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Inelastic neutron scattering measurements of the magnetic excitations in CaFe2As2 indicate that the

spin wave velocity in the Fe layers is exceptionally large and similar in magnitude to the cuprates.

However, the spin wave velocity perpendicular to the layers is at least half as large that in the layer, so that

the magnetism is more appropriately categorized as anisotropic three-dimensional, in contrast to the two-

dimensional cuprates. Exchange constants derived from band structure calculations predict spin wave

velocities that are consistent with the experimental data.
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The observations of antiferromagnetic (AFM) ordering
[1] in the new class of iron-based superconductors (SC), its
subsequent suppression upon chemical doping or changes
in stoichiometry [2,3], and the eventual appearance of SC
[4,5] are reminiscent of the high-temperature supercon-
ducting cuprates [6]. Such similarities might suggest a
common origin for SC and indeed AFM spin fluctuations
have been proposed as a possible pairing mechanism in
both the cuprates [7] and the iron arsenides [8]. Thus, it is
important to compare the details of the magnetic interac-
tions in these two systems. In the cuprates, strong super-
exchange interactions are present in the AFM insulating
(parent) phase and give rise to a high AFM ordering
temperature (TN � 300 K) [9]. Furthermore, the magnetic
interactions in the cuprates have a strong two-dimensional
(2D) anisotropy due to the weak coupling between the
CuO2 layers [10]. The iron arsenide superconductors also
have layered structures and high Néel temperatures (100–
200 K). However, the parent phases of the iron arsenides
are not insulators. Rather, they are metallic and, for the
AFe2As2 (A ¼ Ca; Sr;Ba) compounds, the AFM ordering
is strongly coupled to a structural transition from a high-
temperature tetragonal structure to a low temperature or-
thorhombic structure [11]. One other notable difference
between the cuprates and iron arsenides concerns the con-
ditions necessary for SC. While doping charge carriers
does indeed suppress AFM and the structural transition
and lead to SC in both systems, it has recently been shown
that pressure alone can destroy the AFM state in CaFe2As2
and lead to SC [12,13]. The appearance of SC in CaFe2As2
upon the suppression of both a structural phase transfor-
mation and AFM ordering leaves open the possibility for
either phonon mediated or spin fluctuation mediated
superconductivity.

In this Letter, we explore the magnetic interactions in the
parent CaFe2As2 compound. Despite the differences be-

tween the cuprates and arsenides noted above, the energy
scale and dimensionality (or anisotropy) of the magnetic
interactions may actually be quite similar, possibly leading
to a common origin for SC in these two families of com-
pounds. To move beyond qualitative comparisons and ex-
plore the potential relevance of magnetic interactions to SC
in the iron arsenides, direct measurements of the energy
scale and anisotropy of the magnetic interactions are nec-
essary. The strength and anisotropy of the magnetic inter-
actions in the parent compound forms the basis for the
evolution of spin correlations under superconducting con-
ditions. Here we report on inelastic neutron scattering
measurements from CaFe2As2 and demonstrate that the
magnetic exchange interactions in the Fe layers are excep-
tionally large, with an energy scale similar in magnitude to
the cuprates. Although the magnetic exchange between the
Fe layers is relatively small (>�10% of the in-plane
exchange), it is substantially larger than that found for
the cuprates (�0:001%). This anisotropic three-
dimensional (3D) magnetism is consistent with ab initio
calculations of the spin dynamics.
CaFe2As2 is a metallic parent compound that becomes

superconducting upon either doping [14] or application of
pressure [13]. In this respect, CaFe2As2 is a model com-
pound for studying the development of superconductivity.
CaFe2As2 orders in a columnar-type AFM structure [as
shown in Fig. 1(a)] coincident with a structural transition
from a tetragonal (I4=mmm) to an orthorhombic (Fmmm)
crystal structure below Ts ¼ 172 K and having lattice

