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The Mossbauer spectra (MS) of powder samples of SmFe;_,Co,AsO (x = 0.0, 0.05, and 0.1) were measured
in applied fields up to 9 T and at temperatures up to 298 K. SmFeAsO is magnetically ordered with Ty =
137 K and has a hyperfine magnetic field of (4.98 &+ 0.18) T at 4.2 K. In applied magnetic fields, the MS is
consistent with a distribution of hyperfine magnetic fields of width Hypplica + Hhypersine- This arises because the
angles between the direction of the ordered field in the crystallites making up the sample are randomly distributed
about the direction of the applied field. The MS of the superconductors SmFe( 5C00sAsO (T¢ ~5 K) and
SmFe,9Coy 1 AsO (T¢ ~17 K) are well described by a single peak from room temperature to 4.2 K indicating the
absence of static magnetic order. However, the half width at half maximum, I', of the peak in SmFe 95Co0g s AsO
increases with decreasing temperature from its high temperature value, 0.13 mm/s at 25 K, to 0.25 mm/s at
10 K. No such temperature dependence is seen in SmFe(9Cog; AsO. We analyze this temperature dependence
in terms of a fluctuating hyperfine magnetic field model whose frequency at 4.2 K is found to be ~5-10 MHz,
giving direct evidence of coexisting magnetic fluctuations and superconductivity at the interface in the phase
diagram between the regions with magnetic and superconducting order. In a 5 T applied field, SmFe 9sCog s AsO
is no longer superconducting; however, the temperature-dependent fluctuating magnetic field is still present and
largely unchanged. The absence of fluctuations in superconducting SmFe(¢Cop;AsO and their presence in
superconducting SmFe 95C0g 05 AsO in zero applied field and in nonsuperconducting SmFeg 9sCog 0sAsO at 5 T

suggests that magnetic order is in competition with superconductivity in SmFe;_,Co, AsO.

DOLI: 10.1103/PhysRevB.84.064423

I. INTRODUCTION

The discovery of superconductivity in Fe-based layered
materials, whose T¢’s can be as high as 55 K, has provided
a new laboratory for the investigation of high temperature
superconductivity in addition to the cuprates. Although there
are similarities between the two classes of superconductors,
there are also significant differences. Both classes arise
from doping antiferromagnetically ordered parent compounds
whose magnetic order is suppressed with sufficient doping
as superconductivity develops. Superconductivity in turn is
destroyed by further doping. The surprising feature of the
Fe-based superconductors is that their important component,
Fe—As layers, should contain a magnetic element, Fe, which
does not act as a pair breaker in these materials. The Fe-based
superconductors can be grouped into different classes. These
are, RFeAsO (R = rare earth element) having one Fe-As
layer between oxide layers, AFe,As, (A = Sr, Ca, Ba, Eu,
and K) containing two layers, LiFeAs and Fe 1 ,As. These are
referred to as 1111, 122, 111, and 11 materials, respectively.
F doping or O deficiency in the 1111 class has led to a
range of superconductors with 7¢’s in the 50 K range. The
materials of interest here are superconductors which arise
from doping Co into the Fe—As layers in the 1111 class.
This introduces additional itinerant electrons and disorder.
More detailed discussions of the experimental work on these
compounds is available in reviews emphasizing magnetic' and
superconducting properties.’

Superconductivity in the 1111 iron pnictides induced by
Co doping was first observed in LaFe;_,Co,AsO** and
subsequently in SmFe;_,Co, AsO.*% Wang et al.* determined
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the main features of the SmFe;_, Co, AsO temperature-doping
phase diagram using electrical resistivity, susceptibility, ther-
mopower, and x-ray structure analysis. The samples used
in this study were among those synthesized and used in
the study by Wang et al.* SmFeAsO has a transition from
tetragonal to orthorhombic structure at 155 K and to an
antiferromagnetic state at 137 K. The size of the magnetic
hyperfine magnetic fields at the 3’Fe site are ~5 T at 4.2 K in
both LaFaAsO (Ref. 3) and SmFeAsO (result in this paper).
As x increases, both LaFe;_,Co,AsO and SmFe;_,Co,AsO
cease to order magnetically and they become superconducting.
The superconducting transition temperature, determined by the
midpoint of the resistive transition measured by the standard
four-terminal method, is ~5.1 K for x = 0.05 and ~17.2 K
for x = 0.1, see Fig. 1 and Ref. 4. Beyond x = 0.1, T¢
decreases and there is no superconductivity beyond x ~ 20 K.*
This doping region for superconductivity is slightly larger
than that found in LaFe,_,Co,AsO, 0.25 < x < 0.15.3* T¢
for these materials has also been determined from magnetic
susceptibility measurements and found to be consistent with
values from resistivity. At the Co-rich end of the RCoAsO
(R = Nd, La, Sm), there is a series of magnetic ground states
as the temperature decreases.”'”

