimensional spring. The inner tube waglfteehe source and outer tube held to the sample to be studied.
The sample was positioned below the source in the centeeasfiilenoid magnet. The magnetis capable of producing up & 9T
the sample. The source is in a nearly zero magnetic field pemtiy magnetic cancelling coil at the top of the supercoticigic
solenoid magnet. The detector was a Xenon or Krypton gad {llé\tmospheres) proportional counter. This detectorntBés
from the source, was positioned below the mylar window ofdh@stat and it was in a maximum magnetic field of 0.015T,
minimized by using a cancelling coil at the bottom of the netgriThe temperature was maintained by passing helium gas
through a needle valve from the liquid helium reservoir itite sample chamber from the bottom of the cryostat, which the
drifts upward to the sample. Two Cernox diode thermometers,at the sample holder and one at the bottom of the chamber
were used for temperature measurements and were contlglliedkeshore devices. Sample heating was accomplished by
heating the gas as it passed through the needle valve atttioebaf the chamber. In the experiments the applied magfietit
is parallel to the direction of propagation of the incidemntay.

lll. RESULTS

We investigated three materials. In the case of §RF€0y.05ASO and SmFgyCoy 1AsO the MS are single peaks at 4.2
K in the absence of an applied magnetic field showing no edielef magnetic impurity phas®s A small contribution to the
measured MS from Fe impurities in the Al stripes of the Mylandows was subtracted from the spectra.

The isomer shifts (I1S) relative to metallic Fe-foil is the same for SmFeAsO, SmykeCaoy.o5ASO and SmFgyCay.1ASO,
(0.42+.02) mm/sec, showing that the charge state of the Fe sitetiaffexted by Co doping fob < = < 0.1 in spite of the
evolution from antiferromagnetism to superconductivity.

A. SmFeAsO

The MS for SmFeAsO at 4.2 K in the absence of an applied magfiektil and in a 5T applied field are shown in Fig. 2.
Consistent with the =137 K for the sample, the MS shows a hyperfine magnetic fieldeaFe nucleus. The full line is the
calculated spectrum witH j,per rine=(4.98+ 0.18) T and a quadrupole tensor whose principal axis is ahgledo the direction
of the hyperfine magnetic field. In the absence of a hyperfirgnmigc field, the quadrupole tens@), would lead to a splitting
of A Eg ~0.1 mm/sec so that the elements@&re modest but are required to reproduce the asymmetry gptetrum. The
other parameters in the fit are the isomer shift(IS) and tifeaidth at half maximumI'y). The value of the parameters in the
fit are those which minimise the sum of the squares of thereiffees between the calculated spectrum and the data. Gigen t
information from neutron scattering regarding the dir@ttf the ordered moments in LaFeAS0we assume that the hyperfine
magnetic field is parallel to the orthorhomhi@xis, in which case the principal axis @flies in theac-plane.

The MS undergoes significant changes as the strength of theetiafield increases beyond 1 T. The six-line spectrumiia ze
field evolves into a broad spectrum which is almost featgseéxcept for two central peaks in a 5T applied field. This ghan
arises because the hyperfine magnetic field at the Fe nudatimcrystallite results from two contributions: the magnerder
in that crystallite and the external field. Since the refativientation of the two contributions is random there isstritiution in
both the magnitude of the resulting field and in its directielative to the direction of propagation of the incidentay. This



k\\\*\}*\\\\\\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\ T

1 e S X %
%ﬁ*

Ion

0.998|

0.996

o
©
©
=

0.992

Normalized Transmiss
3

o o
[{e} [(e}
[e6) [o0]
(o)) [e¢]

°
vl b b b by b Ly Ly *lle

0.984

-2 -1 2 3

0 1
Velocity (mm/sec)

