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The relationship between antiferromagnetic spin fluctuations and superconductivity has become a
central topic of research in studies of superconductivity in the iron pnictides. We present unambiguous
evidence of the absence of magnetic fluctuations in the nonsuperconducting collapsed tetragonal phase of
CaFe,As, via inelastic neutron scattering time-of-flight data, which is consistent with the view that spin
fluctuations are a necessary ingredient for unconventional superconductivity in the iron pnictides. We
demonstrate that the collapsed tetragonal phase of CaFe,As, is nonmagnetic, and discuss this result in
light of recent reports of high-temperature superconductivity in the collapsed tetragonal phase of closely

related compounds.
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The AFe,As, (A = Ba, Sr, Ca), or “122,” family of
compounds has been one of the most widely studied
classes of iron pnictide superconductors [1-4] in recent
years, and a great deal of attention has been focused
on CaFe,As, [5,6] in particular. At ambient pressure,
the substitution of Co or Rh for Fe [7-11] results in
the suppression of antiferromagnetic (AFM) order and,
over some range in substitution, superconductivity (SC)
emerges with transition temperatures (7,) of up to = 20 K.
Under modest applied pressure CaFe,As, manifests fasci-
nating new behavior including a transition to an isostruc-
tural volume collapsed tetragonal (cT) phase that is
generally believed to be nonmagnetic and nonsupercon-
ducting. The cT phase in CaFe,As, is distinguished by a
striking 9.5% reduction in the tetragonal c lattice parame-
ter, with respect to the high-temperature ambient-pressure
tetragonal (T) phase, along with the absence of the
stripelike AFM order found for the low-temperature
ambient-pressure orthorhombic phase [12].

The first liquid media clamp-cell pressure measurements
of Sn-flux solution-grown CaFe,As, found traces of SC for
applied pressures between roughly 0.25 and 0.9 GPa
[13,14]. These studies were rapidly followed by transport
measurements and neutron diffraction experiments under
hydrostatic pressure conditions using He gas pressure cells,
which showed (i) no evidence of SC for P < 0.6 GPa [15],
and (ii) the existence of the cT structure for P > 0.35 GPa
at low temperatures [16,17]. That work demonstrated that
the traces of SC originally found in the frozen liquid
clamp-cell measurements probably resulted from signifi-
cant nonhydrostatic pressure components generated during
the transition to the cT phase, although the origin of the SC

0031-9007/13/111(22)/227002(5)

227002-1

PACS numbers: 74.20.Mn, 74.70.Xa, 78.70.Nx

phase was not identified in these studies. Later experi-
ments, utilizing uniaxial pressure, concluded that the T
phase could be stabilized to low temperatures by the pres-
ence of nonhydrostatic pressure components and was
likely the source of superconductivity in the original liquid
clamp-cell measurements [18].

Recently, superconductivity with 7, in excess of 45 K
has been reported for the substitution of Sr [19] or selected
rare earths (R) [20-22] for Ca, or codoping by La and P
[23], and it has been proposed that these high T, values are
realized in the cT phase as well [19,21]. Since it is gen-
erally accepted that there is a close connection between SC
in the iron pnictides and the presence of correlated AFM
fluctuations in these compounds [1-4,24,25], the possibil-
ity of high values of T, in the cT phase raises important
questions regarding the nature of the cT phase, and the
relationship between magnetic fluctuations and unconven-
tional superconductivity in the iron pnictides. It is, there-
fore, important to clearly establish whether the cT phase of
CaFe,As, is, in fact, nonmagnetic.

There is already evidence that the cT phase of CaFe,As,
is nonmagnetic, consistent with the absence of unconven-
tional superconductivity. First, as noted above, the low-
temperature stripelike AFM order is absent in the cT phase.
However, alternative magnetic ground states for the cT
phase have been proposed [26], and the origin of the
suppression of magnetic order, whether it arises from a
reduction in the iron moment, changes in the magnetic
exchange, or a more subtle change in electronic structure
has come under renewed scrutiny [19]. Furthermore, the
absence of AFM order does not directly speak to the
presence or absence of magnetic fluctuations in the cT
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phase. It is well known that strong AFM fluctuations
remain after long-range magnetic order is lost in the iron
pnictides at optimal doping [1-4,24,25].

