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Inelastic neutron scattering measurements of paramagnetic SrCozAss at T = 5 K reveal antifer-
romagnetic (AFM) spin fluctuations that are peaked at a wavevector of Q,my = (1/2,1/2,1) and
possess a large energy scale. These stripe spin fluctuations are similar to those found in AFepAsy
compounds, where spin-density wave AFM is driven by Fermi surface nesting between electron and
hole pockets separated by Q- SrCo2Asz has a more complex Fermi surface and band structure
calculations indicate a potential instability towards either a ferromagnetic or stripe AFM ground
state. The results suggest that stripe AFM magnetism is a general feature of both iron and cobalt-
based arsenides and the search for spin fluctuation-induced unconventional superconductivity should

be expanded to include cobalt-based compounds.

The AFesAss compounds (A = Ca, Sr, Ba) are itin-
erant antiferromagnets (AFMs) where spin-density wave
ordering is driven by Fermi surface nesting between elec-
tron and hole pockets ﬂ] The in-plane nesting vector
Qarm = (1/2,1/2) describes a stripe AFM structure
consisting of ferromagnetic (FM) chains of spins extend-
ing along the [1, 1] direction with AFM alignment along
[1,1] [see Fig. 1(f)]. In Ba(Fe;_,Coy;)2As2, electron-
doping by the substitution of Co for Fe destabilizes the
stripe AFM ordering by shrinking (enlarging) the hole
(electron) pockets and detuning the nesting condition.
Ultimately, the suppression of stripe AFM ordering upon
Co substitutions of a few percent allows a superconduct-
ing ground state to appear in the presence of substan-
tial spin fluctuations at Qpy. Further Co substitutions
(x > 12%) lead to a complete suppression of both stripe
spin fluctuations [, [3] and superconductivity [4-6].

The ACosAs; compounds with a full replacement of Fe
by Co have garnered little attention. Initial experiments
on BaCoyAs, [7] and SrCosAs, [§] describe these materi-
als as metals with enhanced paramagnetic susceptibility
and no magnetic ordering or superconductivity down to
2 K. Band structure calculations find a large density-of-
states at the Fermi energy that is proposed to drive a
ferromagnetic instability and enhanced paramagnetism
ﬂ, ] Recent angle-resolved photoemission spectroscopy
(ARPES) data on BaCosAss [9,[10] and SrCosAs; [§] re-
veal a complex multi-band Fermi surface and, unlike the
iron arsenides, no clear nesting features exist that might
suggest an instability towards AFM ordering.

In this Letter, we report the remarkable discovery that
SrCogAss is near an instability to stripe AFM order, not
ferromagnetism, i.e. it adopts the same magnetic state
as found in the tetragonal phase of iron arsenide-based
parent and superconducting compounds. Inelastic neu-
tron scattering (INS) was used to measure steeply dis-
persing and quasi-two-dimensional (2-D) paramagnetic

excitations near Qpy = (1/2,1/2,1) that share many
similarities to AFesAsy, despite their dissimilar Fermi
surface topologies. One notable difference is the oppo-
site anisotropy of the longitudinal and transverse spin
correlation lengths, indicating that the nearest-neighbor
magnetic exchange is FM in SrCogAss, rather than AFM
in AFeyAsy. Spin-polarized band-structure calculations
find a tendency for both FM and stripe AFM order,
which also emphasizes the important role that compet-
ing FM interactions play in the cobalt arsenides. This re-
sult raises important questions about the origins of stripe
spin-density waves and the potential for unconventional
superconductivity within the cobalt arsenides.

