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We investigated the magnetic nature of Fe, /4 TaS, using x-ray absorption spectroscopy, photoemission
spectroscopy, and first principles band calculations. The results show a large unquenched orbital magnetic
moment (~ 1.0 wp/Fe) at intercalated Fe sites, resulting in a gigantic magnetic anisotropy (H, = 60 T).
The magnetic coupling is well understood in terms of the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, suggesting a novel RKKY ferromagnet with Ising-type spin states. We also found that this
indirect exchange coupling between the neighboring Fe spins is ferromagnetic and maximized at the

Fe-Fe distance of 2 X 2 superstructure.
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Since the discovery of new physics on graphene and
topological insulators, systems with hexagonal layers
bound by van der Waals bonding have been refocused in
the condensed matter physics society. Transition metal
dichalcogenide MX, (M = transition metal and X = S,
Se, Te), one of such systems, which shows the charge
density wave phenomena [1,2], is another candidate for
the appearance of interesting novel physical properties.
The allowance of the intercalation of magnetic ions or
molecules between the layers [1] provides us a new play-
ground for emerging electrical and magnetic phenomena
including superconductivity [3,4] and magnetism [5-7].

Fe,TaS,, a 2H-TaS, based magnetic ion intercalated
transition metal dichalcogenide [5,6], exhibits interesting
magnetic behaviors with a ferromagnetic (FM) to antifer-
romagnetic (AFM) transition at x = 0.4 [8,9]. In the FM
region (x < 0.4), the Curie temperature 7~ strongly varies
with the Fe concentration x. As x increases, T increases to
reach a maximum 7T =~ 160 K at x = 1/4 and then de-
creases to T = 35 K at x = 1/3. Interestingly, the interca-
lated irons were found to form 2 X 2 or \/§ X \/§
superstructures at x = 1/4 or 1/3, respectively [5,10,11]
[see Fig. 1(a)]. The 2 X 2 superlattice intimately involves
the highest T, and its disturbance suppresses ¢ drastically
[11]. Furthermore, Fe,/,TaS, displays a variety of exotic
magnetic properties such as a sharp switching of magneti-
zation, an extremely large magnetocrystalline anisotropy,
anisotropic magnetoresistance, and the anomalous Hall
effect [10,12]. As shown in Fig. 1(b), the magnetic hystere-
sis along the ¢ axis shows good squareness with a saturation
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moment Mg, =~ 4up/Fe while the in-plane moment is
barely magnetized even at a high magnetic field of 6 T
[11]. The anisotropy field was estimated to be Hy = 60 T
[10,11] from extrapolation, which is even much larger than
that of rare-earth hard magnets [ 13]. On the other hand, the
RKKY interaction was considered as the exchange mecha-
nism for the magnetic ordering of far separated Fe’" ions in
this system [5,7]. However, due to lack of detailed elec-
tronic structure studies, the understanding is very limited,
and clear explanations for the magnetic properties and
exchange mechanism have never been made.
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FIG. 1 (color online). (a) Crystal structure of Fe;/4TaS,. The
lower panel shows the 2 X 2 superstructure formed by the
intercalated Fe. (b) Field cooled (FC) and zero field cooled
(ZFC) M-T curves under H = 0.2 T along the ¢ axis. The
in-plane (H || a) and out-of-plane (H || ¢) M-H hysteresis curves
at 2 K are presented in the inset.
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In this Letter, we report RKKY ferromagnetism with
Ising-type spin states as the magnetic nature of Fe;/,TaS,
based on detailed electronic information obtained from
comprehensive spectroscopic and theoretical studies in-
cluding the Fe L,;-edge x-ray absorption spectroscopy
(XAS), x-ray magnetic circular dichoism (XMCD), angle
resolved photoemission spectroscopy (ARPES), many-
body model calculations, and first principles band calcu-
lations. An extremely large orbital magnetic moment
(m, = 1.0 up/Fe), which persists at the intercalated
Fe?" ion and originates the gigantic magnetocrystalline
anisotropy, agrees with H, and brings on the Ising-type
spin states. We found that the Fermi momentum k deter-
mined from ARPES resonates at the 2 X 2 superstucture to
maximize the FM RKKY interaction, i.e., the maximum
Tc. Mg, as well as the unquenched large m, were also
confirmed in theoretical studies of both the many-body
cluster model calculation and the density functional theory
within the generalized gradient approximation including
the Coulomb correlation correction and spin-orbit coupling
(GGA + U + SOCQ).