Total energy calculations described in Ref. [16] predict
that the cT phase is nonmagnetic and this has been sup-
ported by other theoretical studies [27-29]. Our previous
inelastic neutron scattering studies of the T [30] and cT
phases [31] showed that, at least over a narrow range in
momentum transfer (Q) close to the AFM wave vector
Qguipe @and energy transfers (E) less than 7 meV, the AFM
fluctuations are suppressed, or absent, in the c¢T phase.
Again, this result finds support in other experimental mea-
surements [11,22,32]. But the narrow scope of the neutron
measurements could not exclude the presence of correlated
magnetic fluctuations at other positions in reciprocal space
[26], or simply a change in the energy scale of the fluctua-
tions as has been found, for example, in the well known
volume collapse of Ce [33], or very recently in nonsuper-
conducting Ba(Feg ¢sNig 15),As, [34]. A much wider view
in both Q and E must be obtained to clearly establish the
presence or absence of magnetic fluctuations in the cT
phase of CaFe,As,.

Here we present unambiguous evidence that the mag-
netic fluctuations in the nonsuperconducting cT phase of
CaFe,As, are absent via inelastic neutron scattering mea-
surements using the ARCS time-of-flight (TOF) instru-
ment [35] at the Spallation Neutron Source at Oak Ridge
National Laboratory. This result provides clear evidence
that the cT phase of CaFe,As, is a nonmagnetic metal, with
no static or dynamic magnetic moment, and supports the
view that spin fluctuations are a necessary ingredient for
unconventional SC in the iron pnictides. The complete
suppression of magnetism in the cT phase also provides a
nonmagnetic analog for a detailed study of the AFM
fluctuation spectrum of the paramagnetic T phase out to
energy transfers above 100 meV, and we use this to dem-
onstrate that the dynamical susceptibility x”(Q, w) is well
described by the model for short-range, over-damped
anisotropic spin-correlations introduced in Ref. [30].

The sample used in this study was a coaligned set of 12
single crystals produced by solution growth using an FeAs
flux [36]. The coalignment provided a total sample mass of
~1.5 grams and a sample mosaic of 1.5° full width at half
maximum. As described in Ref. [36], FeAs-flux samples
quenched from the melt at 960 °C, or annealed at tempera-
tures above 700 °C, transform directly from the T phase
into the cT structure at low temperature at ambient pres-
sure; the strain field associated with a uniform distribution
of fine-sized FeAs precipitates appears to play a key role in
the ambient pressure transformation and can be used to
systematically tune the behavior of the CaFe,As, samples
[37]. For the present measurements, the samples were as
grown, quenched from the melt at 960 °C. Other than a
shift in temperature, the transformation from the T phase to
the cT phase at ambient pressure is consistent with the T-cT

transformation observed for the Sn-flux solution-grown
samples under applied pressure [36], eliminating the
need for a pressure cell and, therefore, the dominant con-
tribution it makes to the measured background in scattering
measurements.

The inelastic neutron scattering experiment was per-
formed using incident beam energies E; of 75 and
250 meV. The sample was attached to the cold finger of a
closed-cycle cryostat and oriented with the tetragonal ¢
axis parallel to the incident beam. In what follows, the
neutron scattering data will be described in the tetragonal
14/mmm coordinate system with Q = (27/a)(H + K)i +
(2m/a)(H—K)j+ (2m/c)Lk=(H+K,H— K, L). In this
notation, the stripelike AFM wave vector is Qgyipe =
(4,1,1), ie, H=1and K =0. H and K are defined to
conveniently describe diagonal cuts in the 14/mmm basal
plane as varying H (K) corresponds to a longitudinal [H,
H] scan (transverse [K, —K] scan) through Qgipe. It can
also be shown that H and K are the reciprocal lattice
vectors of the Fe square lattice as discussed in Ref. [38].