parameters a ¼ 5:51 �A, b ¼ 5:45 �A, and c ¼ 11:66 �A at
T ¼ 10 K [11]. For the inelastic neutron scattering study,
single crystals of CaFe2As2 were grown out of Sn flux
using conventional high-temperature solution growth tech-
niques described previously [15]. Crystals were etched in
concentrated hydrochloric acid to remove Sn flux from the
surface. Measurements were performed on a �1 gram
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coaligned single-crystal composite mounted in the [H0L]
scattering plane (in orthorhombic notation) with a mea-
sured mosaic of 1.5� (full-width-at-half-maximum) for
both (H00) and (00L) reflections. The samplewas mounted
on the cold finger of a closed-cycle helium refrigerator.
Measurements were performed on the HB-3 triple-axis
spectrometer at the High Flux Isotope Reactor at Oak
Ridge National Laboratory. Pyrolitic graphite monochro-
mator and analyzer crystals were used with a fixed final
neutron energy Ef ¼ 14:7 meV and horizontal collima-

tions of 480 � 400 � 800 � 1200.
Figures 1 and 2 show evidence for collective magnetic

excitations at temperatures well below Ts (T ¼ 14 K).
Figure 1(b) shows a schematic drawing of a dispersion
surface in the [H0L] plane near the magnetic Bragg peak
that is consistent with our observations. As discussed
below, the energy of the observed excitations is well below
the maximum (Brillouin zone boundary) spin wave energy.
Therefore, the scattering data can be interpreted as result-
ing from coherent spin waves in the small-q approximation
with an anisotropic conical dispersion in the [H0L] plane
and a small energy gap, �, as illustrated in Fig. 1(b). The
spectral gap at the magnetic Bragg peak (QAFM) is clearly

demonstrated in Fig. 1(c), which displays an energy scan at
QAFM ¼ ð1; 0; 3Þ. The background was removed by sub-
tracting a similar spectrum acquired at (1.15,0,3). The data
indicate an onset of magnetic scattering above approxi-
mately 5–6 meV. Further, Fig. 1(c) shows significant spec-
tral weight up to 25 meV (the kinematic limit of the present
experiment) with little intensity loss, implying that the
magnetic energy scale actually extends to much higher
energies.
In order to map the dispersion in the vicinity of QAFM,

constant-energy scans along the [H00] and [00L] direc-
tions were performed near the QAFM ¼ ð1; 0; 3Þ and are
shown in Figs. 2(a) and 2(b). If there are in fact propagating
spin waves in CaFe2As2, the constant-energy scans should
eventually reveal a peak splitting as the energy is in-
creased. However, in CaFe2As2, the energy scale is large

FIG. 2 (color online). (a) Intensity along the H direction near
QAFM ¼ ð1; 0; 3Þ at several different energies. Scans at different
energies are vertically offset by 160 counts. (b) Constant-energy
scans along L. In (a) and (b), the solid black lines are fits to the
data using the model dispersion [Eq. (1)] convoluted with the
instrumental resolution function. Dashed lines are estimates of
the line shape at 25 meV that would result from an infinitely
steep dispersion surface. (c) The plotted model dispersion along
the (H00) direction (black line). (d) The model dispersion along
the (00L) direction is plotted as a shaded region, indicating that
the data only provide a lower bound on the spin wave velocity
along L. In (c) and (d), fitted data points are indicated by black
circles and lower bounds to the dispersion are indicated by
vertical lines connected by a bar.

FIG. 1 (color online). (a) The magnetic structure (showing Fe
atoms only) and exchange interactions in CaFe2As2 [11].
(b) Schematic picture of an antiferromagnetic conical spin
wave dispersion surface that is consistent with the data. The
shaded plane indicates a constant-energy surface, and the shaded
ellipses represent the orientation of the resolution ellipsoid for H
and L scans. (c) Intensity as a function of neutron energy loss at
T ¼ 14 K at the magnetic zone center, QAFM ¼ ð1; 0; 3Þ. The
solid black line shows fits to the data using the model dispersion
[Eq. (1)] convoluted with the instrumental resolution function.
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enough (with a correspondingly steep dispersion) that the
present measurements produce a single peak up to 25 meV
due to the finite instrumental resolution [see Fig. 1(b)]. The
measurement therefore cannot distinguish whether one is
dealing with a single ridge of scattering or a sharp conical
dispersion surface as expected for propagating spin waves.
Nevertheless, the constant-energy cuts do broaden beyond
the spectrometer resolution and the corresponding spin
wave velocity (the slope of the dispersion in the linear
range) can be obtained by fitting the data to a model
function convoluted with the resolution function of the
instrument. The data was modeled with an anisotropic
conical dispersion with an energy gap (�) and different
spin wave velocities in the Fe layers (ab plane) along
HðvkÞ [16] and perpendicular to the layers along L (v?).

"ðqÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2 þ v2
kðq2x þ q2yÞ þ v2

?q
2
z

q

(1)

Perhaps of greatest importance here is the anisotropy of
the velocity (v?=vk), which is a measure of the anisotropy

of the magnetic interactions, with v?=vk ¼ 1 representing
an isotropic 3D AFM and v?=vk � 0 a 2D AFM. Neutron

intensities were represented by a simple Lorentzian re-
sponse with energy width � and oscillator strength varying
as !�1.

SðQ; !Þ ¼ 1

@!

A@�=�

ð@!� "ðQ�QAFMÞÞ2 þ ð@�Þ2 (2)

Here @Q is momentum transfer, @! is energy transfer, and
A is an overall scale factor. The model SðQ; !Þ was con-
voluted with the resolution function of the spectrometer
and fit to the data using the RESLIB program [17] and the
instrument parameters listed above. A small damping fac-
tor, @� was fixed at 1 meV (below the resolution limit) to
facilitate the numerical convolutions.

The energy gap, � ¼ 6:9� 0:2 meV, was determined
from a fit to the T ¼ 14 K energy scan in Fig. 1(c). The
in-plane spin wave velocity was obtained by fitting
the constant-energy scans along the [H00] direction
[Fig. 2(a)]. The highest energy cuts at 15, 20, and

25 meV, yield an average in-plane velocity of vk ¼ 420�
70 meV �A. The data at 10 meV yield only a lower bound

of vk > 300 meV �A. Scans along the [00L] direction

[Fig. 2(b)] are sensitive to the out-of-plane velocity. The
[00L] constant-energy scans around (103) were, however,
obtained in a defocused resolution condition, so that only

the 25 meV scan provided a refinable value of v? ¼ 270�
100 meV �A. The [00L] scans below 25 meV produce a

lower bound, v? > 200 meV �A below which the convo-
luted model functions are noticeably broader than the data.
This minimum velocity condition is consistent with the
value obtained at 25 meV. The corresponding dispersion
curves are shown in Figs. 2(c) and 2(d). The scale fac-
tor (A) refined to a constant value within 15% for all fits,
indicating that the expected !�1 dependence of the cross-

section is consistent with the data. As described above, the
ratio of v?=vk > 0:5 indicates the 3D nature of magnetism

in CaFe2As2, in contrast to the quasi-2D cuprates (where
v?=vk � 0).
We now turn to theoretical calculations of the spin

dynamics in CaFe2As2. Several papers address the nature
of the magnetic interactions in the iron arsenic supercon-
ductors [18–22]. The magnetism is often discussed in a
localized 2D Heisenberg model with short-ranged interac-
tions where the interlayer exchange is assumed to be
negligible (the J1 � J2 model). Because of our observation
of 3D magnetic interactions, and the possible presence of
itinerant magnetism in metallic CaFe2As2, the exchange
interactions were calculated using Green’s function for-
malism within the Atomic Sphere Approximation [23,24].
This theoretical technique has been recently applied to the
related Fe-Se based superconductors [25]. Using the ex-
perimental orthorhombic structural parameters for
CaFe2As2 [11], these calculations predict the observed
columnar AFM structure with a moment size of gS ¼
1:33�B with g � 2 (somewhat larger than the observed
moment of 0:8�B). The calculated pairwise magnetic ex-
change interactions are long-ranged, with dominant
nearest-neighbor (NN) and next-nearest-neighbor (NNN)
interactions. ‘‘Frozen’’ magnon calculations [23,24,26] of

the spin wave velocities (vk ¼ 390 meV �A, v? ¼
190 meV �A) are in good agreement with those extracted
from the present data.
Despite the presence of long-range interactions and

itinerancy, it is useful to consider the simplest model that
captures the essential physics in the magnetism of
CaFe2As2. In the limit of small-q as measured here, even
the most strongly itinerant systems can be parametrized by
a Heisenberg model. We further simplify the Heisenberg
model by retaining only NN and NNN interactions. The
calculated NN exchange interactions are all AFM, with a
strong orthorhombic anisotropy [27]; SJ1a ¼ 41 meV,
SJ1b ¼ 10 meV, and SJ1c ¼ 3 meV [see Fig. 1(a)].
Appreciable NNN exchange (SJ2 ¼ 21 meV) is suffi-
ciently large to stabilize the columnar AFM structure given
that 1