One of the questions of interest in these materials is the con-
nection between magnetism and superconductivity. The simi-
larity of the phase diagram with that of the cuprates has led to
models for a magnetic mechanism for superconductivity in the
Fe-based superconductors. Evidence has been found for the co-
existence of antiferromagnetic and superconducting phases in
Ba(Fe 953C0 047)2Asy ' 1715 and for the coexistence of magnetic

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.84.064423

G.LONG et al.

30

20

T AR AR ATI

Resistivity(um)

/ / 0 \ I T NI
| | \/ 0 50 100 150 200 250
cev e L 1A

0 5 10 15 20 25 30 35 40
Temperature(K)

FIG. 1. (Color online) Resistivity as a function of temperature
of the three samples used in this investigation. T2¢, defined as the
midpoint in the resistive transition, is ~5.1 K for x = 0.05 and
17.2 K for x = 0.1 from Ref. 4. The inset shows the resistivity for
x =0, 0.05, and 0.1 samples up to 250 K.

fluctuations and superconductivity in SmFeAsO;_, F,.l10-18
This coexistence is complicated by the fact that both ordered
phases are determined by the same population of Fe 3d
electrons which predominantly populate the states at the Fermi
energy.!” Here we show that magnetic fluctuations coexist
with superconductivity in SmFeg 95C0¢ s AsO and are present
also when SmFe( 95Cog 95 AsO is driven normal by an applied
magnetic field, but are absent in SmFe( 9Co  AsO.

II. EXPERIMENTAL TECHNIQUES

The synthesis and characterization of the samples used in
this study have been discussed previously by Wang et al.*
They found the samples to have powder x-ray diffraction
spectra well characterized by a single tetragonal structure,
indicating phase purity. As we point out below, the MS of
SmFe( 95C0g s AsO and SmFe( ¢Cog 1 AsO are well described
by single Fe site fits with and without applied fields. This
is further evidence that the samples have negligible amounts
of any impurity phase.

The MS were measured on samples of SmFeAsO
(50 mg/cm?), SmFe0)95C0005AsO (61 mg/cm?), and
SmFe(99Cop.10AsO (50 mg/cm?) which are equivalent to
0.2 mg/cm? or less of >’Fe. The sample holders were made of
a carbon-based material, delrin. Measurements were made in
two different Janis cryostats using 3’ Co(Rh) sources. A 50 mCi
source was used for the magnetic cryostat (solenoid) and a
5 mCi source was used in the smaller zero magnetic cryostat.
The velocity calibration was performed by using the six-line
spectrum measured using the above sources and metallic « iron
foil as an absorber. Both cryostats used transmission geometry
with the source and absorber inside the sample chamber. The
operation of the Mossbauer probe for the zero magnetic field
cryostat has been described previously in other studies.?”