The INS measurements were carried out on the ARCS
and HB3 spectrometers at the Spallation Neutron Source
and High Flux Isotope Reactor, respectively, at Oak
Ridge National Laboratory. The measurements were per-
formed on three single crystals of SrCoyAss with a to-
tal mass of approximately 2.6 g that were co-aligned to
within less than 3 degrees full-width-at-half-maximum
(FWHM). Bulk electronic transport, magnetization, heat
capacity, >As NMR, and neutron diffraction measure-
ments show no evidence for structural or magnetic phase
transitions (to G-type or A-type AFM order) from room
temperature down to 1.3 K, with no evidence for short-
range or long-range chemical inhomogeneity B] In the
present neutron diffraction study, no detectable stripe
AFM order was found in our samples down to T' = 5 K.
The samples were mounted in the (H, H, L) scattering
plane and we define Q = (H,K,L) = %”Hi + %’rKi +
%Ll% in reciprocal lattice units (rlu) as referenced to the
tetragonal I4/mmm unit cell with lattice constants a =
3.94 A and ¢ = 11.8 A. The ARCS measurements were
performed with an incident neutron energy of 75 meV
and the incident beam oriented along the crystallographic
L-direction. HB3 data were collected with a fixed final
energy of 14.7 meV, horizontal collimation of 48’-60’-80'-
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Figure 1: Panels (a) — (e) show INS data on SrCo2Ass measured on ARCS with E; = 75 meV and T = 5 K. Panel (a) shows data in
the H — K plane summed over 15 — 25 meV highlighting anisotropic spin fluctuations centered at Qapy = (1/2,1/2) with < L > = 1.6.
Panel (b) plots the same data as in panel (a), but symmetry-equivalent quadrants have been averaged together. Panels (¢) and (d) show
the energy dependence of the scattering in the LO direction [averaged over a range of &+ 0.1 rlu in the TR direction] and TR direction
[averaged over a range of 0.4 — 0.6 rlu in the LO direction], respectively. In panels (c¢) and (d), the white horizontal bar indicates the
FWHM of single Gaussian fits to the constant energy scans, similar to those shown in Fig. 2. (e) The imaginary part of the magnetic
susceptibility centered at Qapy; and averaged over the range from £ 0.1 rlu in the TR direction and 0.35 — 0.65 rlu in the LO direction.
The red line is a fit to a relaxational line shape, as described in the text. (f) Schematic picture of the stripe AFM order described by
QapyM in the H — K plane. TR (FM) and LO (AFM) directions are indicated by arrows and nearest- (J1) and next-nearest-neighbor (J2)
exchange interactions are shown. Full red and empty blue symbols represent Co spins on separate AFM sublattices.

120’, and graphite filters after the sample.

Figures 1(a) — (e) show INS data measured on ARCS
that highlight the spin fluctuations in SrCosAss. An
isotropic and nonmagnetic background intensity has been
estimated and subtracted using a procedure similar to
that in Ref. [L1]. Figure 1(a), with data summed
over an energy transfer range of £ = 15 — 25 meV,
shows magnetic scattering intensity centered at an in-
plane wavevector of Qapy = (1/2,1/2) and symmetry
related positions in the H — K plane. Thus, the intensity
arises from stripe AFM spin fluctuations similar to the
AFeyAss compounds. The L-component of the scattering
wavevector varies with E in a time-of-flight experiment
with fixed crystal geometry and has an average value of
< L > = 1.6 in this energy range. Figure 1(b) displays
the same data averaged over all four symmetry-related
quadrants. The spin fluctuations are clearly anisotropic
in the H — K plane, with a broader distribution of mag-
netic intensity in the longitudinal (LO) AFM direction
[(H, H)-direction] than the transverse (TR) FM direction
[(K, —K)-direction] through Qupy [see Fig. 1(f)]. No
detectable experimental signature of ferromagnetic fluc-
tuations was observed in the first Brillouin zone [close to

the origin of reciprocal space in Fig. 1(a)] in the ARCS
data.

Figures 1(c) — (e) show the energy dependence of the
spin fluctuations. The steepness of the spectrum is espe-
cially clear in the TR direction, shown in Fig. 1(d), and
is similar to the iron-arsenides where the magnetic band-
width reaches ~250 meV ﬂﬂ—@] On the other hand,
the spectrum in the LO direction has a much larger and
energy-dependent broadening, suggesting dispersive-like
features.

