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Abstract
The electronic structure of insulating antiferromagnetic LiMnAs is investigated using soft
x-ray spectroscopy and compared to the electronic structure of metallic LiFeAs. Our
calculations support the experimentally observed insulating antiferromagnetic order in
LiMnAs. The x-ray absorption and resonant inelastic x-ray scattering spectra in LiFeAs and
LiMnAs are adequately explained by the electronic structure alone, although it is possible that
LiMnAs has significant electronic correlations driven by Hund’s J coupling. Finally, we show
evidence of a possible spin trap in Li(Fe0.95Mn0.05)As.
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1. Introduction

Layered iron pnictides have been the subject of intensive
research since the discovery of superconductivity in LaOFeAs
in 2008 [1]. Stoichiometric LiFeAs is a particularly interesting
member of the superconducting iron pnictide family because
superconductivity can be realized without the need for doping
or high pressure [2]. Several studies of the electronic structure
in LiFeAs exist [2–5]. Initial theoretical studies suggested that
LiFeAs has a stripe-like antiferromagnetic order [5], while
more recent experimental work suggests itinerant magnetic
fluctuations without any long-range order [2].

Concurrently there has also been interest in the magnetic
ordering in other transition metal pnictides, as possible
candidates for spintronics materials [6]. For example,
Li(Mn,Zn)As has recently been studied as a ferromagnetic

4 Present Address: College of Nano Science and Technology, Soochow
University, 199 Ren-Ai Road, Suzhou Industrial Park, Suzhou, Jiangsu,
215123, People’s Republic of China.
5 Present Address: Department of Physics and Astronomy, University of
British Columbia, 6224 Agricultural Road, Vancouver, British Columbia V6T
1Z1, Canada.

semiconductor [6], as it was recognized that LiZnAs is a
semiconductor with an electronic structure very similar to
that of GaAs [6, 7]. GaAs is a promising semiconductor for
high-speed electronics and becomes ferromagnetic after Mn-
doping [8]. Consequently, GaAs doped with Mn has long
been studied as a dilute magnetic semiconductor (DMS) [9] as
a possible route for realizing spintronic devices. However only
about 1% Mn can be dissolved into the GaAs host lattice [10].
LiZnAs can incorporate significantly more Mn than GaAs,
especially in bulk crystals [6], making it an interesting
alternative in DMS research. LiZnAs has a similar crystal
structure to LiMnAs, consequently the electronic structure
of pure LiMnAs is of interest as well, especially as lattice-
matched hybrid structures of the two compounds may be
feasible [6].

Furthermore, LiMnAs is isostructural to LiFeAs [11, 12],
but is an insulating antiferromagnet at room temperature [13].
The band gap and antiferromagnetic ordering of epitaxial LiM-
nAs layers has been recently confirmed [13]. The electronic
structure of LiMnAs has recently been calculated [14], but to
our knowledge no experimental study of the bulk electronic
structure of LiMnAs exists. Experimental data is crucial to
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determining whether or not the Mn 3d electrons experience a
large on-site Hubbard U potential in LiMnAs.

The question regarding the strength of the electronic
correlations in layered iron pnictides was initially somewhat
controversial: early studies adopted the assumptions of
strong [15] or weak [16] electronic correlation strength in an
attempt to explain various experimental results. Eventually the
consensus emerged that iron pnictides are weakly correlated
systems [3, 17–19], at least from the perspective of the on-site
Hubbard U . Since the issue of electronic correlations is quite
closely connected to the existence of a partially filled 3d shell,
investigating the electronic structure of other layered transition
metal pnictides is worthwhile. Indeed, a recent theoretical
work has studied the question of 3d shell filling and electronic
correlation strength in transition metal oxides, and found that
the electronic correlation strength is a combination of both the
on-site Hubbard U and the Hund’s rule J coupling, and that
the degree of 3d shell filling is crucial to the realization of a
metallic, ‘bad metallic’, or insulating ground state [20]. Since
the layered iron pnictides seem to have a negligible Hubbard
U , if the same holds true for the other layered transition metal
pnictides then this series of materials may be very useful model
compounds in understanding the physics of Hund’s J coupling.

A final point of interest is the electronic structure
of LiFeAs doped with Mn. As mentioned above, Mn-
doping creates ferromagnetism in semiconducting LiZnAs,
and the influence of Mn on an electron-overdoped itinerant
magnet like LiFeAs [2] is worth investigating, particularly
because of the possibility of spintronic devices consisting
of Li(Mn,Fe)As/Li(Mn,Zn)As junctions [6]. Independently
of these considerations, the general doping effect in LiFeAs
is also of interest; doping LiFeAs with Co, Ni, and Cu
has recently been investigated [21], and the influence of
Mn-doping is an interesting extension of this body of work.