FIG. 2. (Color Online) MS of SmFeAsO at 4.2 K for no applieddiahd in a 5T applied field. The full line through the zero fietdadis a
single-site fit with a hyperfine magnetic field of (4-9®.18) T, IS =(0.42.02) mm/sec and'x=(0.15+.015) mm/sec. The principal axis of
the quadrupole tensor is at an angle to the direction therfigpemagnetic field. The small quadrupole contributidgnEg ~ 0.1 mm/sec,
is required to reproduce the asymmetry in the spectrum. TBeoMSmFeAsO at 4.2 K in 5 T applied field is broader and lacksstreng
lines of the spectrum in the absence of an applied field. Tehathline is MS calculated from an average over a distribuifcsites where
the hyperfine field has different values and orientationf vaspect to the direction of the incideptray. The isolated vertical line on the left
hand side of the figure indicates the size of the uncertaimtiieé data points.

happens because the ordered moments in each crystallitetdawer their energy by flopping into the plane perpendictd
the applied field and canting into the direction of the fiel@ ttuthe strong magnetic anisotropy as evidenced in the tocaient
fits to measured spin excitation energie¥he spectrum also depends sensitively on the angle betaat@reen the direction
of the hyperfine magnetic field at the Fe nucleus and the direcf the incidenty-ray through the usual selection rules. The
calculated MS (dashed line) which results from averagirey awniform distribution of crystallite orientations ismapared with
the measured MS at 4.2 Kin a5 T applied field in Fig. 2.

B. SmFe) .95C00.05AsO and SmFeg.oCoy.1 AsO

In Fig. 3(a) the MS of Smkgy;Coy.05ASO are plotted for different temperatures in the absenema@ipplied magnetic field.
The MS consist of a single peak indicating that there is nticstaagnetic order or any indication of impurity phases ia th
sample. The full width half maximum of the line decreases@50 mm/sec at 4.2 K to 0.26 mm/sec at 25 K. At 78 K the full
width half maximum line width is 0.26 mm/sec which is expegimtally narrow, indicating the absence of an electric qupadie
contribution to the spectrum. This value determines thaeval intrinsic half width half maximuml, =0.13 mm/sec in our
analysis of the spectra. The superconducting transitimpégature of SmkgsCoy gsASO was estimated to be5.1K from
resistivity*. A temperature dependent linewidth has also been repartead osF o, FeAS®.

In Fig 3(b) the MS is shown for different temperatures in 5 Pplagd field. The spectra consist of four peaks consistertt wit
a uniform applied field, parallel to direction of the incidenray. The relative positions of the peaks are consisterit pitre
Zeeman Hamiltonians for the ground and excited states of‘the nucleus and show no evidence of an electric quadrupole
contribution, which is consistent with the high temperatspectrum of the sample in the absence of an applied field.

We analyze this temperature dependence of the MS using titadling hyperfine magnetic field model developed by Blume
and coworker&?8 Since our data indicates that there is no static hyperfirgnetic field or significant quadrupole contribution
to the spectrum in Smig;Caoy.0sAsO, we attribute the temperature dependent linewidth tdumeto a fluctuating hyperfine
magnetic field at the Fe nucleus. This hyperfine magnetic fiegkks from the thermally disordered magnetism in the FeAs
layers. The Hamiltonian describing the system in a giverlgarstate(ground; = gr, or excitedyn = ex) is

H= —dnln Z H;II%]C] (t) - gnﬂnIzHapplied (1)
J=1L.N
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FIG. 3. (Color Online)(a) MS of SmkesCoy.05ASO is a single line spectrum in the absence of an applied eimgiield. The full width
half maximum of the line decreases from 0.50 mm/sec at 4.2&26 mm/sec at 78 K. (b) MS of SmfeCy.05AsO in a 5T applied field
is a four line spectrum. In both the absence of an applied &iettlin 5 T applied field, linewidths increase as the tempegatacreases. The
isolated symbol in each part of the figure indicates the dizheouncertainty in the data.

whereg,, is the gyromagnetic factor of the nuclear statg,is the nuclear Bohr magneton, the sum runs over the N diregtio
among which the hyperfine magnetic field fluctuatess the component of the nuclear spin along directipand f;(t) is a
random function of time with values corresponding to déferdirections. In the absence of a quadrupole contribwtioich
might provide a reference set of axes for these directioag;amsider fluctuations among three mutally perpendiculactions,
+2z, £y and+Z. There is no correlation between the directions of the flatitig hyperfine magnetic field and this is incorporated
in the calculation through a random phase treatment in guggaver the possible changes in directionsnd a trace over the
product space of the nuclear statgsm > |I.,m’ >

The parameters in this model which describe the fluctuatéid &ire the amplitude{¢;, and the rate at which the direction
of the field switches%. In the absence of an applied field we assume that the flustuhtiperfine magnetic fieldd ;, is
isotropic; while in the presence of an applied field of 5 T, Wwevadifferent values of the fluctuating field, parallel¢, ), and

perpendicularf ;. ), to the applied field.