The Mossbauer probe which fits into the larger cryostat
was constructed using G10 tube material. The Mossbauer
transducer (at the top of the cryostat) was connected to two
concentric G10 tubes of different diameters connected together
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near the source by a centering two-dimensional spring.
The inner tube was fixed to the source and outer tube held
to the sample to be studied. The sample was positioned below
the source in the center of the solenoid magnet. The magnet
is capable of producing fields up to 9 T at the sample. The
source is in a nearly zero magnetic field produced by magnetic
canceling coil at the top of the superconducting solenoid
magnet. The detector was a Xenon or Krypton gas filled (2 atm)
proportional counter. This detector, 12 in. from the source, was
positioned below the mylar window of the cryostat and it was
in a maximum magnetic field of 0.015 T, minimized by using
a canceling coil at the bottom of the magnet. The temperature
was maintained by passing helium gas through a needle valve
from the liquid helium reservoir into the sample chamber from
the bottom of the cryostat, which then drifts upward to the
sample. Two Cernox diode thermometers, one at the sample
holder and one at the bottom of the chamber were used for
temperature measurements and were controlled by Lakeshore
devices. Sample heating was accomplished by heating the gas
as it passed through the needle valve at the bottom of the
chamber. In the experiments, the applied magnetic field is
parallel to the direction of propagation of the incident y-ray.

III. RESULTS

We investigated three materials. In the case of
SmFe( 95C00.0sAsO and SmFe 9gCog ; AsO, the MS are single
peaks at 4.2 K in the absence of an applied magnetic field
showing no evidence of magnetic impurity phases.”! A small
contribution to the measured MS from Fe impurities in the Al
stripes of the Mylar windows was subtracted from the spectra.

The isomer shifts (IS) relative to metallic « Fe-
foil is the same for SmFeAsO, SmFejo95C0g0sAsO, and
SmFe(9Cog1AsO (0.42+£0.02) mm/s, showing that the
charge state of the Fe site is not affected by Co doping for
0 < x < 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
magnetic field and in a 5 T applied field are shown in Fig. 2.
Consistent with the Ty = 137 K for the sample, the MS shows
a hyperfine magnetic field at the Fe nucleus. The full line is
the calculated spectrum with Hyyperfine = (4.98 4= 0.18) T and
a quadrupole tensor whose principal axis is at an angle to the
direction of the hyperfine magnetic field. In the absence of a
hyperfine magnetic field, the quadrupole tensor, Q, would lead
to a splitting of AEy 2~ 0.1 mm/s so that the elements of Q
are modest but are required to reproduce the asymmetry in the
spectrum. The other parameters in the fit are the isomer shift
(IS) and the half width at half maximum (I"y). The value of
the parameters in the fit are those which minimize the sum of
the squares of the differences between the calculated spectrum
and the data. Given the information from neutron scattering
regarding the direction of the ordered moments in LaFe AsO,*
we assume that the hyperfine magnetic field is parallel to the
orthorhombic a-axis, in which case the principal axis of Q lies
in the ac-plane.
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FIG. 2. (Color online) MS of SmFeAsO at 4.2 K for no applied
field and in a 5 T applied field. The full line through the zero field data
is a single-site fit with a hyperfine magnetic field of (4.98 £ 0.18)
T, IS = (0.42 £ 0.02) mm/s and 'y = (0.15 £ 0.015) mm/s. The
principal axis of the quadrupole tensor is at an angle to the direction
the hyperfine magnetic field. The small quadrupole contribution,
AEy ~ 0.1 mm/s, is required to reproduce the asymmetry in the
spectrum. The MS of SmFeAsO at 4.2 K in 5 T applied field is
broader and lacks the strong lines of the spectrum in the absence of
an applied field. The dashed line is MS calculated from an average
over a distribution of sites where the hyperfine field has different
values and orientations with respect to the direction of the incident
y-ray. The isolated vertical line on the left hand side of the figure
indicates the size of the uncertainty in the data points.

The MS undergoes significant changes as the strength of
the magnetic field increases beyond 1 T. The six-line spectrum
in zero field evolves into a broad spectrum which is almost
featureless except for two central peaks in a 5 T applied field.
This change arises because the hyperfine magnetic field at the
Fe nuclei in each crystallite results from two contributions:
the magnetic order in that crystallite and the external field.
Since the relative orientation of the two contributions is
random, there is a distribution in both the magnitude of the
resulting field and in its direction relative to the direction
of propagation of the incident y-ray. This happens because
the ordered moments in each crystallite cannot lower their
energy by flopping into the plane perpendicular to the applied
field and canting into the direction of the field due to the
strong magnetic anisotropy as evidenced in the local moment
fits to measured spin excitation energies.! The spectrum also
depends sensitively on the angle between the direction of the
hyperfine magnetic field at the Fe nucleus and the direction
of the incident y-ray through the usual selection rules. The
calculated MS (dashed line) which results from averaging over
a uniform distribution of crystallite orientations is compared
with the measured MS at 4.2 K in a 5 T applied field in
Fig. 2.