To investigate these issues, we have studied the
electronic structure of LiMnAs in comparison to LiFeAs with
density functional theory (DFT) calculations and soft x-ray
spectroscopy measurements. The latter technique is ideal to
study these systems because it offers a direct probe of site-
specific and symmetry-specific electronic structure. Since
the exact amount of 3d-shell filling is the only significant
change between these two pnictides, Mn or Fe L2,3-edge
emission (or absorption) spectroscopy can be used to probe
transitions between the 2p core levels and the 4s, 3d occupied
(or unoccupied) valence levels, providing an experimental
measurement of the electronic structure.

We would like to add that although DFT calculations
are known to over-estimate the magnetic moments of Fe in
antiferromagnetic-ordered (AFM) structures [5, 22, 23], we
will proceed by systematically investigating different AFM
structures in these materials only to give a general overview of
possible orderings. We will avoid drawing definite conclusions
from these calculations unless the results are supported by
experiment.

2. Experimental methods

Polycrystalline samples of LiFeAs, LiMnAs, and Li(Fe0.95

Mn0.05)As (LiFeAs:Mn) were grown from high-purity

precursor compounds using a solid state sintering process,
described elsewhere [6, 21, 24]. The concentration of Mn
in LiFeAs:Mn was determined using energy dispersive x-ray
spectroscopy (EDS). To prevent surface oxidation, these
samples were sealed in glass tubes under an inert atmosphere
after synthesis, and were removed from these tubes under an
inert atmosphere and loaded into a vacuum chamber for x-ray
spectroscopy measurements.

We collected non-resonant x-ray emission spectroscopy
(XES) measurements, resonant inelastic x-ray scattering
(RIXS) measurements, and x-ray absorption spectroscopy
(XAS) measurements in total electron yield (TEY) mode
at Beamline 8.0.1 at the Advanced Light Source (ALS)
under ultrahigh vacuum [25]. The XES, RIXS, and XAS
measurements were on the Mn and Fe L2,3 absorption edges
and emission lines, which probe the occupied (for XES and
RIXS) or unoccupied (for XAS) 4s and 3d states.

Finally, we performed DFT calculations with WIEN2k
[26] using the experimental crystal structures of LiFeAs [11]
and LiMnAs [12] and a variety of magnetic orderings. We used
the Perdew, Burke, and Enzerhof (PBE) exchange-correlation
functional [27] and a 10 × 10 × 10 special k-point grid for
structures involving a single unit cell. For the larger magnetic
structures involving multiple unit cells (up to 2 × 2 × 2
supercells) we used the appropriate subdivision of the original
k-point grid (i.e. a 2 × 2 × 2 supercell used a 5 × 5 × 5
grid). To compare our experimental spectra to the highly
correlated, ionic limit, we also simulated RIXS and XAS
spectra with ligand field model (LFM) calculations, using the
codes developed by Cowan, Butler, and Thole, for monovalent
tetrahedrally-coordinated metals with a 10 Dq splitting of
−0.5 eV [28]. We chose monovalent metals because our DFT
calculations suggested that only slightly more than one 4s

electron was missing from the metal site6. However we stress
that s-states have a very minor influence on the XAS spectrum,
and there is essentially no difference in the LFM XAS spectra
from Mn0, Mn1+, and Mn2+ (and likewise for Fe).

3. Results and discussion

Since LiMnAs is an antiferromagnet [13], it is important to
provide the correct structure with sufficient internal freedom
to allow AFM ordering. The crystal structure of LiMnAs
is essentially the same as that of LiFeAs [11, 12], both
have the P 4/nmm space group with two formula units that
are identical under a symmetry operation in each unit cell.
Since the crystal structure has only a single metal site,
it is clearly impossible to impose AFM ordering on this
structure. To accommodate antiferromagnetism, it is therefore
necessary to reduce the symmetry to increase the number of
independent metal sites. We therefore investigate a variety of
magnetic ordering in LiFeAs and LiMnAs before attempting
to compare our calculated electronic structures with our x-ray
spectroscopy measurements. Since previous theoretical work

6 In particular, the metal 3d spin majority and minority states hold 3.95 and
2.14 electrons in LiFeAs, respectively, and 4.39 and 0.66 states in LiMnAs,
respectively. Note that the occupancy is dependent on the size of the atomic
sphere. In our calculations the spheres were chosen so there is no overlap.
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Figure 1. The six different ab-plane AFM orderings considered herein (a)–(f ), as well as the two comparison orderings: magnetic ordering
in the ab-plane (g), and non-magnetic ordering (h). The black lines in (a) and (h) denote the fundamental unit cell in the nonspin-polarized
case. The grey lines indicate the ab portion 2 × 2 × 2 supercell used to generate the orderings. The last two panels, (i) and (j ) depict the
‘checkboard’ structure with FM and AFM ordering along the c-axis, respectively, 2 adjacent planes along the c-axis are depicted in each
panel.