The energy dependence of the magnetic spectrum in
the vicinity of Qapy 18 plotted in Fig. 1(e) as the imag-
inary part of the dynamical magnetic susceptibility

17 o 2r I — IBkg ~ exp(—

where I — Ipyg is the background subtracted raw data,
(yr0)? = 290.6 mbarns Sr—!, and f(Q) is the magnetic
form factor of a Co?* ion. The imaginary susceptibility
is shown to be consistent with a relaxational spectrum,
X" (Qapn, E) ~ EU/(E? +T'?), typical for nearly anti-
ferromagnetic metals and yields a characteristic damping
energy of I' = 32(8) meV. Weak residual phonon signals
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Figure 2: (a) Longitudinal and (b) transverse cuts through
Qarm = (1/2,1/2,< L >) as measured on the ARCS spectrome-
ter and averaged over an energy range from 10 to 15 meV (< L >
= 1.2) and 30 to 40 meV (< L > = 3.3). The longitudinal cuts
in (a) were averaged over a range of £ 0.1 rlu in the TR-direction.
The transverse cuts in (b) were averaged over a range of 0.4 — 0.6
rlu in the LO-direction. Red lines are fits of the magnetic signal a
to single Gaussian line shape and dashed lines are the fitted back-
ground. The additional peak at 10-15 meV on the right-hand-side
of (a) is a feature of the phonon background. Horizontal bars show
the estimated resolution FWHM.

still remain after the subtraction of estimated nonmag-
netic background (/g ), especially at the higher @ values
in Fig. 1(c). These residual phonon signals lead to sharp
features in the energy dependence seen in Figs. 1(c)—(e).

The anisotropy of the spin fluctuations in the Co layer
is clearly demonstrated by LO and TR cuts through the
ARCS data, as shown in Fig. 2. Several different energy
cuts were fit to single Gaussian lineshapes with a FWHM
of ko and kg rlu for the LO and TR cuts, respectively.
The FWHM are represented as horizontal white bars in
Figs. 1(c) and (d) . At low energies, the inverse FWHM
of the constant energy cuts is related to the spin-spin
correlation length [§; ~ a/(27k;)] and we find that k1,0 =
0.21(2) rlu and kg = 0.11(1) rlu.

Despite the likelihood that the spin fluctuations in
SrCosAss are itinerant in nature, the low energy spin
dynamics can be interpreted and parameterized us-
ing a Heisenberg model with nearest- (J;) and next-
nearest-neighbor (.J2) exchange interactions, as shown in
Fig. 1(f). A similar approach has been used extensively
to describe the spin dynamics in the iron arsenides
]. Within the Heisenberg model, the anisotropy of cor-
relation lengths in the paramagnetic phase (1) is related
to the ratio of J; and Jy [15],

:gﬁo_g%ﬁ ZK?FR_K%O :i_ 2)
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From this relation, we obtain n = —0.56(18) which im-
plies that |J1| = |J2|. Since Jo > 0 (AFM exchange) for
stripe AFM correlations, the negative value of 7 indicates
that J; < 0 (FM exchange). A ferromagnetic J; results
in a shorter correlation length along the LO direction, as
it destabilizes the AFM nearest-neighbor correlations [see
Fig. 1(f)]. This anisotropy can be compared to that of
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Figure 3: Imaginary part of the magnetic susceptibility x”/(Q, E)
obtained from HB3 data at 5, 100, and 200 K and 7.5 meV (a)
in the longitudinal direction along (H, H,1) and (b) along the
(1/2,1/2, L)-direction perpendicular to the Co layers. Red lines
in (a) are Gaussian fits to the data. There is no detectable mag-
netic scattering at 200 K.

the parent and electron-doped AFe;Ass materials where
n =~ 0.5 ﬂﬂ], i.e. the anisotropy is opposite and J; is AFM
for the iron-based compounds. It is interesting to note
that the spin fluctuation anisotropy is predicted to be-
come negative (17 < 0) in hole-doped AFeyAs; [16], which
has subsequently been observed in Ba;_,K,FesAs ﬂﬂ]
Here, we show that < 0 also in SrCosAs, which, based
on ARPES measurements, may be described as a heavily
electron-doped iron-compound [8-10].