The amplitude of the randomly fluctuating hyperfine magnédild is assumed to be the same with or within an applied
magnetic field and to be independent of temperature. Itevaldetermined by fitting to the spectrum at 4.2Kina 5 T applie
magnetic field. The parameters in the fit dig; |, Hy., } and the IS. The intrinsic half-width half-maximimurfy, in
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FIG. 4. (Color Online) Relaxation rate of magnetic fluctaasi, =1, in SmFe.95C0y.05ASO as a function of temperature. The lines are
intended as guides to the eye only.

the absence of the fluctuating hyperfine magnetic field in thke temperature spectra, is as discussed above and foured to b
['0=0.13 mm/s. Itis found thall ;;;; andH;, are essentially- 3.087". This value for the amplitude of the fluctuating hyperfine
magnetic field is used at other temperatures both in the abs#an applied field and in presence of a 5T applied field. The
resulting fits using the hamiltonian in equation (1) are finks in Fig. 2. The temperature dependence of the linewidtlses
from the temperature dependence%afvhich is shown in Fig 4. As the temperature increaiséscreases, so that the effect of
the fluctuating field on the spectra decreases. The erroabaidetermined by doubling the sum of the square of the difie
between the data and calculated spectrum found in the béstliié data. As the effect of the fluctuating field decreasedith
becoming increasingly insensitive éoand the size of the error bars grow. Beyon®5 K the contribution of the fluctuations

to the linewidth is almost neghglble Examining the MS of Ba g5 C0y.05AsO in a 5 T applied field at 27.5 K we see that the
spectrum can be well described by a unique Fe site Witk0.13 mm/sec and an isomer shift of (04202) mm/sec, just as

in SmFeAsO% is seen to be independent of the applied field. This inseitgito applied magnetic fields is also seen in the
spin-lattice relaxation timel, in ">As NMR data on LaFeAs§,'® and LaFeAs@goFo.11°° up to~12 T.

The MS of SmFgyCoy.1AsO in zero applied field and in 9 T are shown in Fig 5. The MS atklis plotted with the 298
K MS, which has been rescaled to compensate for the tempemdépendence of the recoil free fraction. The MS is a single
line, showing that there is no static ordered magnetic fehd, the width is clearly independent of temperature. Thgisiline
MS in the absence of an applied field and the positions of tieslin the MS at 9T points to a negligible electric quadrupole
contribution to the spectrum. Just as in the case of the $p3BEy 5AsO spectrum, the single site fits to the zero field and 9T
spectra demonstrate the absence of impurity phases in theyo@0y.1AsO sample.

The MS at 4.2 K of Smkgy5C0y.95AsO in 5 T and SmRgyCoy.1AsO ina 9 T field are similar to that of superconducting
LaFeAsQOgoF 11 in a 5 T field®® These spectra are indicative of a sample in a uniform magfietd applied parallel to the
direction of propagation of the incidentray. The absence of any field inhomogeneity due to a vortégdain the MS shows
that these samples have been driven normal by the appliedetiadields. The measured onset of diamagnetism falls kapid
with increasing applied field and is completely absent aldlovan SmFg oCay 1 AsO(not shown). This is consistent with the
absence of diamagnetism measured for LaE€0,AsO at 1 P.