on LiFeAs suggested that non-collinear magnetism was not
present [5], we ignore that possibility in our calculations.
We would, however, like to stress that we are only modeling
the magnetic structures of LiFeAs as a comparison to those
in LiMnAs, and to provide a foundation for analysing the
spectra from Mn-doped LiFeAs. It is known, for example, that
non-collinear magnetism can manifest in iron pnictides [29],
and low temperature magnetic structures in LiFeAs (our
DFT calculations were essentially performed at 0 K) are not
representative of room-temperature magnetic structures [30].

3.1. Magnetic structures

To ensure we use an appropriate magnetic structure in LiMnAs
and LiFeAs, we first investigate the total energy, magnetic
moments, and band gaps for a variety of structures. Since the
structures of LiFeAs and LiMnAs consist of metal-arsenide
planes (along the a and b axes of the unit cell) separated by a
layer of lithium ions, it is natural to expect that the dominant
magnetic ordering will be within these planes, and we therefore
restrict our consideration of magnetic ordering along the c-
axis to simple antiferromagnetic or ferromagnetic coupling
between planes7. The 2 × 2 × 2 supercell structure consists
of two metal-As planes, each with 8 metal sites. For in-plane
AFM order restricted to this periodicity or smaller, there are
8!/((8 − 4)!4!) = 70 possible structures. However only 6
structures, shown in figures 1(a)–(f ), are unique under lattice
translations.

At this point we should provide some more motivation
for the magnetic structures used herein. It is immediately
apparent that what we are calling ‘stripes’ ordering (figure 1(c))
is characteristic of a spin-density wave (SDW) [4] while

7 In other words, for ferromagnetic coupling each metal site will have the
same magnetic moment as the metal site directly above or below it along
the c-axis, while for antiferromagnetic coupling each metal site will have the
opposite magnetic moment as the metal site directly above or below it along
the c-axis.

what we are calling ‘checkerboard’ ordering (figure 1(d)) is
characteristic of a Mott-Hubbard insulator [31]. One might
reasonably complain that these are the only two plausible
types of AFM ordering for these structures (although perhaps
what we call ‘ribbons’ ordering is also plausible [32]). Since
LiMnAs is known to be a rather ordered antiferromagnet [13]
and LiFeAs is an intinerant antiferromagnet [2] with
magnetism originating from SDW behaviour [4, 23], it would
not be unreasonable for us to simply assume ‘checkerboard’
ordering in LiMnAs and ‘stripe’ ordering in LiFeAs (as a
simple model of SDW structure [23, 33]). However, since
DFT calculations are computationally relatively inexpensive
(especially for simple structures like LiFeAs and LiMnAs),
this approach is worthwhile as a means of verifying the
assumptions often made when considering magnetic ordering.

An overview of some of the general properties calculated
for each magnetic structure is shown in figure 2. All of
the LiFeAs structures are metallic, and the energy gains
per formula unit (eV/f.u.; relative to the non-magnetic case)
are shown in figure 2(a). Notably, several structures are
energetically equivalent on the order of the thermal energy
at room temperature and there is also an almost negligible
difference between FM and AFM ordering in most cases. This
is consistent with the itinerant pictures of magnetism that has
been developed for Fe-pnictides [2, 23]. We note that DFT
calculations tend to overestimate the magnetic moments in
iron pnictides [23], so we do not expect our calculations of the
average magnetic moment per Fe site (figure 2(a)) to accurately
reproduce the measured moment for LiFeAs, which is not more
than 0.9 µB/Fe [34] and in the SDW state may be less than
0.07 µB/Fe [35]. We hereafter adopt the ‘stripes’ AFM order
as being representative of the electronic structure of LiFeAs.
Similar conclusions have been reached in other theoretical
studies [4, 5]. It is important that we adopt a reasonable
magnetic structure for LiFeAs since in the case of LiFeAs:Mn
we should not expect a priori that Mn-substitution will not
introduce any magnetic ordering.
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Figure 2. The energy gain (with respect to the nonmagnetic case)
for the various AFM-orderings of: (a) LiFeAs and (b) LiMnAs. The
average magnetic moments and standard deviations therein for
LiFeAs are shown as open squares in (a). The band gaps for
LiMnAs are shown in (b) as crosses and x’s. Note that in the legend
‘FM-’ and ‘AFM-order’ refers to the order along the c axis.