HB3 data were used to establish the L-dependence and
the T-dependence of the spin fluctuations. Figures 3(a)
and (b) show x” at E = 7.5 meV along the LO (H, H, 1)-
direction and the L-direction at (1/2,1/2,L). The data
are reported in absolute units of % eV~! fu.=! after
subtraction of a fitted background function and calibra-
tion to the integrated intensity of transverse acoustic
phonons in the (2, 2, 0) zone. We find that the absolute
level of magnetic intensity at low energies is ~ 3 times
smaller than that found in the normal state of param-
agnetic BaFej g5Coq.15As82 ﬂﬁ] We note that the rela-
tive variation of sample absorption due to Co-absorption
was corrected for in Fig. 3(b) [19]. However, an over-
all absorption correction was not attempted, so phonon
calibrations of the absolute intensity are subject to po-
tential errors of 30%. Figure 3(b) indicates that L-
dependent modulations are weak at " = 5 K but are
peaked at L = odd, which suggests a weak AFM interac-
tion between the Co layers. Thus, the AFM wavevector
Qarm = (1/2,1/2,1) is identical to that of AFesAss.
Longitudinal and L scans performed at 7" = 5, 100, and
200 K in Figs. 3(a) and (b) show that the spin correla-
tions are severely suppressed at 100 K and not detectable
at 200 K.

We now turn to a discussion of the possible origin of
stripe spin fluctuations in SrCosAsy. The stripe AFM
ordering in the iron arsenides is driven by Fermi surface

nesting of electron and hole pockets. However, ARPES
measurements on BaCosAs; [d, [10] and SrCosAs, [§]



show a more complex Fermi surface and it is not ob-
vious if a strong nesting condition exists that would sup-
port an itinerant spin-density wave description. To bet-
ter understand the possibility for Fermi surface-driven
magnetism in SrCosAss, we performed DFT calculations
in both LDA E] and generalized gradient (GGA) ap-
proximations [21] employing a full-potential linear aug-
mented plane wave (FPLAPW) code [22]. To obtain a
self-consistent charge density, we used Ry HKimax = 9.0
with muffin-tin radii (Rmt) of 2.3, 2.1, 2.1 a.u. for Sr,
Co and As, respectively. 828 k-points were selected in
the irreducible Brillouin zone and the calculations were
iterated to reach the total energy convergence criterion
of 0.01 mRy/primitive cell. Starting from experimental
lattice parameters [a = 3.9471(4) A and ¢ = 11.801(1)
A and zas = 0.3588] [d], we optimized the c/a ratio
and unit-cell volume to obtain the parameters that gave
minimum total energy. Arsenic-atom positions were re-
laxed until the forces on As atoms were smaller than 0.1
mRy/a.u., which gave zps = 0.35146 (LDA), and 0.35618
(GGA). For the x(q) calculations, the whole reciprocal
unit cell was divided into 160 x 160 x 160 parallelepipeds
that resulted in 34061 k-points.

The LDA calculations are used to reveal wavevectors
where the generalized static susceptibility x(q) is a max-
imum, signaling a tendency towards magnetic ordering
at that q. Similar calculations in the iron arsenides have
a maximum in the susceptibility at the nesting vector for
stripe AFM order M] Figure 4 shows LDA calcu-
lations of x(q) for SrCogAss which indicate that both
FM or A-type order [q = (0,0, L)] and stripe AFM or-
der [q = (1/2,1/2,L)] with L = 0 or 1 are preferable.
The use of experimental versus relaxed lattice parame-
ters and As z-position strongly affects x(q), suggesting
that strong magnetoelastic interactions may be present
and orbital matrix elements must be included in order to
establish the true magnetic ground state from DFT. The
near degeneracy of different magnetic states in SrCosAss
is also demonstrated by GGA calculations of the total en-
ergy for non-magnetic, ferromagnetic, A-type AFM (FM
Co layers with AFM coupling between layers), and stripe
AFM ground states, as shown in the inset of Fig. 4(d).
For large c¢/a ratios, the system tends towards a non-
magnetic ground state whereas, for the experimentally
observed ¢/a ratio, ferromagnetic/A-type order is slightly
preferred over stripe AFM order.