High quality Fe, ,TaS, single crystals grown by a
chemical vapor transport method [8,11] were checked
with the x-ray diffraction [14], and the sharp 2 X 2 super-
lattice peak was confirmed [11]. The measurements were
carried out at the 11A (XAS/XMCD) beam line in NSRRC,
Taiwan and the 2A (XAS/XMCD) and 3A1 (ARPES) beam
lines in PLS, Korea. The samples were cleaved in situ in
ultrahigh vacuums better than 1 X 107° Torr (XAS/
XMCD) and 1 X 107!° Torr (ARPES). All the spectra
were measured at 80 K. The £ || ¢and E L & XAS spectra
were obtained at 70° and 0° incident angles to the ¢ axis,
respectively [15]. The XMCD measurements were per-
formed with ~80% circularly polarized light at 27.5°
incident angle to the ¢ axis, and a 1 T electromagnet was
used for the magnetization switch along the ¢ axis [15].
The XAS/XMCD spectra were collected in the total elec-
tron yield mode. The ARPES spectra were collected with
20 meV total energy resolution by using SCIENTA SES-
2002 electron analyzers. The Fermi surface map was ob-
tained by integration of *£50 meV at hv = 54.5 eV.
The GGA + U + SOC calculations were performed by
using the full potential linearized augmented plane wave
band method implemented in the WIEN2K code [16] with
34 X 34 X 16 k-points in the full Brillouin zone.

Figure 2 shows the Fe L-edge XMCD and XAS results.
The spectra are divided into the L3 (2ps/,) and L, (2p;/2)
regions due to the large 2p core hole spin-orbit coupling
energy. In XMCD, the absorption spectra p. and p_ were
collected for the magnetization parallel and antiparallel to
the photon helicity vector, respectively. From the integra-
tion 2%(Ap) in Fig. 2(a), we obtained p = —1.46 and
g = —1.10 integration values over the L3 and entire L,
regions, respectively. The equal sign of the p and g values
implies that the spin and orbital moments are parallel to
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FIG. 2 (color online). (a) Fe L-edge XMCD results of
Fe,/4TaS, at 80 K. p and g correspond to the integration values
over the L3 and L, 3 regions of the MCD spectrum Ap, respec-
tively. (b) The polarization dependent XAS spectra (top) com-
pared with the cluster model calculation results (bottom). The
thick arrows point the transition to the in-plane orbitals.
(c) Schematic diagrams of the orbital level splittings by the
crystal field (left) and the spin-orbit coupling (right). The large
unquenched m,, resides in the lowest state (d,, d_) split from
the low lying e7 orbital.

each other, reflecting the more than half full Fe?>* (d°)
configuration. One notes that the ¢ value, which is propor-
tional to m,, is far from zero. From the p and ¢ values,
the orbital to spin moment ratio is estimated to be
m,/m; = 0.33 in the sum rule [17]. In the ionic spin
moment (4up) limit, this ratio yields quite large
m, = 1.33up, which is reduced considerably in the real
system due to the covalency and band formation.

To examine orbital occupation producing the large m,
value, we measured the polarization dependent Fe
L,3-edge XAS spectra, p(E L &) and p(E || &), which
show considerable difference involving orbital anisotropy.
As shown in Fig. 2(b), the linear dichroism (LD) p(LD) =
p(E L &) — p(E || &) is overall negative in the Fe L-edge
region except the L;-edge leading part, indicating more 3d
holes along the c¢ axis. Positive signals in this leading part
indicate that the unoccupied lowest energy state has the
in-plane orbital character d,, and d,2_, as explained with
crystal field splittings in Fig. 2(c) [18]. The distorted FeSq
octahedron in Fe,/,TaS, has Ds, trigonal site symmetry,
and the 3d levels are split into ey, g, and eq levels. The
lowest ef = —aldp_p) +