In contrast to LiFeAs, there is a significant energy gain
in LiMnAs for the magnetic orderings compared to the
non-magnetic case, as shown in figure 2(b). Most of the
structures used in the LiMnAs calculations possess a finite
band gap. Both the robust energetic favourability of an
AFM structure and the magnitude of the calculated band
gaps are in good agreement with experiment [13]. All
LiMnAs structures have roughly the same magnetic moment;
3.96 ± 0.04 µB/Mn, again this is in reasonable agreement
with the experimental value of 3.67 µB/Mn [36] (certainly
a more modest over-estimate than was the case with the
magnetic moments of Fe in LiFeAs). We hereafter adopt
the ‘checkerboard’ AFM order as being representative of the
electronic structure of LiMnAs. It has been noted that the
local density approximation (LDA) provides better estimates
of the magnetic moments of metallic systems near itinerant
magnetism [4], while GGA (as was used throughout herein) is
generally considered a better exchange-correlation functional
than LDA for semiconductors, consequently the better
agreement between the calculated and measured magnetic
moment in LiMnAs compared to LiFeAs is not surprising.

3.2. Electronic density of states

It should come as no surprise, given the broad equivalence
of magnetic ordering in LiFeAs mentioned above, that
the DOS calculated for ‘stripes’ AFM-ordered LiFeAs,
shown in figure 3(a), is essentially the same as the DOS
previously reported for this material with slightly different
structures [3, 4]. Indeed, the DOS for almost all iron pnictides
is remarkably similar [37–39]. The system is metallic, the

Figure 3. The calculated DOS for (a) LiFeAs and (b) LiMnAs for
the optimal magnetic structures (‘checkerboard’ for LiMnAs and
‘stripes’ for LiFeAs). The energy of the most energetic occupied
state is set to 0 eV, this is the Fermi level in LiFeAs and the top of
the valence band in LiMnAs. Only one spin channel is shown here,
since both systems are antiferromagnetic the other spin channel is
identical to the one shown here.

valence band is dominated by Fe 3d, the Fermi level is at (or
near) a local minimum in the Fe 3d states, there is significant Fe
3d—pnictide p hybridization near the bottom of the valence
band, the pnictide s-states form a separate subband around
10 eV below the Fermi level, and the valence band is around
5.5 eV wide.

Since the band gap of LiMnAs is sensitive to the type
of magnetic ordering, choosing the correct magnetic order
is important when studying the DOS of LiMnAs (note that
several structures, including the non-magnetic structure, are
metallic). Like the DOS of LiFeAs, the calculated DOS of
LiMnAs (shown in figure 3(b)) also has a separate subband
around 10 eV below the top of the valence band formed by
As 4s-states. The As 4p-states in LiMnAs are more evenly
distributed throughout the main valence band compared to
LiFeAs, however. A more striking difference between the
DOS of LiMnAs and LiFeAs is that the bulk of the occupied
Mn 3d states in LiMnAs are some 3 eV below the top of the
valence band, while the bulk of the Fe 3d states in LiFeAs
are less than 1 eV below the Fermi level. The width of the
valence band in LiMnAs is about 1 eV less than in LiFeAs.
The narrower bandwidth and larger average binding energy of
the metal 3d states in LiMnAs compared to LiFeAs suggests
we should be cautious with our calculated electronic structure
of LiMnAs; in materials with localized 3d states and relatively
narrow bandwidths it is often necessary to include an on-site
Hubbard U potential to accurately reproduce the electronic
structure. Our calculated DOS is, however, essentially the
same as was reported previously, calculated using the local
density approximation (LDA), when an on-site Hubbard U is
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added (LDA+U ) the valence band widens considerably and the
Mn 3d states are concentrated some 4.5 eV below the top of the
valence band [14] (It is unclear exactly what magnetic ordering,
or what value of U , was used in [14]). Since it is clear that no
on-site Hubbard U is necessary when calculating the electronic
structure of LiFeAs [4], we will proceed by using the weakly-
correlated DOS for LiMnAs as shown in figure 3(b) as it may
be directly compared to the calculated DOS in LiFeAs. Our
Mn L2,3 XES, RIXS, and XAS measurements will then reveal
whether our calculations appropriately describe the electronic
structure of LiMnAs.

3.3. X-ray spectroscopy of LiFeAs

The transition metal L2,3 XAS and RIXS spectra in pnictides
resemble the spectra from pure metals [3, 17, 19, 37]; the
spectra are relatively broad, lack detailed fine structure, and the
ratio of the L2 intensity to the L3 intensity is often relatively
low. Our measurements of LiFeAs, shown in figure 4, are
consistent with this trend, in particular the Fe L2,3 XAS
spectrum of LiFeAs bears a very close resemblance to that of Fe
metal8. This has been observed in other iron pnictides [17, 37]
and is one of the arguments for a relatively weak electron
correlation strength in these materials.