B. SmFeo‘()sCOo_()sASO and SmFe0~9C00.1AsO

In Fig. 3(a), the MS of SmFe( 95C0¢ ¢sAsO are plotted for
different temperatures in the absence of an applied magnetic
field. The MS consist of a single peak indicating that there
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FIG. 3. (Color online) (a) MS of SmFe(¢5C0¢05AsO is a single
line spectrum in the absence of an applied magnetic field. The full
width half maximum of the line decreases from 0.50 mm/s at 4.2 K
to 0.26 mm/s at 78 K. (b) MS of SmFe( 9sC0¢95AsO ina 5 T applied
field is a four-line spectrum. In both the absence of an applied field and
in 5 T applied field, linewidths increase as the temperature decreases.
The isolated symbol in each part of the figure indicates the size of the
uncertainty in the data.

is no static magnetic order or any indication of impurity
phases in the sample. The full width half maximum of the
line decreases from 0.50 mm/s at 4.2 K to 0.26 mm/s at
25 K. At 78 K, the full width half maximum line width
is 0.26 mm/s which is experimentally narrow, indicating
the absence of an electric quadrupole contribution to the
spectrum. This value determines the value of intrinsic half
width half maximum, 'y = 0.13 mm/s in our analysis
of the spectra. The superconducting transition temperature
of SmFe(95Co0g05AsO was estimated to be ~5.1 K from
resistivity.* A temperature-dependent linewidth has also been
reported in LaO ogF o4FeAs.”

In Fig. 3(b), the MS is shown for different temperatures in
5 T applied field. The spectra consist of four peaks consistent
with a uniform applied field, parallel to direction of the incident
y-ray. The relative positions of the peaks are consistent with
pure Zeeman Hamiltonians for the ground and excited states
of the 3’Fe nucleus and show no evidence of an electric
quadrupole contribution, which is consistent with the high
temperature spectrum of the sample in the absence of an
applied field.

We analyze this temperature dependence of the MS using
the fluctuating hyperfine magnetic field model developed by
Blume and co-workers.”*?> Since our data indicate that there
is no static hyperfine magnetic field or significant quadrupole
contribution to the spectrum in SmFe(¢5Co0¢05AsO, we at-
tribute the temperature-dependent linewidth to be due to a
fluctuating hyperfine magnetic field at the Fe nucleus. This
hyperfine magnetic field arises from the thermally disordered
magnetism in the FeAs layers. The Hamiltonian describing
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the system in a given nuclear state (ground, n = gr or excited,
n=ex)is

H=—g,un Z H}lljfj(t) - gnMnIzHapplieda (1)
Jj=LN

where g, is the gyromagnetic factor of the nuclear state, u, is
the nuclear Bohr magneton, the sum runs over the N directions
among which the hyperfine magnetic field fluctuates, I; is the
component of the nuclear spin along direction j, and f;(t)is a
random function of time with values corresponding to different
directions. In the absence of a quadrupole contribution which
might provide a reference set of axes for these directions,
we consider fluctuations among three mutually perpendicular
directions, =X, &9, and £Z. There is no correlation between
the directions of the fluctuating hyperfine magnetic field and
this is incorporated in the calculation through a random phase
treatment in averaging over the possible changes in directions,
Jj, and a trace over the product space of the nuclear states
[ Lgym) Lexm'). 2>

The parameters in this model which describe the fluctuating
field are the amplitude, H s;, and the rate at which the direction
of the field switches, % In the absence of an applied field, we
assume that the fluctuating hyperfine magnetic field, Hy, is
isotropic; while in the presence of an applied field of 5 T, we
allow different values of the fluctuating field, parallel (H z),
and perpendicular (Hy,, ), to the applied field.