ibld,) and 7%y = —iald,,) = bld_.) (a=+f3 and b = 4}
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in an ideal octahedron). Here the coefficient a increases
with the elongated trigonal distortion, and the ey states
contain more in-plane d,, and d,>_» characters. Thus an
additional minority spin electron occupies one of the ey
states to give a |3d?(eg)ll> configuration state so that the
Fe?" ion has more holes along the ¢ axis (z axis) while the
lowest unoccupied ey orbital has more in-plane characters,
in good agreement with the observed LD features. One
notes that the eg doublet consisting of d, and d ., atomic
orbitals can be split by the spin-orbit coupling as schemati-
cally described in Fig. 2(c). Then this additional splitting
lowers the d,/d_, orbital resulting in the large unquenched
m, in Fel/4TaS2.

For quantitative understanding, we mimicked the polar-
ization dependent XAS spectra using the cluster model
calculations [19] for the trigonal elongated FeSq [10]. As
can be seen in the bottom of Fig. 2(b), the calculated
spectra well reproduce the measured ones including the
L5 leading part as well as the overall LD features. The
calculations, which also well reproduce the XMCD spectra
[14], show that the occupied minority spin states have a 3:1
in-plane d,,/d,>_,» to out-of-plane d,,/d,, character. The
expectation values were estimated to be m; = 3.74up and
m, = 1.46 g with m,/m; = 0.39 close to the observed
value 0.33 in XMCD. Howeyver, the estimated total moment
my; = 5.20wp is about 30% larger than the observed
Mg, =4.0up. In the sulfides, valence electrons have
more bandlike characters than those in the oxides, and
the local cluster model calculation naturally overestimates
the real moment [20].

To elucidate the full electronic structure of Fe,/,TaS,,
we performed the GGA + U + SOC calculations with a
reasonable Hubbard U-value (the Coulomb energy
U = 4.5 eV and Hund exchange parameter J; = 0.7 eV)
for the Fe 3d. The Fe 3d partial density of states (PDOS) in
Figs. 3(a)-3(c) show that the majority spin states (red lines
1) are mostly occupied, consistently with the high spin
Fe?*. In the minority spin states (blue lines | ), the d52_,2
occupation is negligible while d,,/d,.,» and d../d,, are
partially occupied. Further, occupied d,, / de.» and
d../ d, turn out to be nearly the d, and d_; atomic orbital
states, respectively. These results are in good agreement
with the ionic picture of the lowest spin-orbit split orbital
d,/d_, [Fig. 2(c)]. The calculation yields m; = 2.95up
and m, = 1.00up at the Fe site, which is also consistent
with the observed ratio m,/m, = 0.33. On the other
hand, this large m, causes a large magnetocrystalline
anisotropy (MCA) energy (Epca ~ 15 meV) involving
AL-S [2122] and a huge Hy=60T (i-H,~
14 meV) in Fe; /4 TaS,. As a result of the large Eyica, the
Fe?" spins behave like Ising-types as those in LuFe,O,
[21,23] and FeCl, [24]. These Ising-type spin states are
responsible for the sharp magnetization switching and
large coercivity.
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FIG. 3 (color online). (a)—(c) Fe 3d PDOS for majority (red T)
and minority (blue | ) spins from GGA + U + SOC. The occu-
pied d./d., and d,,/d »_,> correspond to the atomic d_ and d,,
respectively. (d)-(e) Ta 5d;,2_,» PDOS of Tal and Ta2 sites (see
text). (f) Real space spin density in the (100) slice possessing the
intercalated Fe, which visualizes the AFM coupling between Fe
and Ta spin moments.