The Fe L2,3 XAS spectrum calculated using DFT is
perhaps a better match to the experimental spectrum than the
one calculated using LFM, as the DFT spectrum is smooth and
lacks fine structure. Note that the DFT spectrum is simply
the unoccupied partial DOS multiplied by a transition matrix
element, and as such cannot accurately determine the relative
intensity of the L2 absorption edge (near 720 eV in figure 4(a)),
or the energy separation between the L3 and L2 edges. The
LFM spectrum provides a better prediction of the L2,3 energy
separation and intensity ratio, however this spectrum also
predicts a great deal of fine structure which is not observed.
Crucially, the measuredL2 absorption edge resembles a scaled-
down version of the L3 absorption edge, as predicted by the
DFT spectrum. On the other hand, the LFM spectrum predicts
different spectral shapes for both edges, as this is the hallmark
of XAS spectra of systems with localized 3d orbitals (i.e. LS-
coupling between core levels and localized orbitals leads to a
different set of transitions in a L3 excitation compared to a L2

excitation).
The measured non-resonant XES spectrum for LiFeAs

is also in good agreement with the DFT spectrum (see
figure 4(b)), again the only significant discrepancies are the
relative amplitudes of, and the energy separation between,
the L2 and L3-edges. The RIXS measurements shown in
figure 4(b) show no sign of the dd transitions predicted
by LFM; if these features are present they have negligible
amplitude relative to the ‘regular emission’ that is proportional
to the occupied DOS. In fact, the low-energy side of all
RIXS measurements can be scaled so they perfectly align (see
figure 4(c)), this puts a limit on the amplitude of any inelastic
scatter related to charge transfer transitions. We should also

8 Note that the Fe L3-edge XAS (see figure 4(a), near 709 eV) is a
single smooth peak, unlike our previous measurements which suffered from
significant surface oxidation [3].

Figure 4. The measured and calculated XAS and XES spectra for
LiFeAs in panels (a) and (b), respectively. The short black lines on
the XAS spectrum in panel (a) indicate the excitation energies for
the RIXS spectra, a short black line at the same energy can be found
on the corresponding RIXS spectrum in panel (b). The lowermost
spectrum in panel (b) was measured non-resonantly at 750.2 eV, as
indicated. The inset (c) shows the measured RIXS spectra of
LiFeAs, scaled so the low energy sides align, the arrow indicates the
trend of decreasing excitation energy.

point out that our sub- and near-threshold RIXS of LiFeAs
peak at an energy loss of 0.9 ± 0.1 eV, like those observed in
Fe1.087Te [40]. Note that LFM is not suitable for modeling
non-resonant XES spectra, while using DFT to simulate RIXS
simply results in spectra very similar to the non-resonant
spectrum, unless the band structure is very simple and has
substantial dispersion [41]. Since LiFeAs has multiple bands
at all energies within the valence and conduction bands [4], and
all the RIXS spectra measured above-threshold are essentially
the same to within a scaling factor (see figure 4(c)), the L3

portion of the non-resonant DFT spectrum may be taken as
representative of the DFT-predicted RIXS.

Taken together, this analysis suggests that DFT calculates
the correct (weakly correlated) electronic structure for LiFeAs,
and that a core-level x-ray transition does not significantly
perturb the electronic structure of LiFeAs. This suggests that
LiFeAs is a weakly correlated material. This conclusion is
hardly new, but provides a valuable point of comparison when
studying LiMnAs.

3.4. X-ray spectroscopy of LiMnAs

Our measured and calculated Mn L2,3 XAS and XES spectra
of LiMnAs are shown in figure 5. The Mn L2,3 XAS spectrum
of LiMnAs (figure 5(a)) is also smooth and rather metallic,
however the Mn L2-edge (near 651 eV in figure 5(a)) has a
two-peak structure that is rather different than the Mn L3-edge
(near 640 eV in figure 5(a)). In the metallic limit we expect
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Figure 5. The measured and calculated XAS and XES spectra for
LiMnAs in panels (a) and (b), respectively. The short black lines on
the XAS spectrum in panel (a) indicate the excitation energies for
the RIXS spectra, a short black line at the same energy can be found
on the corresponding RIXS spectrum in panel (b). The lowermost
spectrum in panel (b) was measured non-resonantly at 680 eV, as
indicated. The inset (c) shows the measured RIXS spectra of
LiMnAs, scaled so the low energy sides align, the arrow indicates
the trend of decreasing excitation energy.

both edges to have the same shape (albeit different relative
amplitudes), and this has been previously observed for Mn
metal [42]. This suggests that LiMnAs may not be a weakly
correlated system.