The amplitude of the randomly fluctuating hyperfine mag-
netic field is assumed to be the same with or without an applied
magnetic field and to be independent of temperature. Its value
is determined by fitting to the spectrum at4.2 Kina 5 T applied
magnetic field. The parameters in the fit are Hyy, Hy o, %
and the IS. The intrinsic half width half maximum, I'y, in
the absence of the fluctuating hyperfine magnetic field in the
high temperature spectra, is as discussed above and found to be
o =0.13 mm/s. Itis found that H s and Hy;, are essentially
~3.08 T. This value for the amplitude of the fluctuating hyper-
fine magnetic field is used at other temperatures both in the ab-
sence of an applied field and in presence of a 5 T applied field.
The resulting fits using the hamiltonian in Eq. (1) are full lines
in Fig. 2. The temperature dependence of the linewidths arises

from the temperature dependence of % whichis shownin Fig. 4.

As the temperature increases, % increases, so that the effect of

the fluctuating field on the spectra decreases. The error bars are
determined by doubling the sum of the square of the difference
between the data and calculated spectrum found in the best fit
to the data. As the effect of the fluctuating field decreases,
the fits become increasingly insensitive to % and the size of
the error bars grow. Beyond ~25 K, the contribution of the
fluctuations to the linewidth is almost negligible. Examining
the MS of SmFe( 95Co0¢9sAsO in a 5 T applied field at 27.5 K,
we see that the spectrum can be well described by a unique Fe
site with I'g = 0.13 mm/s and an isomer shift of (0.42 &+ 0.02)
mm/s, just as in SmFeAsO. % is seen to be independent of the
applied field. This insensitivity to applied magnetic fields is
also seen in the spin-lattice relaxation time, 77, in 7> As NMR
data on LaFeAsQy 72® and LaFeAsQq goF 11>’ up to ~12 T.
The MS of SmFe(9Cog AsO in zero applied field and in
9 T are shown in Fig. 5. The MS at 4.2 K is plotted with the
298 K MS, which has been rescaled to compensate for the

s
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FIG. 4. (Color online) Relaxation rate of magnetic fluctuations,
77!, in SmFe(95C0(05AsO as a function of temperature. The lines
are intended as guides to the eye only.

temperature dependence of the recoil free fraction. The MS is
a single line, showing that there is no static ordered magnetic
field, and the width is clearly independent of temperature.
The single line MS in the absence of an applied field and the
positions of the lines in the MS at 9 T point to a negligible
electric quadrupole contribution to the spectrum. Just as in the
case of the SmFe( 95C0¢ 05AsO spectrum, the single site fits
to the zero field and 9 T spectra demonstrate the absence of
impurity phases in the SmFe( 9Cog 1 AsO sample.

The MS at 4.2 K of SmFej95C0p05sAsO in 5 T and
SmFe(9CopAsO in a 9 T field are similar to that of
superconducting LaFeAsOgpgoFpi; in a 5 T field.?® These
spectra are indicative of a sample in a uniform magnetic field
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FIG. 5. (Color online) MS of SmFe( ¢Coy ; AsO in the absence of
an applied magnetic field at 4.2 K (e) and 298 K (¢), indicating the
absence of any temperature dependence in the linewidth or magnetic
impurities in the sample. The full line is a fit with IS = (0.41 4 0.02)
mm/s and 'y = (0.18 £ 0.01) mm/s. MS of SmFe¢Co¢AsO in a
9 T applied magnetic field at 4.2 K (x). The full line is MS calculated
for a 9 T applied field. The IS is (0.41 £ 0.02) mm/s and 'y =
(0.15 £ 0.02) mm/s. The uncertainty in the data points is the size of
the symbols used to represent them, as shown by the symbol at the
lower left of the figure.
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applied parallel to the direction of propagation of the incident
y-ray. The absence of any field inhomogeneity due to a vortex
lattice in the MS shows that these samples have been driven
normal by the applied magnetic fields. The measured onset of
diamagnetism falls rapidly with increasing applied field and is
completely absent above 1 T in SmFe( 9Cog ; AsO (not shown).
This is consistent with the absence of diamagnetism measured
for LaFe;_,Co,AsO at 1 T.?