We performed a detailed survey of the spin fluctuations
at temperatures above (7' = 150 K) and below (T = 10 K)
the T-cT transition (at = 90 K) and used the MSLICE soft-
ware [39] to visualize the data and to take one- and two-
dimensional cuts through main crystallographic symmetry
directions for subsequent data analysis. Figures 1 and 2
display the key result of our measurements. Figures 1(a)
and 1(b) show the neutron intensity for constant energy
slices (integrated over =10 meV) for E; = 75 meV and
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FIG. 1 (color online). Constant energy transfer E slices in the
[H, H]-[K, —K] plane with incident beam energies E; of 75 meV
(left panel) and 250 meV (right panel). The color scale shows the
intensity of the scattered neutrons in the stated energy intervals.
The white regions correspond to gaps in the detector coverage.
The paramagnetic T phase at 150 K is shown in panels (a) and
(b). There is no evidence of magnetic excitations in the cT phase
at 10 K in panels (c) and (d). All panels employ the same
intensity scale.
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FIG. 2 (color online). Magnetic excitation spectra along the
[K, — K] direction, averaging over an interval of £0.05 r.lL.u. in
the [H, H] direction for incident energies E; of 75 meV (left) and
250 meV (right). In panels (a) and (b) the magnetic excitations
are clearly evident as plumes of intensity around K = 0 in the
paramagnetic T phase at 150 K. At low temperature, in the cT
phase at 10 K [panels (c) and (d)], magnetic excitations are
absent. The dispersing features entering from the left and right
sides of panels (a) and (c) are phonons from aluminum. All
panels employ the same intensity scale.

E = 50 meV [see Fig. 1(a)], and E; = 250 meV and E =
80 meV [see Fig. 1(b)] taken at 150 K, above the T-cT
transition. The AFM spin fluctuations centered at Qgyipe
and equivalent positions in other Brillouin zones (for E; =
250 meV) are clearly observed. Figures 1(c) and 1(d) show
the neutron intensity for these same energy slices taken at
T = 10 K in the cT phase, demonstrating the absence of
magnetic scattering in the vicinity of Qgyipe, and we find no
evidence of magnetic intensity at other positions in recip-
rocal space.

Figure 2 shows the energy dependence of the magnetic
intensity along the [K, —K] direction after averaging over
the longitudinal [H, H] direction from 0.45 < H < (.55 in
reciprocal lattice units (r.l.u.). Figures 2(a) and 2(b) show
the neutron intensity for E; = 75 and 250 meV, respec-
tively, taken at 7 = 150 K. In the T phase, the plume of
scattering at Qyipe €xtends above 100 meV [see Fig. 2(b)].
The data taken in the cT phase, at T = 10 K, again show
no evidence of magnetic scattering in this region (see also
Fig. 4). Taken together, Figs. 1 and 2 clearly demonstrate
that AFM fluctuations are absent in the cT structure con-
sistent with the absence of any Fe moment whatsoever.

The full suppression of magnetism and the absence of
SC in the cT phase supports current theories of unconven-
tional pairing in the iron pnictides via spin fluctuations, and
raises important questions regarding the origin of SC in the
cT phase of (Ca,;_,Sr,)Fe,As, with T, =22 K [19], and
(Ca;_,R,)Fe;As, (R =Pr, Nd) with T,>45K [21].
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FIG. 3 (color online). The dynamical structure factor S(Q, E)
as a function of energy measured at Qyyipe = (3,3, 1) for inci-
dent neutron energies E; of (a) 75 meV and (b) 250 meV.
The scales at the top show the relationship between L and E.
The solid lines represent a model fit to the data as described in
the text.

Both Refs. [19,21] acknowledge the possibility of the SC
originating in a second phase, perhaps within some
retained T phase as found for CaFe,As, under uniaxial
pressure [18]. On the other hand, the values for T in these
systems are significantly higher than that found for
CaFe,As, (=10 K), offering the possibility that SC arises
from an alternative pairing scenario. Clearly, it would be
instructive to study examples of the Sr and R-substituted
compounds using the TOF methods described here in order
to establish whether remnants of magnetic fluctuations
persist into the cT phase.

The absence of magnetic scattering in the cT phase
provides us with a nonmagnetic analog to serve as a
background reference for a detailed investigation of spin
fluctuations in the paramagnetic T phase. Figure 3 displays
the energy spectrum for the spin fluctuations in the T phase
for both incident neutron energies. These plots were
obtained from a subtraction of the data obtained at 150
and 10 K, then folding the resultant difference spectrum
across the diagonals of Fig. 1. This folding effectively
increases the statistics by taking advantage of the fourfold
symmetry of the [H, H]-[K, —K] plane. We note that no
adjustment of the data to account for the temperature factor
was done in the subtraction because it was not possible to
assign relative weights to the temperature dependent (e.g.,
sample, sample holder) and independent (scattering from
the cryostat, general background) contributions to the cT
data with any certainty. Nevertheless, the absence of a
correction for the temperature factor in the subtraction
affects only energies below approximately 15 meV and is
of no consequence for the analysis described below. The
range of integration over Q in Fig. 3 was AH = 0.45 to
0.55rl.u.and AK = —0.06 to +0.06 r.1.u., for consistency
with Ref. [30]. The intensity modulation with energy arises
from variations in the structure factor along L, which are
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observed as energy-dependent intensity oscillations that
are peaked at the AFM zone centers (e.g., L = 1,3, 5) [30].