To better understand a possible connection between
stripe AFM in observed iron and cobalt arsenides, we now
discuss studies of the evolution of the spin fluctuations,
electronic band structure, and superconductivity on the
Fe-rich end of the phase diagram of Ba(Fe;_,Co,)2As:
into the overdoped region. Neutron scattering data indi-
cate a complete absence of low-energy stripe spin fluctua-
tions for x = 0.14 @, ] The disappearance of stripe spin
fluctuations can be reconciled with ARPES data showing
a Lifshitz transition where the electron and hole pockets

experimental parameters relaxed parameters
350 - 350
Fa [ ---1=0
_ 30 jLO L LO —L=1] { 300
S
=
250 o - 250
7~ / \\ b\
200 PR ST E A B AR T B P LS PR craf i 200
0 025 050 0.75 1 0 025 050 0.75 1
Hin (H, H, L) (rlu) Hin (H, H, L) (rlu)
350 e 350
’j‘ —&— non-magnetic
d %150 Ifm?mm
300 FTR  SF s o300
’a g 50
250 | F 26 28 C/g.o 32 _| 250
/
1 P 1 1

200 1113 111 11 111 111 1113 111 111 200
050 -025 000 025 050-050 -025 000 025 050
Kin (1/2+K, 1/2-K, L) (rlu) Kin (1/2+K, 1/2-K, L) (rlu)

Figure 4: DFT-LDA calculations of the gq-dependent generalized
static susceptibility, x(q), for SrCozAss along the (a),(c) longitudi-
nal and (b),(d) transverse directions at both L = 0 (blue lines) and
L =1 (red lines). The calculations in (a) and (b) were performed
with the experimental crystallographic parameters and in (c) and
(d) were performed with lattice parameters relaxed to minimize the
electronic total energy. The inset of (d) shows the GGA calcula-
tions of the total energy for different magnetic ground states. The
vertical dashed line is the experimental c¢/a ratio.

that characterize BaFesAsy evolve into two mismatched
electron pockets at about z = 0.20 ﬂﬁ] This change in
the band structure and the absence of spin fluctuations
in the overdoped region also coincides with the disap-
pearance of superconductivity. Evidently, the stripe spin
fluctuations reappear in SrCosAss with an energy scale
similar to the iron arsenides. Taken together, the stripe
AFM spin correlations are completely suppressed, and
then restabilized, with increasing Co composition. The
reason for this behavior is likely the continuous transfor-
mation of the Fermi surface due to change in the chemical
potential, although it is also possible that chemical dis-
order is a contributor to the suppression of stripe mag-
netism at intermediate compositions. A recent investi-
gation reporting the reestablishment of AF order with
heavy electron doping of LaFeAsO;_,H, shares many
similarities to our current study m]

Ultimately, it is worth considering whether cobalt ar-
senide based compounds that are tuned by chemical sub-
stitution or applied pressure will harbor unconventional
superconductivity. Certainly, the similarity of the spin
fluctuations to the iron arsenides makes such an expec-
tation possible. However, the reciprocal space anisotropy
of the spin fluctuations indicates that strong FM nearest-
neighbor interactions are present in the cobalt arsenides.
The prospect of incipient FM in the ACozAss system
is supported by magnetization @@] and neutron scat-
tering studies ﬂ3__l|] in the collapsed tetragonal phase of
CaCogAsy (with ¢/a = 2.6) that describe A-type AFM



order below Ty = 53 to 76 K (depending on sample
preparation). Our DFT calculations of the generalized
static susceptibility also highlight the relative importance
of competing FM interactions in the cobalt arsenides.
While unconventional superconductivity may be lurking
in the cobalt arsenides, the prevalence of FM nearest-
neighbor interactions and, potentially, competing FM
spin fluctuations, may introduce pair-breaking that sup-
presses s-wave superconductivity and/or lead to a p-wave
triplet superconducting state.
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