IV. DISCUSSION

We report here the temperature and external magnetic field
dependence of Mossbauer spectra of SmFe;_,Co,AsO. We
find evidence of magnetic fluctuations at low temperatures for
x=0.05. These fluctuations are present in SmFe( 950 o5 AsO,
with no evidence of static magnetic order, both in the absence
of an applied field at 4.2 K, where the material is supercon-
ducting, and in 5 T, where it is in the normal phase. There
is no significant difference in the temperature dependences of
7~ ! between the zero applied field case (superconducting) and
when there is a 5 T applied field (nonsuperconducting).

These fluctuations are probably due to Fe moments. This
is because the fluctuations are seen at x = 0.05 and not
at x = 0.1, which is further from the region of the phase
diagram where magnetic order is found. This enhancement of
fluctuation effects has also been identified in 7> As NMR spin-
lattice relaxation time in Ba(Fe,_,Co,)As,,%° LaFeAsQy7,2°
and LaFeAs(OggoFo1).2” In these materials, there is an
enhancement of (T\T)~! as T — Ty (Ty is the ordering
temperature of the Fe moments). As doping levels increase and
the materials no longer order magnetically, this enhancement
goes away. The interpretation of this data has been that this
enhancement is due to the critical slowing down of spin
fluctuations and their absence for larger doping levels is
consistent with our results for x = 0.05 and 0.1, reported here
for SmFe;_,Co,AsO.

There are also moments on the Sm sites, which are seen
to order in SmO;,_,F,FeAs at 4.6 K (x =0) and at 3.7 K
(x = 0.15) in specific heat.*® Sharp peaks are seen in the data
at both doping values. It is difficult to see how the fluctuations
seen in SmFe( 95C0p05ASO could be due to the incipient
ordering of Sm moments, given the strong dependence on Co
doping of the fluctuation effects. The signature of magnetic
fluctuations was also seen in SR by Drew et al.,'® again in
SmO;_,F,FeAs. They found that muon relaxation is much
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slower at x = 0.30 than at x = 0.18, closer to the region of Fe
ordering and pointed to this as evidence against the fluctuations
being associated with the Sm moments.

The frequencies of the fluctuations in SmFe 9sCog 05 AsO,
~10-20 MHz, where they have a significant contribution to
the linewidths, are very much smaller than the frequencies
characterizing spin dynamics in these materials®' or the spin
resonance mode seen below T¢ in Ba(Fe;_,Co,)AsO3%3 and
so they are most likely associated with the proximity to the
ordered magnetic phase. The amplitude of the fluctuations
is roughly half the hyperfine magnetic field in magnetically
ordered SmFeAsO. This suggests that the effects of Co doping
at x = 0.05 are just enough to prevent static magnetic order at
4.2 K and above. Fixing the amplitude of the fluctuations of the
hyperfine magnetic field to its value at 4.2 K, the fluctuation
effects go away due to the increase in the rate at which the
hyperfine magnetic field randomly switches direction with
temperature. The origin of the hyperfine magnetic field is the
random fluctuations in the directions of electronic moments
at the Fe sites. The increase in the fluctuation rate with
temperature is similar to the behavior found by Moessner and
Chalker** in their investigation of small fluctuations about the
ground state configurations in a geometrically frustrated anti-
ferromagnet. They used a classical Heisenberg model on the
pyrochlore lattice and found T ! o T. v~ appears to approach
~10 MHz in zero applied and in a 5 T applied field and starts
to increase beyond ~10 K. We do not have a microscopic
model for how these fluctuations found in SmFe 95Cog s AsO
evolve. A similar analysis has been carried out by Bonville
et al®® on the temperature dependence of the relaxation rate
in Gd;GasOy, using the '>Gd Mdssbauer effect. However,
the absence of these fluctuations in SmFey 9Cog ; AsO, where
superconductivity is more robust (T¢ >~ 17 K), suggests that
magnetism and superconductivity are in competition with
one another in SmFe;_,Co, AsO rather than spin fluctuations
coexisting with superconductivity and pointing to a possible
magnetic mechanism for superconductivity.
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