In addition, the calculations show that Ta 5d;__,» bands
are also spin polarized due to AFM coupling with Fe 3d
ones although the induced moment is tiny as shown
in Figs. 3(d) and 3(e). The estimated moments are
—0.071 pp at the Tal site on the intercalated Fe ion and
—0.033 1 at the Ta2 site on the empty site [see Fig. 1(a)].
The relatively large moment at the Tal site is due to its
tight coupling to the magnetic Fe. These unequal moments
lead the 5d > spin density modulation with a period of 2a,
which is the same as the one of the intercalated Fe in
Fe,/4TaS, shown in Fig. 4(f). Additional moments, which
are induced at the S sites mainly due to the Fe 3d-S 3p
hybridization, are estimated to be 0.028u /S for the
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FIG. 4 (color online). (a) ARPES intensity map at Ep of
Fe,,4TaS,, which shows hole pockets around I' and K-points
in the Ist Brillouin zone (bold solid). (b) ARPES results along
™ compared with the theoretical band dispersion (solid lines)
of 2H-TaS, with -0.2 eV shift (1.4 electrons/Fe doping). (c) Real
space RKKY oscillation curve in the (001) slice as in Fig. 3(f)
with kp = 0.53 A™1.
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neighboring S ions and 0.005u z/S for the others. The total
moment is obtained to be 3.94up per FeTa,Sg which
agrees well with the observed M, = 4.0up.

The tight Fe-Ta AFM interaction binds Fe ions ferro-
magnetically along the ¢ axis, and reduces the system to an
effective two dimensional magnetic system of far separated
magnetic Fe chains interacting through itinerant Ta 5d
electrons. Thus, we performed ARPES to explore the
electronic structure of the Ta 5d bands, which gives a
clue for the RKKY magnetic exchange interaction in
Fe, /4 TaS,. Figure 4(a) shows Fermi surface (FS) topology
of Fe;,,TaS,, which consists of two hole pockets around
I'- and K-points similar to that of the undoped 2H-TaS,
[25,26] except for somewhat shrunken hole pockets. As
shown in Fig. 4(b), the band dispersions obtained from the
ARPES measurements also agree well with the theoretical
ones of 2H-Ta$, along I'M after a 0.2 eV rigid band shift,
despite the small difference in the S 3p band dispersion.
These results indicate that the Fe 3d-S 3 p hybridization is
relatively weak and the intercalated Fe acts like an electron
donor. We also confirmed that the measured FS agrees well
with the FS obtained from the GGA + U + SOC results of
the Fe;/4TaS, supercell when the Brillouin zone folding
involving the 2 X 2 superstucture is implemented [14]. The
0.2 eV shift corresponds to a 1.4 electron doping per Fe,
which is somewhat smaller than the 2 electrons/Fe doping
expected for ionic Fe?*. This is mainly due to the cova-
lence of Fe 4sp-S 3sp bonding as predicted in the
calculation.

From the ARPES results, we extracted kp = 0.53 A™!
along TK [27], and estimated the RKKY exchange inter-
action as a function of the interstitial distance [28] shown
in Fig. 4(c). The ferromagnetic exchange interaction
becomes maximized at the Fe-Fe distance of the 2 X 2
superstucture to yield the maximum 7 at x = 0.25 in
Fe,TaS,. The coupling is still FM for smaller Fe concen-
trations (x ~ 0.2). For x > 0.25, T, decreases as x in-
creases, and eventually the coupling becomes AFM [8,9].
The RKKY oscillation [Fig. 4(c)] shows that the coupling
varies as a function of the kr and Fe-Fe distance. But
considering that 7 is suppressed even by simple distur-
bance of the superstructure in Fe, /4 TaS,, the population of
the 2 X 2 superstructure may also affect the exchange
interaction.

In conclusion, we report the magnetic nature of
Fe,/4TaS, based on the various experimental and theoreti-
cal results. The results manifest that Fe; ,TaS, is a RKKY
ferromagnet with Ising-type spin states. A large un-
quenched m,, is sustained at the intercalated Fe and the
local Fe spins are aligned ferromagnetically through itin-
erant Ta 5d electrons. We also found that the 2 X 2 super-
structure is crucial to obtain a high T, value. These
findings can be transferred to magnetism studies in other
hexagonal layered systems including graphene and topo-
logical insulators [29].
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