On the other hand, the Mn L2,3 XAS spectrum of LiMnAs
is very similar to that of a sub-monolayer of Mn grown
on a Co film [43]. In that case the spectral shape was
attributed to metallic Mn in a high-spin 3d5 configuration,
and it is reasonable to expect a similar situation for LiMnAs.
Therefore, while we should not rule out the possibility of
a moderate or even strong electron correlation strength in
LiMnAs, it seems clear that any electron correlations that may
occur are not the result of a large charge transfer energy or large
on-site Hubbard U potential. In fact, the LFM XAS spectrum
for LiMnAs is in better agreement with the measured spectrum
than the DFT XAS spectrum. Even though a rather small
crystal field was applied in the LFM calculation, the effect of
LS-coupling creates different spectral shapes for the L3 and
L2 edges. This shows that the spin state of Mn is indeed quite
influential in the XAS spectrum of LiMnAs, unlike the case
with Fe in LiFeAs.

Like LiFeAs, however, the non-resonant XES spectrum
for LiMnAs is very close to the spectrum calculated with DFT
(see figure 5(b), and again note that DFT cannot accurately
calculate the relative intensity of the L2 edge or the energy
separation between the L3 and L2 edges), which again supports
the notion that LiMnAs is not a strongly correlated system.
In fact, the rather broad non-resonant Mn L3 XES spectrum
effectively rules out the plausibility of the LDA+U electronic

structure reported in [14], since it is clear from the Mn L3 XES
spectrum that the Mn 3d states are not confined to a narrow
energy range at the bottom of the valence band. Regardless of
the nature of electronic correlations within LiMnAs, it seems
that a simple DFT calculation provides the correct distribution
of Mn 3d states in the valence band.

The RIXS measurements for LiMnAs, shown in
figure 5(b), provide further evidence that LiMnAs is not a
strongly correlated system. As was the case in LiFeAs, these
spectra show no sign of the dd transitions predicted by LFM,
and again the low-energy side of all RIXS measurements can
be scaled so they align perfectly (see figure 5(c)). Interestingly,
the near- and sub-threshold RIXS of LiMnAs peak at an
energy loss of 3.0 ± 0.1 eV (recall the sub-threshold RIXS
in LiFeAs peaked at 0.9 ± 0.1 eV, consistent with other
iron pnictides [40]). This constant energy loss behaviour in
LiMnAs is interesting, because the analysis of subthreshold
RIXS previously indicated features related to free electron gas-
like behaviour at the Fermi level [40], but since LiMnAs is an
insulator it should not exhibit this behaviour. We therefore
expect a higher resolution study of the subthreshold Mn L3

RIXS in LiMnAs to show different behaviour than that in iron
pnictides.

It has been pointed out that the magnetic moment of about
4 µB/Mn suggests a Mn3+ ion rather than the expected Mn2+

ion [36], but the formal valency of Mn cannot be 3+ or it would
have a very different Mn L2,3 XAS spectrum. Furthermore,
as a weakly-correlated DFT calculation predicts the correct
magnetic moment (as observed by neutron diffraction [36]) and
valency (as observed herein by XAS), it seems unlikely that
there are strong electron correlations in LiMnAs; at least in the
sense of a strong on-site Hubbard interaction. Unlike LiFeAs,
however, LS-coupling is clearly a significant influence on the
Mn L2,3 XAS spectrum. Therefore Hund’s J coupling (which
influences the exchange of electrons within the 3d orbitals on
the same site) may be significant in LiMnAs, and may be the
dominant form of electron correlations. The on-site Hubbard
U potential (which influences change in the occupancy of the
3d orbitals at a particular site) and the crystal field splitting
(which influences transfers between sites), on the other hand,
are clearly not very large in LiMnAs.

We would like to point out that the DFT XES and XAS
spectra align at the L3 edge for both LiFeAs and LiMnAs.
Because these spectra were calculated consistently with the
same code, this implies there is a negligible core-hole shift
in the metal L2,3 XAS for these systems9. Since LiFeAs is
metallic there is no band gap that can be reduced by the core
hole perturbation, so this is expected. Interestingly, despite
the finite band gap in LiMnAs, it appears that a Mn 2p core
hole does not induce a significant energy shift relative to
the ground state conduction band, in contrast to many metal
oxides [44]. This, again, suggests a lack of strong on-site
electron correlations. One could argue that the DFT calculation
underestimates the band gap in LiMnAs [45], and there is a

9 Because the final state of a L2,3 XAS transition involves a vacancy in the
2p core level, this reduces the nuclear charge screening and can result in the
XAS spectrum being shifted to lower energies compared to the ground state
unoccupied DOS.
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core-hole shift in the Mn L3 XAS that coincidentally corrects
the alignment. This argument is plausible, but since our
calculated band gaps (0.5–0.6 eV) are in reasonable agreement
with the available experimental band gaps (0.4–0.8 eV [13]),
we feel justified in disregarding that argument.