IV. DISCUSSION

We report here the temperature and external magnetic figldrdience of Mossbauer spectra of SmE€o,AsO. We find
evidence of magnetic fluctuations at low temperatures f@.65. These fluctuations are present in Sps€0y.05AsO, with
no evidence of static magnetic order, both in the absence applied field at 4.2 K, where the material is supercondgctind
in 5 T, where it is in the normal phase. There is no significaff¢idnce in the temperature dependencesof between the
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FIG. 5. (Color Online) MS of Smkg,Cay.1AsO in the absence of an applied magnetic field at 4.8)kaad 298K ¢), indicating the absence
of any temperature dependence in the linewidth or magneipuiities in the sample. The full line is a fit with IS=(0#4102) mm/sec and
T'9=(0.18+.01) mm/sec. MS of SmieCay.1AsO in a 9 T applied magnetic field at 4.28( The full line is calculated MS for a 9 T applied
field. The IS is (0.41.02) mm/sec anil',=(0.15+ .02) mm/sec. The uncertainty in the data points is the sizieeofymbols used to represent
them, as shown by the symbol at the lower left of the figure.

zero applied field case (superconducting) and when thers is applied field (non-superconducting).

These fluctuations are probably due to Fe moments. This &useche fluctuations are seencat 0.05 and not atr = 0.1,
which is further from the region of the phase diagram whergmetic order is found. This enhancement of fluctuation ¢ffeas
also been identified i’ As NMR spin-lattice relaxation time in Ba(lFe, Co,)As,*8, LaFeAsQ ;% and LaFeAs(@g9Fo.11)%°
In these materials there is an enhancemerife?’) ! asT — T,(T is the ordering temperature of the Fe moments). As
doping levels increase and the materials no longer ordengtaglly, this enhancement goes away. The interpretatidghis
data has been that this enhancement is due to the critisgihglalown of spin fluctuations and their absence for larggimip
levels is consistent with our results for= 0.05 andz = 0.1, reported here for Smke,Co,AsO.

There are also moments on the Sm sites, which are seen toio@e0, . F,FeAs at 4.6 K¢ = 0) and at 3.7 K¢ = 0.15)
in specific heat® Sharp peaks are seen in the data at both doping values. fficildito see how the fluctuations seen in
SmFe 95C0y. 05ASO could be due to the incipient ordering of Sm moments,rgibe strong dependence on Co-doping of the
fluctuation effects. The signature of magnetic fluctuatimese also seen ipSR by Drew et at®, again in SmQ_,F,FeAs.
They found that muon relaxation is much slowerat 0.30 than atz = 0.18, closer to the region of Fe ordering and pointed
to this as evidence against the fluctuations being assdaidtk the Sm moments.

The frequencies of the fluctuations in SmpkeCaoy.05AsO, ~10 - 20 MHz where they have a significant contribution to the
linewidths, are very much smaller than the frequenciesattarizing spin dynamics in these mater@isr the spin resonance
mode seen beloW, in Ba(Fg _,Co,)AsO**3?and so they are most likely associated with the proximityhdrdered mag-
netic phase. The amplitude of the fluctuations is roughly @ hyperfine magnetic field in magnetically ordered SmKE2As
This suggests that the effects of Co doping at x=0.05 aresjustigh to prevent static magnetic order at 4.2K and abowe. Fi
ing the amplitude of the fluctuations of the hyperfine magfield to its value at 4.2K, the fluctuation effects go away due
to the increase in the rate at which the hyperfine magnetit fasddomly switches direction with temperature. The origfin
the hyperfine magnetic field is the random fluctuations in tihections of electronic moments at the Fe sites. The inereas
in the fluctuation rate wth temperature is similar to the @vafound by Moessner and ChalRérin their investigation of
small fluctuations about the ground state configurations ge@metrically frustrated antiferromagnet. They used asital
Heisenberg model on the pyrochlore lattice and found oc T. 7—! appears to approaehl0 MHz in zero applied and in a 5
T applied field and starts to increase beyevitD K. We do not have a microscopic model for how these fluatmatfound in
SmFeg.95C0ay.05AsO evolve. A similar analysis has been carried out by Bomeil al®” on the temperature dependence of the re-
laxation rate in GgGas; O, using the'®>Gd Mossbauer effect. However the absence of these flushsith SmFgCay 1 AsO,
where superconductivity is more robu&t( ~ 17 K), suggests that magnetism and superconductivity are ipettion with one
another in SmFe_,Co,AsO rather than spin fluctuations coexisting with supercmtigity and pointing to a possible magnetic



mechanism for superconductivity.
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