Complementing these data, in Fig. 4 we show constant-
energy cuts through Q. along the longitudinal [H, H]
and transverse [K, —K] directions for energy transfers E
from 20 to 120 meV. Data taken in the paramagnetic T
phase at 150 K (blue circles) are contrasted with the cor-
responding cuts in the cT phase at 10 K (shaded squares),
once again demonstrating the absence of any magnetic

X"(Q, »)

signal in the cT phase. Furthermore, the background scat-
tering away from Qg in the T phase is indistinguishable
from the scattering in the cT phase indicating that there is
no additional paramagnetic contribution.

Following Ref. [30], the Q and constant-energy cuts in
Figs. 3 and 4 can be described by a scattering model that
includes short-range anisotropic spin correlations with
overdamped dynamics. The dynamic susceptibility can
be written as

hwyx

where ¢> = g2 + 43, xo is the staggered susceptibility, y
denotes the damping coefficient originating from the spin
decay into particle-hole excitations, and &7 and a are
the magnetic correlation length at temperature 7', and the
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FIG. 4 (color online). Constant-energy Q cuts of the magnetic
scattering along the longitudinal [H, H] direction (left panel) and
transverse [K, —K] direction (right panel) with an incident
neutron energy of 250 meV for the T phase at 150 K (blue
circles) and the cT phase at 10 K (shaded squares). The in-plane
anisotropy of the scattering is evident from the difference in the
widths of the scattering between the longitudinal and transverse
directions at a given energy transfer. The solid lines represent fits
to the data as described in the text.

() + AP+ 1a:q,)8 + )2 + n.[1 + cos(mL)]P

o))

|
in-plane lattice parameter, respectively. Two dimensionless
parameters describe the anisotropy of the in-plane corre-
lation lengths (77) and the strength of the interlayer spin
correlations (1, = J.xo)-

The dynamical structure factor S(Q, w) is related to
x"(Q, w) by the fluctuation-dissipation theorem, so that

SQ ) = CF(Q>2%, 2)

where F(Q) is the Fe’™ magnetic form factor, C is a
scaling constant and £ = hw. Fits to the energy spectrum
(solid line in Fig. 3) and constant-energy Q cuts (solid lines
in Fig. 4) were performed simultaneously using Egs. (1)
and (2) and a single scale factor for each incident
energy. We obtained values for v =37 =2 meV, &7 =
6.4+02A, n=10+0.2, and ., = 0.16 + 0.02 that
compare well with those determined for the paramagnetic
T phase at 180 K in Ref. [30]: v =43 £5 meV, & =
7.9+ 0.1 A, n =0.55 = 0.36, and 7, = 0.20 + 0.02. We
point out here that the present data set extends to much
higher energies than previously measured for CaFe,As,
and, therefore, provides further validation of the nearly
AFM spin fluctuation model proposed by Diallo et al.
[30] and, in addition, shows that the spin dynamics of the
FeAs flux-grown samples and the original Sn flux-grown
samples are the same.

In summary, our inelastic neutron scattering data, over
an extended range in reciprocal space and energy, demon-
strate that the cT phase of CaFe,As, is nonmagnetic. Based
on an accurate background subtraction using the nonmag-
netic cT phase, we find no evidence for spin fluctuations
at other wave vectors, or any incoherent contribution, and
conclude that the magnetic fluctuations are exclusive to
Qguipe for energies below 120 meV. In light of recent
reports of high-temperature SC in the c¢T phase of
(Ca;_,Sr,)Fe,As, [19] and (Ca;_,.R,)Fe,As, (R = Pr,
Nd) [21] the absence of spin fluctuations in the cT phase
of CaFe,As, clearly calls for further consideration of
multiple phases as the source of SC in these systems as
well as similar neutron TOF measurements on these
compounds.
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