3.5. X-ray emission intensity ratios

The non-resonant Fe L2,3 spectrum from LiFeAs, Fe metal, and
strongly-correlated FeO is shown in figure 6(a). The intensity
ratio of the non-resonant Fe L2 and L3 emission in LiFeAs
is quite close to that of Fe metal, as is typical for most iron
pnictides [19, 37]. Interestingly, although the Mn core hole
has a very minor effect on the onset of the conduction band in
LiMnAs and the x-ray spectra of Mn look very similar to those
of a metal, the intensity ratio of the non-resonant L2 and L3

emission lines is much closer to that of MnO than Mn metal,
as shown in figure 6(b). A low L2:L3 ratio has previously
been taken to indicate a modest or weak on-site correlation
strength [37]; since the spectra from LiMnAs show no evidence
of multiplet splitting or satellite lines a different mechanism
than the Hubbard U must be responsible for the relatively large
L2:L3 intensity ratio. Therefore, while LiMnAs may not be a
weakly correlated material, the effect of electron correlations
is different than that in the standard ‘strongly correlated metal
oxides’ (such as MnO, FeO, NiO, etc), as mentioned above.
It has been suggested that the Hund’s J coupling might be
responsible for the insulating ground state in a system with a
half-filled 3d-shell [20], and we might tentatively explain the
electronic correlations in LiMnAs by suggesting that LiMnAs
has the same weak on-site potential U as the iron pnictides, but
that the half-filled 3d shell leads to strong Hund’s J coupling.
Indeed, it has been previously suggested that the ratio of the L2

and L3 absorption edges as well as resonant and non-resonant
emission lines is larger for metal sites with a high spin state
[46–48]. Because the metal sites have a small Hubbard U (and
a small crystal field splitting), transition-metal pnictides would
be a useful model system to explore the physics of pure Hund’s
J coupling, and high resolution Mn L2,3 RIXS of LiMnAs may
therefore prove to be very valuable in that regard (for example,
see the model Hamiltonian calculations in [49] and consider
the simplifications that would occur if the Hubbard U → 0
and the crystal field splitting � → 0).

3.6. Electronic structure and Mn-substitution

Our LiFeAs:Mn sample has 5% Mn substitution on the Fe
sites [6]. Because the vast majority of the metal sites are Fe,
the electronic structure of this system is quite close to that of
pristine LiFeAs. The Fe L2,3 XES, RIXS, and XAS spectra
we measured for this sample are all identical (within the limit
of the signal-to-noise ratio for these measurements) to those
from LiFeAs, and consequently we do not report them here.
The Mn L2,3 XES and XAS spectra for LiFeAs:Mn are shown
in figures 7(a) and (b), respectively. The equivalent spectra
measured in LiMnAs have also been reproduced in figure 7 to
enable direct comparison.

To calculate the electronic structure of LiFeAs:Mn, we
started with the ‘stripes’ order LiFeAs structure and made two

Figure 6. The non-resonant Fe, Mn L2,3 emission of (a) Fe metal,
FeO, and LiFeAs and (b) Mn metal, MnO, and LiMnAs. The insets
in each panel show the intensity ratio of the L2 and L3 emission
lines.

Mn → Fe substitutions, one in each FeAs plane. There is a
negligible energy difference between vertical FM and AFM
ordering in this system, and the magnetic moment of Mn is
reduced to ∼2.0 µB/Mn; just a bit larger than the magnetic
moments of Fe (∼1.8 µB/Fe). There were no significant
differences in the electronic structure dependent on the various
possible doping locations. Because of the scarcity of Mn
sites in LiFeAs:Mn, we plot the spin-resolved Mn 3d states in
figure 7(a) against the measured non-resonant XES10. There
are two things to note about the Mn 3d DOS in LiFeAs:Mn
compared to LiMnAs (refer back to figure 3(b)): First, that the
Mn 3d states are spread over a broader valence band than in
LiMnAs (this is expected, since the valence band of LiFeAs
is broader than that of LiMnAs) and second, that the bulk of
the Mn 3d states in LiFeAs:Mn are only about 1.5 eV below
the Fermi level, compared to 3 eV below the top of the valence
band in LiMnAs.