2 ðJ1a þ J1bÞ=J2 ¼ 1:2 (fulfilling the condition that

J1=J2 < 2 for the tetragonal structure [21,22]). The rather
significant exchange along the c axis confirms the 3D
nature of the system and indicates that Jc=J1a � 10% for
CaFe2As2, which is orders of magnitude larger than the
cuprates, where Jc=J1a � 10�5. From the NNN
Heisenberg exchanges, the calculated velocities are

vk ¼ aSðJ1a þ 2J2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ J1c=ðJ1a þ 2J2Þ
p ¼ 450 meV and

v? ¼ cSJ1c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðJ1a þ 2J2Þ=J1c
p ¼ 190 meV �A and the

calculated velocity ratio is

v?
vk

¼ c

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

J1c
J1a þ 2J2

s

� 0:4: (3)

Velocities within the NNN Heisenberg model are in
surprisingly close agreement with the more general frozen
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magnon calculations, implying that contributions of more
distant interactions to the spin wave velocity largely cancel
each other. Nonetheless, all of the calculated quantities are
in good agreement with the data, suggesting that a fully
anisotropic 3D NNN Heisenberg model can be applied to
CaFe2As2 in the small-q limit. Neutron measurements on
SrFe2As2 also report significant interlayer magnetic inter-
actions [28]. However, the interlayer coupling in CaFe2As2
is several times larger than calculated in the closely related
Fe-Se based superconductors [25], indicating that the de-
gree of the anisotropy may vary substantially for the differ-
ent iron-based superconductors.

The calculations also predict several details about the
magnetic Hamiltonian that are beyond the reach of the
present experiments. Using the numerical ‘‘torque’’ tech-
nique [26], the Green’s function formalism yields a
2.1 meV spin gap due to spin-orbit coupling. This is sig-
nificantly smaller than the measured gap (�7 meV) and
indicates the presence of additional spin space anisotro-
pies. The theoretical calculations estimate the ‘‘itinerancy’’
of the magnetic interactions as the ratio of the character-
istic spin wave energy to the spin (Stoner) splitting of the
electronic energy bands [29]. This ratio (0.2) places
CaFe2As2 in the regime of a marginally itinerant magnet
(similar to face-centered-cubic Fe) at the borderline be-
tween itinerant and localized behavior. As discussed
above, the effect of itinerancy of CaFe2As2 is not apparent
at small-q, but should appear at large-q near the Brillouin
zone boundary in the form of spin wave decay into the
electron-hole pair continuum. In addition, the calculations
of the magnetic susceptibility predict that itinerancy gives
rise to substantial longitudinal magnetic fluctuations simi-
lar to those discussed for the Fe-Se system [25].

In conclusion, despite the similarity of the magnetic
energy scale in CaFe2As2 and the cuprates, there are sub-
stantial differences in the magnetic Hamiltonians. In the
insulating cuprate parent compounds, the 2D Heisenberg
model is dominant, and only lifted by small XY anisotropy
and antisymmetric exchange interactions [30]. In
CaFe2As2, there is substantial interlayer coupling and the
presence of a spin gap indicates additional spin space
anisotropies. Strictly 2D magnetic systems are character-
ized by large quantum spin fluctuations, which might
mediate superconductivity. Our measurements provide evi-
dence for strong 3D magnetic interactions in CaFe2As2
which should suppress quantum fluctuations when an or-
dered state satisfying all interactions exists. However, the
large exchange interactions combined with magnetic frus-
tration may be sufficient to support spin fluctuations in
superconducting compositions.
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