Despite the metallic nature of LiFeAs:Mn, the Mn L2,3

XAS spectrum is almost exactly the same as that from LiMnAs
(see figure 7(b)). There are a few minor differences; the
spectrum from LiFeAs:Mn has slightly broader L2,3 edges,
and less pronounced splitting in the L2 edge, compared to
the spectrum of LiMnAs. These differences support the
argument that LiFeAs:Mn is metallic. The XES is at slightly
higher energies than in LiMnAs (see the L3 emission band
in figure 7(a)), this corroborates the DFT prediction that the
Mn 3d are somewhat higher in energy as well as the lack of
band gap in LiFeAs:Mn. Without a band gap, the energy
separation between the L3 emission and absorption peaks
should be less than in LiMnAs, which is achieved here by
increasing the energy of the XES. These spectra suggest that
the Mn substituted in LiFeAs adopt an electronic structure very
similar to the native iron, although the shape of the Mn L2 XAS
edge suggests that LS-coupling could be important for Mn.

10 This was not done for LiFeAs and LiMnAs because of the large number of
metal sites, and the fact that we have no way of selecting any particular site.
The average spin up and spin down channels for all metal sites are of course
identical in AFM structures, and this is the reason we use the terms ‘majority’
and ‘minority’ to refer to the different spins. Along any crystalline axis, the
spin up channel for one Mn site in LiFeAs:Mn is identical to the spin down
channel for some other Mn site.
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Figure 7. The measured Mn L2,3 XES and XAS of LiFeAs:Mn and
LiMnAs in panels (a) and (b), respectively. The spin-resolved Mn
3d DOS for LiFeAs:Mn is shown against the non-resonant spectrum
in (a) to highlight the re-emission feature marked by the dotted line.
The short black lines on the XAS spectrum in panel (a) indicate the
excitation energies for the RIXS spectra, a short black line at the
same energy can be found on the corresponding RIXS spectrum in
panel (b). The two lowermost spectra in panel (b) were measured
non-resonantly at 680 eV, as indicated. The arrow in panel (b)
highlights the re-emission feature.

Finally, we would like to draw attention to a very strong re-
emission line in the non-resonant XES of LiFeAs:Mn (marked
by the arrow in figure 7(b)). This feature is above the Fermi
level; it is due to emission from nominally unoccupied states.
A very similar re-emission feature was previously observed in
Heusler alloys; it was attributed to the existence of a ‘spin trap’
that collected long-lifetime excited electrons [47]. Indeed,
since this feature in LiFeAs:Mn is almost exactly aligned
to the minority spin unoccupied Mn 3d states, it is possible
that a similar process is occurring here: excited electrons—
generated either directly by x-ray absorption or indirectly via
Auger processes—will be trapped in the conduction band at
these ‘defect-like’ Mn sites in the LiFeAs lattice, and therefore
be available to decay to fill the Mn 2p3/2 core holes and
consequently appear in the non-resonant XES spectrum. This
observation, combined with the indication that LS-coupling
is stronger in Mn than in Fe in LiFeAs:Mn, suggests that
Mn-doping creates local spin traps in the otherwise itinerant
magnetism of the LiFeAs host lattice. This behaviour has not
been observed in other substituted iron pnictide systems [37].

4. Conclusions

We have studied LiFeAs, LiMnAs, and LiFeAs:Mn with XAS
and XES measurements, and DFT and LFM calculations.
Our calculations support the well-known itinerant magnetic

ordering in LiFeAs and the robust insulating AFM behaviour of
LiMnAs. Despite these differences, LiFeAs and LiMnAs both
lack strong a on-site Hubbard U potential, and the ground state
electronic structures of both appear to be adequately described
by simple DFT calculations.

We find that the Mn L2,3 XAS of LiMnAs and LiFeAs:Mn
indicate stronger LS-coupling for the Mn sites than the Fe
sites in LiFeAs and LiFeAs:Mn, indicating that the Mn sites
may have moderate or even strong electronic correlations,
although we expect these correlations to be a consequence of
Hund’s J coupling rather than the traditional on-site Hubbard
U potential. Unfortunately Hund’s J coupling has a weaker
influence on x-ray spectra than the Hubbard U (as it involves
exchange between 3d orbitals, rather than changes in the
occupancy of the 3d orbitals) [17, 50], and consequently we
cannot investigate in detail the consequences of strong Hund’s
J coupling with the data we present herein. We anticipate,
however, that LiMnAs will prove a valuable model compound
for studying the physics of Hund’s J coupling.

Finally, we have presented evidence that suggests the Mn
sites in LiFeAs:Mn are very efficient spin traps for excited
states. Studying LiFeAs:Mn with magnetic dichroism may
therefore provide valuable insight into magnetic ordering in
these pnictides; this is of particular interest given the possible
spintronics applications of these materials [6].
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